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Preface

The need for spare parts for the human body has never been greater than at present. More people than ever are living longer, but the
human body, shaped by millions of years of evolution, isn’t keeping up. Spare parts must be available to replace organs and tissues
that are worn out from operating beyond their expiration dates, as well as those damaged by injury, disease, or developmental mishaps.

The biomaterials field has come a long way from its empirical beginnings, with researchers taking whatever materials were available
and attempting to integrate them into the human body, sometimes with disastrous results. Now, the body’s response to foreign materials
is better understood than ever before. Furthermore, the past 15 years have seen great strides in tissue engineering. Spare parts consisting
of living tissues are poised for significant clinical application. Tissue engineering, especially of tissues derived from the patient’s own
cells, offers total acceptance by and integration with the patient’s body, unlike nonliving materials or living tissues from other humans
or species.

The active ingredient in a medicine is only part of the arsenal against disease. The drug must somehow get to the right place at the
right time. That’s where drug delivery comes in. Drug delivery companies work to devise new dosage forms for medications. The main
challenge is to create the technologies for the easier and most convenient systematic delivery systems. For proteins and other macromole-
cules, however, the oral route is by far the hardest to accomplish.

From a practical perspective, medical applications of polymers fall into three broad categories: (1) extracorporeal uses (catheters,
tubing, and fluid lines; dialysis membranes/artificial kidney; ocular devices; wound dressings and artificial skin), (2) permanently im-
planted devices (sensory devices; cardiovascular devices; orthopedic devices; dental devices), and (3) temporary implants (degradable
sutures; implantable drug delivery systems; polymeric scaffolds for cell or tissue transplants; temporary vascular grafts and arterial
stents; temporary small bone fixation devices).

Today, biomaterial research has developed into a major interdisciplinary effort involving chemists, biologists, engineers, and physi-
cians. Biomaterials research has provided the clinician with a large number of new materials and new medical devices. As the biomaterials
device industry continues to grow, degradable polymers will increase at the expense of traditional biomaterials such as metals and
conventional, biostable polymers.

This volume consists of two parts: Part I: Polymers as Biomaterials and Part II: Medical and Pharmaceutical Applications of Polymers.
The fundamental questions of polymer synthesis, the types of polymers used for medical purposes, and modification of polymers to
increase their biocompatibility, are presented in the first part. The applications of the two major groups of biomaterials—natural biomate-
rials (polysaccharides, cellulose, chitosan, proteins, etc.) and synthetic biomaterials (polyesters, silicones, elastomers, etc.)—are also
reviewed. Part II deals with concrete utilization of polymeric biomaterials in the domains of tissue engineering, ophthalmic delivery,
vascular prostheses (grafts), dental and maxillofacial surgery, blood contacting, skin graft polymers, sensors in biomedical applications,
medical adhesives, medical textiles, and topical hemostat biomaterials.

The uses of polymers in the pharmaceutical domain fall into two areas: drug polymers and drug carrier polymers for controlled
release. Part II provides the groundwork for understanding the fundamentals of drug delivery including conventional, nonconventional,
and modulated systems; structure–property relations of selected supports and their role in drug delivery; delivery of drugs to sites such
as the gastrointestinal tract, lung, skin, tumors, and blood vessels; and marketing considerations in new drug delivery systems.

This book is truly international, with authors from Austria, Canada, Finland, France, Germany, India, Israel, Italy, Japan, the Nether-
lands, Portugal, Slovenia, Spain, Switzerland, Thailand, the United Kingdom, and the United States. I am grateful to all the contributors.

Severian Dumitriu
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Polysaccharides as Biomaterials

Severian Dumitriu
University of Sherbrooke, Sherbrooke, Quebec, Canada

I. INTRODUCTION

Polymers have found applications in virtually every disci-
pline of medicine, ranging from simple extracorporeal de-
vices to intricately designed implants. Since each medical
application has its own highly specialized requirements, a
range of diverse materials with good biocompatibility but
different chemical and physicomechanical properties must
be available.

Polysaccharides constitute an important component of
life matter. Polysaccharides display a perfect biocompati-
bility and biodegradability, which are the basic characteris-
tics for polymers used as biomaterials. They have several
characteristics not found in other natural polymers. Re-
cently, specific properties of antivirals, antitumorals, gene
modulators, etc., have been discovered for various classes
of polysaccharides.

This chapter presents all polysaccharide classes with
applications as biomaterials and as pharmaceutical sys-
tems. For the first group—polysaccharides used as bioma-
terials—a special emphasis is given to the presentation of
membranes, implants, skin replacements, matrices for cel-
lular engineering (scaffolds), and hemostatic agents. The
second group—polysaccharides used as pharmaceutical
systems—describes mainly the use of polysaccharides as
components for drug conditioning and drug delivery sys-
tems fabrication. This chapter presents a review of the lit-
erature based on the three books previously published:
Polymeric Biomaterials, Polysaccharides in Medicinal
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Applications, and Polysaccharides: Structural Diversity
and Functional Versatility, all edited by S. Dumitriu and
published by Marcel Dekker, Inc.

II. BACTERIAL POLYSACCHARIDES

Encapsulated bacterial diseases are still the most prevalent
and serious infections in humans. There is increasing re-
search of the chemical basis of immunogenicity to capsular
polysaccharides and prevention of bacterial infections
through immunization.

The capsular polysaccharides of bacteria are attractive
vaccine candidates because they constitute the most highly
conserved and most exposed bacterial surface antigens.
They can be readily isolated and purified; they are non-
toxic; and they are immunogenic in humans (with few ex-
ceptions) (1). Another important feature is that capsular
polysaccharides can be chemically and physically defined,
which is necessary for control over their efficacy as human
biologicals. In fact, the use of capsular polysaccharides as
immunoprophylactic agents against human disease caused
by encapsulated bacteria is now firmly established (2,3).
Efficacious vaccines composed of the capsular polysaccha-
rides of Nisseria meningitidis, Streptococcus pneumoniae,
Haemophilus influenzae, and Salmonella typhi have been
developed as commercial products (Table 1).

A new generation of highly successful semisynthetic
glycoconjugate vaccines in which the polysaccharides were



2 Dumitriu

Table 1 Bacterial Polysaccharides

Pathogenic organism Reference

1. Neisseria meningitidis
Group A 4
Group B 5
Group C 5

2. Streptococcus pneumoniae
Type 19F 6
Type 14 7

3. Hemophilus influenzae
Type b 8

conjugated (covalently linked) to protein carriers were de-
veloped (1). During the last 15 years, comprehensive
studies specially directed to the development of glycocon-
jugate vaccines as potential human vaccines have been re-
ported (Table 2) (9–11).

Complex carbohydrates are essential cell surface com-
ponents. Generally, the surface carbohydrates of bacteria
are polysaccharides, either capsular polysaccharides or a
part of cell wall lipopolysaccharides (LPS) (22–24). Bacte-
rial cells are protected by capsules in inadvertent surround-
ings (25–29).

Capsular polysaccharides (CPS) are generally nega-
tively charged (30). All structures of bacterial polysaccha-
rides published until early 1982 have been recorded in a
review (31).

Generally, bacterial polysaccharides have repetitive
units that may consist of monosaccharides and octasac-
charides and they may be linear or branched.

Cell wall lipopolysaccharides of gram-negative bacteria
consist of a lipid moiety, a core oligosaccharide, and a
polysaccharide moiety which is made up from repeating
units (32). Mammalian glycoproteins contain oligosaccha-
rides with different complexities, which are bound to hy-

Table 2 Synthetic Glycoconjugate Vaccines

Polysaccharide source Protein carrier Reference

Haemophilus influenzae Diphtheria toxoid 12,13
Tetanus toxoid 14

Streptococcus pneumonia Tetanus toxoid 15
Cholera toxin 16,17
Pertussis toxin 16

Neisseria meningitidis Tetanus toxoid 18
Bovine serum albumin 19

Salmonella typhi Bovine serum albumin 20
Cholera toxin 20
Tetanus toxoid 21

droxyamino acid units or asparagine units of proteins. In
proteoglycans, polysaccharides are bound to polypeptides.

The crystal structure of the complex of an anti–Id Fab
with a Fab specific for a Brucella polysaccharide antigen
has previously been reported (33). To complement this
study, the binding characteristics and immunological prop-
erties of this Ab2 and two others raised with a second anti-
Brucella antibody were investigated, including quantita-
tive kinetic measurements by surface plasmon resonance
(34). Protective immunity to encapsulated bacteria is re-
lated to antibody response to polysaccharide (PS) antigen,
interactions with T and B cells, and host defense mecha-
nisms (35).

Klebsiella pneumoniae is one of the most frequently
isolated gram-negative pathogens in severe nosocomial in-
fections. Alvarez et al. (36) have demonstrated the exis-
tence of K. pneumoniae clinical isolates deficient in the
lipopolysaccharide O side chain, the major factor for resis-
tance to complement-mediated killing in this bacterial spe-
cies. These isolates are complement resistant, and their
mechanisms to resist complement were investigated by
selecting transposon-generated complement-sensitive mu-
tants. One mutant with a drastically reduced capacity to
grow in nonimmune human serum carried the transposon
inserted in an open reading frame of a gene cluster in-
volved in capsule synthesis. Four additional clinical iso-
lates representing four different K serotypes were studied,
and results showed that capsular polysaccharide is a ma-
jor complement resistance factor in these O side chain–
deficient isolates.

Barnett et al. (37) compared responses to pneumococcal
conjugate and polysaccharide vaccines in 48 otitis-free and
64 otitis-prone children. Pre- and postimmunization con-
centrations of antibodies to pneumococcal serotypes 6B,
14, 19F, and 23F were measured by enzyme-linked immu-
nosorbent assay. Postimmunization mean concentrations
of antibodies to all four serotypes were significantly higher
for children receiving conjugate vaccine than for those
receiving polysaccharide vaccine; the difference in re-
sponses was primarily due to a better response to conjugate
vaccine in the otitis-prone group. Significantly higher post-
immunization concentrations of antibodies to all four sero-
types and to one of the four serotypes were found in otitis-
prone children and otitis-free children who received conju-
gate vaccine, respectively. Pneumococcal conjugate vac-
cine has the potential to reduce the incidence of disease
due to vaccine serotypes, even among children with recur-
rent otitis media.

Protein antigens induce significant mucosal immuno-
globulin A (IgA) and systemic IgG responses when admin-
istered intranasally (i.n.) with the glyceride-polysorbate–
based adjuvant RhinoVax (RV) both in experimental
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animals and humans (38). The pneumococcal polysaccha-
ride conjugates (PNCs) induced significant systemic IgG
and IgA antibodies after i.n. immunization only when
given with RV and, for serotype 1, serum IgG titers were
comparable to titers induced by subcutaneous immuniza-
tion. In addition, i.n. immunization with PNC-1 in RV elic-
ited detectable mucosal IgA. These results demonstrate
that RV is a potent mucosal adjuvant.

Zhong et al. (39) describe the generation, molecular
structure, and protective efficacy of a human monoclonal
antibody (MAb) reactive with the capsular polysaccharide
of serotype 8 Streptococcus pneumoniae. In vitro studies
revealed MAb D11–dependent complement deposition on
the capsule of serotype 8 organisms via either the classical
or the alternative complement pathway. In vivo, MAb D11
prolonged the survival of both normal and C4-deficient
mice with lethal serotype 8 S. pneumoniae infection.

III. CELLULOSE AND ITS DERIVATIVES

Polysaccharides currently used in medicine on a large scale
include cellulose, cellulose derivatives, heparin, dextrin,
pullulan, hyaluronic acid, and alginate.

Cellulosics, regenerated cellulose and its methyl, ethyl,
amino ethyl, and acetate-phthalate derivatives (40) have
been widely investigated as membranes in artificial kid-
neys, encapsulating materials for controlled drug delivery
(41), sutures and bandages (42), and blood-compatible ma-
terials (43), and are used mostly for blood purification, as
anticoagulant, and as plasma expander in aqueous solution.

A. Blood Purification

1. Hemodialysis

Hemodialysis is a therapeutic treatment of chronic renal
disease to remove an excess of water and uremic toxins
from the patient blood by dialysis under the extracorporeal
blood circulation. The most important part of the hemodi-
alysis system is the semipermeable membrane installed in
the dialyzer. The first semipermeable membrane was re-
ported in 1944 using cellophane. Cellulosic membranes are
still used for the hemodialyzer, largely synthetic semiper-
meable membranes made of polysulfone (PS), polyacrylo-
nitrile (PAN), poly(methyl methacrylate) (PMMA), and
ethylene-vinyl alcohol copolymer (EVAL) (44).

The cellulosic hemodialysis membrane can be divided
into regenerated cellulose and cellulose acetate (di- and
triacetate). In the early years of hemodialysis therapy, flat-,
tube-, hollow fiber–type membranes were employed. At
present almost 100% of hemodialyzers appear to be made
from hollow fibers. The cellulose membrane for hemodial-

ysis is regenerated from cuproammonium solution of re-
fined cotton linters. Cellulose hollow fibers are regenerated
from cellulose acetate by deacetylation (45). Current ex-
tensive efforts to improve hemodialysis membranes are
focusing on removal of β-microglobulin and improv-
ing blood compatibility. The improvement of hemocom-
patibility of cellulose membranes is achievement by sur-
face modification through uretanation, acylation/sulfation,
chloroacetylation/sulfonation, and polyacylation (46–48).

Ishihara et al. (49) have synthesized a water-soluble
graft polymer composed of a cellulose and polymer having
a phospholipid polar group, poly(2-methacryloyloxyethyl)
phosphoacrylcholine (MGC) as a coating material on the
cellulose hemodialysis membrane. The MGC could be
coated on the hollow fiber probe and the performance of
the probe did not decrease even after the coating. By re-
cording rapid changes in the glucose concentration from
100 to 200 mg/dL, the time to reach 90% of the maximum
value was within 7 min. To determine the glucose concen-
tration in subcutaneous tissue, the hollow fiber probe modi-
fied with MGC was applied to human volunteers.

Both cellulose diacetate and triacetate are used for he-
modialysis. The blood compatibility of the cellulose ace-
tate membrane seems to be excellent if monolayer cover-
age of the surface with serum albumin is employed (50).

Collodion, a cellulose trinitrate derivative, was the first
polymer to be used as an artificial membrane, and it played
a central role in further investigations and applications
(51,52). Cellophane and Cuprophan (53–57) membranes
replaced collodion later because of their better perfor-
mance and mechanical stability. However, due to their al-
leged lack of hemocompatibility, membranes made from
unmodified cellulose lost their market share. They have
been replaced by modified cellulosic and synthetic dialysis
membranes which show a better hemocompatibility than
unmodified cellulose membranes. Most of the new mem-
brane materials are also available in high-flux modifica-
tions and for this reason are suitable as well for more ef-
fective therapy modes, such as hemodiafiltration and
hemofiltration. The success of hemodialysis as a routine
therapy is also the success of membrane development,
because both a reproducible membrane production and
an unlimited availability of dialysis membranes have in-
creased the number of dialyzed patients to about 1 million
worldwide in 1999 (58).

Dialysis membranes made from regenerated cellulose
are under dispute because of their alleged lack of he-
mocompatibility. The introduction of membranes from
synthetically modified cellulose, like cellulose acetate or
Hemophan, has proven, however, that hemocompatible
membranes can be fabricated from cellulose by means of
chemical surface modifications (59,60). Diamantoglou et
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al. (59) have synthesized a series of cellulose carbamate
derivatives to profit from the excellent hemocompatibil-
ity pattern of the urethane family. In vitro investigations
on membranes made from these cellulose modifications
proved a direct relationship between the degree of modifi-
cation and hemocompatibility. This was proven for the fol-
lowing three representative hemocompatibility parame-
ters: complement C5a generation, thrombin–antithrombin
(TAT) III formation, and platelet count (PC). As already
shown for modifications made from cellulose esters, a
direct dependency between improved hemocompatibility
and the degree of substitution (DS) in the cellulose mole-
cule could be found.

2. Plasmapheresis

Plasmapheresis is a therapeutic treatment of blood to sepa-
rate only plasma from the whole blood of a patient through
extracorporeal circulation when the plasma contains patho-
genic substances which are mostly high molecular weight
proteins. The separated plasma is discarded and substituted
with fresh plasma. The plasma separation is based on ultra-
filtration by hollow fiber membrane with pore size from
0.1 to 0.5 µm, prepared from cellulose acetate, polyvinyl
alcohol, polyethylene, and polypropylene.

3. Virus Removal

Cellulose is a very good candidate as the filter material
since the cellulose surface exhibits the least protein adsorp-
tion of the conventional polymer surfaces. The membrane
is prepared by coagulation of the cuproammonium solu-
tion. It was proved that this filter with an average pore
size of 35 nm could completely remove hepatitis C virus
(61,62).

4. Hemostasis

Oxidized cellulose has been used as hemostat. This is an
acidic polysaccharide produced by oxidation of cellulose
with periodic acid or nitrogen oxide. A more effective
method for homeostasis is to use oxidized cellulose gauze
together with a liquid-type hemostat. Wiseman et al. (63)
evaluated two adhesion barriers composed of oxidized re-
generated cellulose (ORC) in a model of bowel surgery,
with and without bleeding. They concluded that with he-
mostasis both absorbable fabrics of ORC reduced adhesion
formation between the injured cecum and abdominal side
wall. The effectiveness of INTERCEED Barrier, but not
nTC7, was reduced but not eliminated in the presence of
bleeding. This confirms similar observations in models of
gynecologic surgery.

A particularly interesting application of oxidized cellu-

lose is as a barrier for the prevention of surgical adhesions
(64). The use of oxidized cellulose (Surgicel) was largely
unsuccessful in animal models in reducing surgical adhe-
sions in a reproducible fashion.

B. Drug Delivery Systems

Hydrophilic matrices based on polysaccharide carriers re-
main a highly popular design of sustained release dosage
form. Control of drug release from tablets containing poly-
saccharide excipient system was found to be capable using
a variety of different formulations and process methods to
provide a variety of different release modalities which
were capable of matrix-dimension independence. Control-
lability of drug release was achieved by manipulation of
the synergistic interactions of the heterodisperse polysac-
charides (65).

Release data from ethylcellulose (EC) matrix tablets
were analyzed to determine which release equation pro-
vided the best fit to the data and to observe the effect of
drug solubility on the release mechanism(s) (66). Theoph-
ylline, caffeine, and dyphylline were selected as nonelec-
trolyte xanthine derivatives, with solubilities from 8.3 to
330 mg/mL at 25°C. At high drug loading, drug was re-
leased by a diffusion mechanism with a rate constant that
increased with an increase in aqueous solubility. At low
drug loading, polymer relaxation also became a component
of the release mechanism. However, its contribution to
drug release was less pronounced as solubility decreased,
becoming negligible in the case of theophylline.

Microcrystalline cellulose (MCC), sodium carboxy-
methylcellulose (NaCMC), hydroxypropylmethylcellulose
(HPMC), hydroxyethylcellulose (HEC), hydroxypropylcel-
lulose (HPC), and ethylcellulose were used for the pro-
duction of time-controlled acetaminophen delivery sys-
tems using a spray-drying technique. The influence of fac-
tors such as polymer concentration, inlet temperature, and
drug/polymer ratio were investigated (67). Dissolution
studies in pH 1 dilute HCl and pH 6.8 phosphate buffer
dissolution media showed that formulations consisting of
1% polymer with a drug/polymer ratio of 1:1 exhibited
the slowest drug release, with the spheroids coated with
NaCMC and HEC showing the longest T50% values (45
and 53 min at pH 1 and 49 and 55 min at pH 6.8, respec-
tively). Slightly better sustained drug release in pH 6.8 dis-
solution medium was reached, showing the following
trend: HEC � NaCMC � MCC � EC � HPMC. Concern-
ing the additives, the trends in dissolution T50% of drug
revealed TA � SA � CA � OA � PVP � PA � DBS
in acidic pH 1 dissolution medium and PVP � OA �
TA � SA � PA � CA � DBS in phosphate buffer at pH
6.8 (67).
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Hydroxypropylmethylcellulose has been the most
widely used hydrophilic drug carrier. Matrix tablets were
prepared by wet granulation (68), slugging (69), or direct
compression (70). The drug release was controlled through
variations in the molecular weight of the polymer, drug
solubility, the drug/polymer ratio, the particle size of the
drug and polymer, and the addition of different additives
(71,78).

The available grades of HPMC have varied molecular
weight, degree of substitution, and particle size. The drug
and HPMC particles sizes also influence the drug release
parameters, although to a lesser extent. The major disad-
vantage of single-unit hydrophilic matrix systems such as
tablets or capsules has been the possibility of uncontrolled
erosion as a result of mechanical stress during passage
through the gastrointestinal tract, causing erratic drug re-
lease and absorption.

A multiple-unit indomethacin delivery system based on
HPMC as the hydrophilic carrier material was developed
by a novel technique using the insolubility of cellulose
ether at elevated temperatures and the ionotropic gelation
of the polysaccharide, sodium alginate with calcium ions
(79).

In order to develop nasal powder preparations with
higher bioavailability for peptide delivery, the effect of a
combination of hydroxypropylcellulose and microcrystal-
line cellulose used as base materials and microenvironment
for the drugs in the preparations was examined (80). Sig-
nificant enhanced absorption of leuprolide, calcitonin, and
FITC-dextran was attained by the addition of a small
amount of HPC to MCC. It is suggested that MCC works
as an absorption enhancer by causing a locally high con-
centration of drugs in the vicinity of the mucus surface.
On the other hand, HPC works to increase retention of
drugs on the nasal mucus due to its gel-forming property
(80).

The aqueous interaction of the sodium salt of ibupro-
fen with the cellulose ethers ethyl hydroxyethylcellulose
(EHEC) and HPMC has been investigated in the concen-
tration range 0–500 mM ibuprofen and 0.1–1% (w/w)
polymer by cloud point, capillary viscometry, equilibrium
dialysis, and fluorescence probe techniques (81). A combi-
nation of time-resolved and static fluorescence quenching
shows that micellelike ibuprofen aggregates are formed in
the solution. The average aggregation number of pure ibu-
profen micelles in water is about 40.

IV. CURDLAN

Harada et al. (82) and Saito et al. (83) showed that more
than 99% of the linkages in curdlan are (1→ 3)-β-D-glyco-

side linkages. Very few (1 → 6)-β-D-glycoside linkages
seem to occur in this polysaccharide by the chemical (83)
and enzymatic (84) methods. Curdlan is insoluble but
swells in water.

A. Clinical Application of Curdlan

Maeda and Chihara (85) and Sasaki et al. (86) reported
that curdlan, lentinan, and other similar polysaccharides
inhibited the growth of Sarcoma-180. Moreover, Sasaki et
al. (87) found that a serum factor is involved in the tumor
inhibition by curdlan. When peritoneal macrophages from
normal untreated mice were incubated in vitro with serum
of mice treated with curdlan, they become cytotoxic to tu-
mor cells. This was attributed to two serum factors, a pep-
tide (mw � 4500) and probably a peptidoglycan (mw �
9000) found in serum after administration of the polysac-
charide.

Morikawa et al. (88) showed that when curdlan is given
i.p. to mice, it produces a high and persistent level of both
polymorphonuclear (PMN) leukocytes and macrophages.
The activated PMN leukocytes were spontaneously cyto-
toxic to mammary carcinoma cells in vitro.

Cellulose sulfate, curdlan sulphate, and sulfopropyl cur-
dlan have been found to exhibit strong anti–human immu-
nodeficiency virus (anti-HIV) activity (89,90). Yoshida et
al. (91) showed that curdlan sulfate with a sulfur content
of 14.4% at concentrations as low as 3.3 µg/mL completely
inhibited infection by HIV.

Antitumor active polysaccharide against Sarcoma-180
was isolated by DEAE-Sepharose CL-6B and Sepharose
4B column chromatography from the hot water–soluble
fraction of the mycelium of liquid-cultured Agaricus blazei
mill (92). This polysaccharide did not react with antibodies
of antitumor polysaccharides such as lentinan, gliforan,
and FIII-2-b, which is one of the antitumor polysaccharides
from A. blazei. Moreover, the analyses of 13C-NMR and
GC-MS suggested that this polysaccharide was prelimi-
nary glucomannan with a main chain of β-1,2–linked
D-mannopyranosyl residues and β-D-glucopyranosyl-3-
O-β-D-glucopyranosyl residues as a side chain. This poly-
saccharide was completely different from the antitumor
polysaccharide obtained from fruiting body of A. blazei,
β-1,6-glucan.

V. GUAR GUM

Targeting of drugs to the colon, following oral administra-
tion, can be accomplished by the use of modified biode-
gradable polysaccharides as vehicles. Guar gum (GG) was
crosslinked with increasing amounts of trisodium trimeta-
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phosphate (STMP) to reduce its swelling properties for use
as a vehicle in oral delivery formulations, especially drug
delivery systems aimed at localizing drugs in the distal por-
tions of the small bowel (93). Swelling of GG in artificial
gastrointestinal fluids was reduced from 100- to 120-fold
(native GG) to 10- to 35-fold depending on the amount of
crosslinker used, showing a bell shape dependency. As a
result of the crosslinking procedure GG lost its nonionic
nature and became negatively charged.

Functionalizing of GG crosslinked products (GGP)
as possible colon-specific drug carriers was analyzed by
studying (1) the release kinetics of preloaded hydrocorti-
sone from GGP hydrogels into buffer solutions with or
without GG-degrading enzymes (α-galactosidase and β-
mannanase) and (2) direct measurements of the polymer’s
degradation in the cecum of conscious rates (94). The ef-
fect of a GG diet on α-galactosidase and β-mannanase ac-
tivity in the cecum of the rat and GGP degradation was also
measured. It was found that the product GGP-0.1 (loosely
crosslinked with 0.1 equivalents of STMP) was able to pre-
vent the release of 80% of its hydrocortisone load for at
least 6 h in PBS, pH 6.4. In vivo degradation studies in
the rat cecum showed that, despite the chemical modifica-
tion of GG, it retained its enzyme-degrading properties in
a crosslinker concentration–dependent manner. Eight days
of GG diet prior to the study increased α-galactosidase
activity in the cecum of the rat threefold compared to its
activity without the diet.

A novel tablet formulation for oral administration using
guar gum as the carrier and indomethacin as a model drug
has been investigated for colon-specific drug delivery us-
ing in vitro methods (95). Drug release studies under con-
ditions mimicking mouth-to-colon transit have shown that
guar gum protects the drug from being released completely
in the physiological environment of stomach and small in-
testine (95). Studies in pH 6.8 phosphate-buffered saline
(PBS) containing rat cecal contents have demonstrated the
susceptibility of guar gum to the colonic bacterial enzyme
action with consequent drug release.

Also, it has been shown that the swelling of guar gum
is affected by concentration of the drug and viscosity grade
of the polymer. This study examines the mechanism of
behavior of guar gum in a polymer–drug matrix (96). The
swelling action of guar gum, in turn, is controlled by the
rate of water uptake into the matrices. An inverse relation-
ship exists between the drug concentration in the gel and
matrix swelling. This implies that guar gum swelling is
one of the factors affecting drug release. The swelling be-
havior of guar gum is therefore useful in predicting drug
release.

Poly(vinyl alcohol)–guar gum interpenetrating network

microspheres were prepared by crosslinking with glutaral-
dehyde. Nifedipine was loaded into these matrices before
and after crosslinking in order to study its release patterns
(97). The mean particle size of the microspheres was found
to be around 300 µm. The molecular transport phenome-
non, as studied by the dynamic swelling experiments, indi-
cated that an increase in crosslinking affected the transport
mechanism from Fickian to non-Fickian. The in vitro re-
lease study indicated that the release from these micro-
spheres is not only dependent upon the extent of crosslink-
ing, but also on the amount of the drug loaded as well as
the method of drug loading (97).

Guar gum tablet formulations were prepared and evalu-
ated under a variety of in vitro dissolution conditions. The
formulations, along with Dilacor XR (diltiazem), were ad-
ministered to a group of eight fasted, healthy volunteers in
a four period crossover study (98). Dissolution of diltiazem
from guar gum tablets was essentially independent of stir
speed under normal conditions (USP Apparatus II).

VI. PULLULAN

Although many fungi are known to produce exopoly-
saccharides with an interesting range of chemical and
physical properties (99), most of the research effort has
been directed to the α-glucan pullulan, produced by Aureo-
basidium pullulans (100). Bernier (101) first described
the production of two exopolysaccharides by Pullularia
(A. pullulans), a heteropolysaccharide and a neutral glu-
can. These contain α-(1-4) and α-(1-6) glucosidic link-
ages.

Pullulan is a polysaccharide with high liver affinity.
Considering this property, interferon–pullulan conjugation
was promising for interferon (IFN) targeting to the liver
with efficient exertion of its antiviral activity therein (102).
The cyanuric chloride method enabled the preparation of
an IFN–pullulan conjugate that retained approximately 7–
9% of the biological activity of IFN. Pullulan conjugation
enhanced the liver accumulation of IFN and the retention
period with the results being reproducible. When injected
intravenously to mice, the IFN–pullulan conjugate en-
hanced the activity of 2-5A synthetase in the liver. The
activity could be induced at IFN doses much lower than
those of free IFN injection. In addition, the liver 2-5A syn-
thetase induced by conjugate injection was retained for 3
days, whereas it was lost within the first day for the free
IFN–injected mice.

A chelating residue [diethylenetriamine pentaacetic
acid (DTPA)] was introduced to pullulan (103). This
DTPA–pullulan could conjugate with IFN through Zn2�
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coordination on mixing these three components. Intrave-
nous injection of the IFN–DTPA–pullulan conjugate with
Zn2� coordination induced activity in the liver of an antivi-
ral enzyme (103). Liver targeting of IFN by this conjuga-
tion technique based on Zn2� coordination opens a new
method of IFN therapy.

Gu et al. (104) and Wang et al. (105) reported a novel
formula of hydrophobized polysaccharide nanoparticles
which can deliver a HER2 oncoprotein containing an epi-
tope peptide to the MHC class I pathway. A protein con-
sisting of the 147 amino-terminal amino acids of oncogene
erbB-2/neu/HER2 (HER2) was complexed with two kinds
of hydrophobized polysaccharides, cholesteryl group–
bearing mannan (CHM) and cholesteryl group–bearing
pullulan (CHP), to form nanoparticles (CHM-HER2 and
CHP-HER2). CHM-HER2 and CHP-HER2 were able
to induce CD3�/CD8� CTLs against HER2-transfected
syngeneic fibrosarcoma cell lines. In addition, vaccina-
tion by CHM-HER2 complexes led to a strongly enhanced
production of IgG antibodies against HER2, whereas vac-
cination with HER2 proteins alone resulted in a produc-
tion of antibodies at a marginal level. Mice immunized
with CHM-HER2 or CHP-HER2 before tumor challenge
successfully rejected HER2-transfected tumors. The com-
plete rejection of tumors also occurred when CHM-HER2
was applied not later than 3 days after tumor implanta-
tion.

The effect of liposomal adriamycin with tumor recogni-
tion molecule, 1-aminolactose (1-AL), on AH66 hepatoma
transplanted into nude mice was investigated by Ichinose
et al. (106). Adriamycin (ADM) was encapsulated in lipo-
some coating with CHP to increase the stability in the
blood stream. 1-Aminolactose (1-AL) was assembled to
the outer layer of CHP-coated liposomal ADM as a tumor
recognition molecule. In an in vivo therapeutic study, 1-
AL/CHP-coated liposomal ADM restrained tumor growth
more when compared with CHP-coated liposomal ADM.
Thus, 1-AL/CHP-coated liposome seems to be a carrier of
ADM to tumor cells.

Yamamoto et al. (107) synthesized CHP bearing 1-
aminolactose and introduced a saccharide, cholesteryl pul-
lulan bearing 1-aminolactose (1-AL/CHP), to an outer
layer of the conventional liposome as a cell recognition
element. Lectin recognized the β-galactose by aggregation
of 1-AL/CHP–coated liposome (1-AL/CHP liposome).
The uptake of this liposome to AH66 rat hepatoma cells
was greater than in liposomes without 1-aminolactose in
vitro. Furthermore, 1-AL/CHP liposomal adriamycin
showed a stronger antitumor effect in comparison with
other types of liposomal adriamycin in vitro. When in vivo
tumor-targeting efficacy was investigated in AH66 tumor–

transplanted mice using 3H-liposome, the tumor/serum ra-
dioactivity ratio in mice injected with 1-AL/CHP liposome
was higher than that of mice injected with other liposomes.
These observations suggest that 1-AL is effective as a cell
recognition element. As a result, 1-AL/CHP liposome is
considered to be a good carrier of anticancer drugs for the
active targeting of tumor cells (107).

Insulin spontaneously and easily complexed with the
hydrogel nanoparticle of CHP in water (108). The com-
plexed nanoparticles (diameter 20–30 nm) thus obtained
formed a very stable colloid (108). The original physiolog-
ical activity of complexed insulin was preserved in vivo
after i.v. injection.

Suzuki and Sunada (109) have investigated the influ-
ence of water-soluble polymers on the dissolution behavior
of nifedipine from solid dispersions with combined carri-
ers. All the solid dispersions of nifedipine were prepared
by the fusion method using nicotinamide and four differ-
ent water-soluble polymers: hydroxypropylmethylcellulose
(HPMC), polyvinylpyrrolidone (PVP), partially hydro-
lyzed polyvinyl alcohol (PVA), and pullulan. HPMC, PVP,
and PVA dissolved in the fused liquid of nicotinamide and
operated efficiently on the amorphous formation of nifedi-
pine in solid dispersions. In dissolution studies, the drug
concentration for these dispersions increased to more than
twice the intrinsic drug solubility. The rank order of the
drug concentration was HPMC � PVP � PVA. However,
since pullulan did not dissolve in the fused nicotinamide,
nifedipine was present as a crystalline state in the solid
dispersion; the supersaturation behavior of the drug was
scarcely observed (109).

VII. DEXTRIN AND CYCLODEXTRIN

Dextrin consist of an α-(1→6)-linked glucan with
branches attached to O-3 of the backbone chain units. The
degree of branching is approximately 5%. Recently, enzy-
matic hydrolysis combined with chemical and nuclear
magnetic resonance studies have enabled the ratio of single
to multiple branches to be elegantly elucidated (110).

The molecular size is a pivotal importance for each of
the pharmacological properties of dextrin, for example,
colloid osmotic pressure, viscosity, cell surface adsorption,
and steric exclusion principles (111,112).

The effects of dextrin on hemostasis have been re-
viewed (113,114). Although it is generally agreed that the
coagulation mechanism remains normal after infusion of
a standard clinical dose of dextrin (115,116). Dextran ap-
pears to be adsorbed to the surfaces of the vascular endo-
thelium and various cells (117,118).
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Whereas native dextrin is immunogenic in humans
(119), lower molecular weight fractions in the clinical range
were not found to be immunogenic (120,121). The antigenic
determinants on the dextrin chain appear to correspond
to segments of two to seven glucose units (121,122).

pH-sensitive dextran hydrogels were prepared by acti-
vation of dextrin (T-70) with 4-nitrophenyl chloroformate,
followed by conjugation of the activated dextran with 4-
aminobutyric acid and crosslinking with 1,10-diaminode-
cane (123). The crosslinking efficiencies determined by
mechanical measurements were in the range of 52–63%.
Incorporation of carboxylpropyl groups in dextran hy-
drogels led to a higher equilibrium and faster swelling un-
der high pH conditions. The swelling reversibility of hy-
drogels was also observed after repeated changes in buffers
between pH 2.0 and 7.4 (123).

Cyclodextrin (CDs) are naturally occurring homochiral
oligosaccharides composed of from 6 to 13 α-1,4-linked
D-glucopyranose units. They possess annular structures
whose wide and narrow hydrophilic ends are delineated by
OH (2) and OH (3) secondary and OH (6) primary hy-
droxyl groups, respectively, whereas their hydrophobic an-
nular interiors are lined with methyl and methylene groups
and ether oxygens. Interest in CDs stems from their ability
to partially or completely include a wide range of guest
species within their annuli to form inclusion complexes,
also referred to a host–guest complexes (124–130). The
bonding between the CDs and guests is solely secondary in
nature; nevertheless, the inclusion complexes can exhibit
considerable thermodynamic stability (131).

Cyclodextrins are potentially very interesting as the for-
mulator in pharmaceutical technology. These cyclic oligo-
saccharides have the ability to form noncovalent com-
plexes with a number of drugs and in so doing alter their
physicochemical properties. In addition, the primary and
secondary hydroxyl group of the native (α, β, γ) cyclodex-
trins are potential sites for chemical modifications (132).
Cyclodextrins have remarkable properties in improving
stability, solubility, and bioavailability of drugs after oral
administration (133,134). Natural CDs undergo enzymatic
degradation along the gastrointestinal tract, which proba-
bly occurs mainly in the colon (135). No definitive results
of acute toxicity have been published because the highest
doses administered to animals do not result in any mortal-
ity (133). Because CDs are most often used to enhance the
solubility and consequently the bioavailability of poorly
water-soluble active ingredients, intravenous administra-
tion is among the most interesting parenteral routes. Inclu-
sion of a guest molecule in the cavity of CDs constitutes
a protected state of the included molecule. This protection
is especially effective in the solid state, with respect to the
oxygen from ambient air (136).

Cyclodextrins have the potential to enhance drug re-
lease by increasing the concentration of diffusible species
within matrix. Guo and Cooklock (137) used a range of
additives including CDs to increase the solubility of the
poorly water-soluble opoid analgesic, buprenorphine,
and modify its release from buccal patches composed of
poly(acrylic acid), poly(isobutylene), and poly(isoprene).

By inclusion of guest molecule inside the cavity of CDs,
side effects decreased. Inclusion in CDs can reduce the
bitterness of femoxetine (138), reduce the local irritation
of pirprofen (139), and decrease the ulcerous effect of
phenylbutazone (140) or indomethacin (141). In the case
of active ingredients exhibiting a poor bioavailability due
to water nonsolubility or low solubility, but without ab-
sorption problems, the improvement in apparent solubility
can improve the bioavailability (142,143). Other examples
of using CDs to promote drug release through dissolution-
erosion mechanisms are given by Giunchedi et al. (144)
and Song et al. (145).

Because of their ability to enhance the stability, solubil-
ity, or bioavailability of drugs, CDs have been the subject
of studies concerning every administration route: oral
(146–158); rectal (159–163); dermal (164–178); ocular
(179–182); nasal (183–188); pulmonary (189–191); par-
enteral (192–196); intracerebral (197); intrathecal (198),
and epidural (199,200) administration. Recently, modified
CDs (201–212) were prepared either to allow the direct
formation of targeting agents (213–217) or to enable them
to be targeting agents.

VIII. STARCH

A. Microspheres and Microcapsules

Starch, in its native and modified form, has been subjected
to extensive study over the past 40 years. Early interest in
starch was associated with the food and paper industry,
textile manufacture, and medicine. Crosslinked starch and
starch networks have both the required biodegradability
and a relatively high mechanical and chemical stability.
Starch microspheres were prepared using epichlorohy-
drin as a crosslinking agent. Recently the need for three-
dimensional matrices with controlled release properties for
pharmaceutical and agrochemical uses has increased inter-
est in starch gelation (218–223).

The condensation mechanism of epichlorohydrin with
amylose involves epoxide ring opening, mediated by the
nucleophilic attack of the alkali amylose, and subsequent
chlorine displacement and epoxidation (224,225). The
starch–epichlorohydrin reaction follows second order ki-
netics, first order with respect to epichlorohydrin as well
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as starch. The activation energy for the reaction is 38
kJ/mol and the temperature coefficient K323/K303 is 2 (226).

The crosslinking of starch with epichlorohydrin under
homogeneous and heterogeneous condition was studied
with a particular view of measuring the extent of the side
reaction, where starch was substituted to give a monoether
derivative (227). The extent of this reaction was strongly
dependent on the reaction conditions (temperature, time,
molar ratio of all reactants). Depending on these condi-
tions, 5–25% epichlorohydrin was bound as glycerol
monoether substituent by starch. The degree of swelling
of the crosslinked starch was linearly dependent on the
water/starch molar ratio in the reaction mixture (227). The
crosslinking of starch proceeded with remarkable efficiency
when epichlorohydrin was applied in the vapor phase.

An interfacial crosslinking process was applied to hy-
drosoluble starch derivatives: hydroxyethyl starch and car-
boxymethyl starch (223). All crosslinked polysaccharide
microcapsules were characterized by a total resistance to
digestive media.

Shefer et al. (224) characterized the structure and mor-
phology of starch networks formed by two distinct meth-
ods using cross-polarization magic angle–spinning 13C-
NMR spectroscopy (CP-MAS 13C-NMR) combined with
wide angle x-ray diffraction measurements. The first step
in the process involves the gelatinization of amylose using
sodium hydroxide. After the addition of NaOH solution
(6.6% w/w) the resonance lines of the amylose were broad-
ened. Broadening can be caused by distribution of isotropic
chemical shifts due to the loss of crystallinity (224). The
loss of crystallinity during this process is also observed in
the wide angle x-ray diffractogram of a sample following
treatment with NaOH.

The amorphous nature of the networks formed follow-
ing the reaction of amylose with epichlorohydrin is also
supported by x-ray diffraction analysis. The resonance of
the C6 carbon in the network formed is of weaker intensity
and is shifted downfield by about 1 ppm from about 61.4
ppm in the native amylose molecule to 60.4 ppm in the
crosslinked network. The secondary OH(2) and OH(3) of
the native amylose at 5.0–5.4 ppm appear in the cross-
linked network spectrum. This indicates that both crosslink
points as well as glycolic functional group (4.7 ppm) are
formed (224). These observations suggest that epichloro-
hydrin crosslinks and reacts monofunctionally at C2, C3,
and C6 (224). Their swelling degree, reflecting the number
of glycerol dieter bridges in the polymeric network, and
the number of noncrosslinking monoglycerol ether groups
corresponding to a side reaction of epichlorohydrin with
starch were determined (228). Degradation by α-amylase
was surface controlled and could be modulated by the in-
troduction in the polymeric network of (1) nonhydrolyz-

able α-1,6 bonds related to the presence of amylopectin
in the raw starch, (2) glycerol diether, and (3) monoether
groups, all of these being likely to block the activity of α-
amylase.

A novel silicone polymer-grafted starch micropar-
ticle—starch microparticles (MPs) grafted with 3-(trie-
thoxysilyl)-propyl–terminated polydimethylsiloxane (TS-
PDMS)—was developed that is efficacious both orally and
intranasally (229,230). Unlike most other microparticle
systems, this novel system does not appear to retard the
release of antigen or to protect antigen from degradation.
The results indicate that a unique physiochemical relation-
ship occurs between protein antigen and silicone in a starch
matrix that facilitates the mucosal immunogenicity of anti-
gen. This leads to predominance of Th2 antibody response
(229,230).

The efficacy of temporary arterial emmobilization using
degradable starch microspheres combined with hyperther-
mia was investigated in rabbits bearing VX2 tumors (231).
Microsphere injection caused a marked decrease of tumor
blood flow and pH. During heating, there was a marked
increase of the maximum temperature in tumor tissue com-
pared with normal muscle. Tumor growth was suppressed
330% times at 3 weeks after hyperthermia alone and 270%
times following combined treatment with microspheres
and hyperthermia. Damage to normal muscle tissue was
mild (231).

Evaluation of reticular endothelial system–specific
magnetic starch microspheres (MSMs) as an i.v. contrast
agent for MR imaging in a model of experimental liver
metastases has been studied. A loss of liver signal intensity
was obtained at all MSM dose levels. No metastases were
detected in the precontrast images. The optimal detection
rate of hepatic metastases was reached with the T1-
weighted spin-echo (SE) sequence at a dose of 1.0 mg
Fe/kg b.w. MSM and the diameters of the smallest lesions
depicted were 1 mm (232). The use of MSM dramatically
increased the detection of experimental hepatic metastases.

B. Starch Derivatives

1. Hydroxyethyl Starch

Hydroxyethyl starches (HES) are high-polymeric com-
pounds obtained via hydrolysis and subsequent hydroxy-
ethylation from the highly branched amylopectin con-
tained in maize. The glucose units can be substituted at
carbon 2, 3, and 6 leading to various substitution patterns.
This pattern is described by the C2/C6 hydroxyethylation
ratio. The higher the degree of substitution and the C2/C6
ratio, the less the starch is metabolized. The in vitro molec-
ular weight, the degree of substitution, and the C2/C6 ratio
are the main determinants of the in vivo molecular weight,
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which is clinically relevant. Hemorrhagic complications
that occur after infusing larger volumes of HES can be
avoided with a starch of low in vivo molecular weight
(233). Furthermore high molecular weight HES macromol-
ecules lead to a distinctive decrease in fibronectin concen-
tration that reflects saturation of the reticuloendothelial
system (RES). Another advantage of low in vivo molecular
weight HES is its rather short half-life. Patients with an
increased bleeding risk, microcirculatory disturbance, or
affected RES should receive HES with low in vivo molecu-
lar weight. In the future, HES should be mainly character-
ized by the in vivo and not the in vitro molecular weight.

Artificial colloids affect hemostasis. Particularly, HES
solutions may have detrimental effects on hemostatic
mechanisms (234).

Hydroxyethyl starch is frequently used as a volume ex-
pander in critically ill patients. Hofbauer et al. (235) in-
vestigated whether HES influences the chemotaxis of
polymorphonuclear leukocytes (PMNs) through endothe-
lial cell monolayers by using a test system that allows the
simultaneous treatment of both cell types; HES was shown
to significantly reduce the chemotaxis of PMNs through
endothelial cell monolayers.

The effects of HES on blood coagulation were investi-
gated in 20 patients undergoing surgery to determine
whether its use places recipients at risk of hemorrhage or
thrombosis (236). The partial thromboplastin times are sig-
nificantly prolonged; factor VIII activities and fibrinogen
levels are decreased. After infusion of HES, no significant
differences were detected in platelet count or prothrombin
time. A decreased platelet aggregation was also found after
the infusion of HES (236).

Jamnicki et al. (237,238) compared the effects of pro-
gressive in vitro hemodilution (30 and 60%) on blood
coagulation in 80 patients receiving one of two different
6% HES solutions using thrombelastography (TEG). The
newly developed solution has a mean molecular weight of
130 kD and a degree of substitution, defined as the average
number of hydroxyethyl groups per glucose moiety, of 0.4
(HES 130/0.4); the conventional solution has a mean mo-
lecular weight of 200 kD and a degree of substitution of
0.5 (HES 200/0.5). Both HES solutions significantly com-
promised blood coagulation, as seen by an increase in reac-
tion time and coagulation time and a decrease in angle
alpha, maximal amplitude, and coagulation index (all p �
0.05).

2. Acetyl Starch

Acetyl starch (ACS) is a new synthetic colloid solution for
plasma volume expansion and is now undergoing phase 2
clinical trials. Behne et al. (239) compared the pharmaco-

kinetics of ACS with those of HES in 32 patients (ASA
physical status I and II) undergoing elective surgery. In
contrast to hydroxyethyl starch, this new agent undergoes
rapid and nearly complete enzymatic degradation.

3. Carboxymethyl Starch

Claudius et al. (240) determined effects of sodium carbox-
ymethyl starch (CMS) on the antimicrobial activity of van-
comycin. In particular, the in vitro activity of vancomycin
against two clinically relevant bacteria, Staphylococcus
aureus and Enterococcus faecalis, was studied in the pres-
ence of varying concentrations of sodium CMS. From two
independent studies conducted using an agar dilution
method, it appeared that the binding of vancomycin to so-
dium carboxymethyl starch had no effect on the in vitro
antimicrobial activity of vancomycin.

IX. FUCAN SULFATES

Marine algal sulfated polysaccharides have been found to
possess various pharmacological activities, i.e., antibacte-
rial, antiviral, antitumor (241,242), immunosuppressive,
antilipemic, antihemostatic, and anticoagulant (243). Fu-
can sulfates are a type of sulfated polysaccharide occurring
in brown marine algae.

The anticoagulant activity of fucan sulfates (244) was
mainly assayed by activated partial thromboplastone time,
which expresses the intrinsic pathway of blood anticoagu-
lation; prothrombin time, which explores the extrinsic
pathway; thrombin clotting time; and repilase clotting time
methods (245). The anticoagulant components of brown,
red, and green algae are found in fucan sulfates. They all
comprise a family of polydisperse heteromolecules based
on fucose, xylose, glucuronic acid, galactose, mannose,
and half ester sulfate. They differ in sugar composition and
sulfate content, and thus in structure (246–249).

The correlation between the sulfate and uronic acid con-
tents and the anticoagulant activity of fucan sulfates was
confirmed by a study on fucan sulfate from Ecklenia kur-
ome (250). It has also been reported that fucoidans (pure
fucans) from F. vesiculosus (251), Eisenia bicyclis (252),
Hizikia fusiforme (253), Laminaria angustata (254), and
P. canaliculata (255) showed antithrombin activity.

X. LECTINS

Lectins are proteins or glycoproteins of nonimmune origin
capable of binding to one or more specific sugar residues
and mediating a variety of biological processes, such as
cell–cell and host–pathogen interactions, serum glycopro-



Polysaccharides as Biomaterials 11

tein, and innate immune responses. Currently, over 200
three-dimensional structures of lectins from plants, ani-
mals, bacteria, and viruses and their complexes are avail-
able (256–262).

Excellent recent reviews on the structure and interactions
of lectins are available (263–272). Thus, lectins possess
various specificities that are associated with their ability
to interact with acetylaminocarbohydrates, aminocarbohy-
drates, sialic acid, hexoses, pentose, and many other carbo-
hydrates (258,273). Lectins from plant sources were the
first proteins of this class to be studied (274–277). Human
foods of both plant and animal origin contain a variety of
simple and complex carbohydrates as well as lectins. Both
saccharides and lectins have the capacity to interfere with
bacterial and viral attachment to epithelial cell surfaces
within the alimentary canal, as has the major mucosal im-
munoglobulin, secretory IgA. It is well known that the lec-
tin from jack fruits can bind to serum IgA1, but secretory
IgA also possesses oligosaccharide receptors for bacterial
lectins in fimbriae and can agglutinate E. coli by this anti-
gen nonspecific mechanism (264).

Membrane lectins of certain cells are capable of inter-
nalization of their ligands, and hence glycoconjugates spe-
cifically recognized by these lectins can be used as carriers
of metabolite inhibitors and drugs (278). Galactose-termi-
nated glycoproteins and neoglycoproteins have been used
to carry antiparasitic (279) and antiviral drugs (280,281).

The potential for using lectins as a means of ‘‘anchor-
ing’’ a drug delivery system to the mucosal surfaces of the
eye has been investigated (282). In this study the acute
local dermal irritancy of these lectins, in terms of their po-
tential to cause inflammation and tissue necrosis, was
investigated. There was no evidence of tissue necrosis,
edema, or Evans blue infiltration with any of the lectin
solutions administered. The rabbits did not display any
signs of discomfort such as scratching or continued groom-
ing throughout the experiment. Histological examination
of the injection sites revealed little sign of any inflamma-
tion, such as heterophil migration, edema, or tissue dam-
age. It was concluded that these lectins demonstrate mini-
mal acute irritancy, and will therefore be taken forward for
formulation and in vivo studies.

XI. HYALURONIC ACID, HYALURONAN,
AND HYALURONAN DERIVATIVES

Hyaluronic acid (HA) is a natural mucopolysaccharide
which consists of alternating residues of D-glucuronic acid
and N-acetyl-D-glucosamine. Hyaluronic acid functions as
the backbone of the proteoglycan aggregates necessary for
the functional integrity of articulate cartilage of the knee.

Hyaluronan (sodium hyaluronate) and hyaluronan de-
rivatives (hylans) have been developed as topical, in-
jectable, and implantable vehicles for the controlled and
localized delivery of biologically active molecules (283).
Hyaluronan is the original lastoviscous, biocompatible
polysaccharide developed for use in eye surgery and visco-
surgery, orthopedic surgery, rheumatology, otology, plas-
tic surgery, and veterinary medicine (284,285). Hyaluronic
acid, either by itself or mixed with fibronectin, may be a
potentially optimal bioimplant for the surgical manage-
ment of vocal fold mucosal defects and lamina propria de-
ficiencies (e.g., scarring) from a biomechanical standpoint
(286).

Hyaluronic acid in the range of Mw 1300 kD may prove
beneficial in minimizing bacterial contamination of surgi-
cal wounds when used in guided tissue regeneration sur-
gery (287). The 1.0 mg/mL concentration of high molecu-
lar weight HA had the greatest overall bacteriostatic effect,
inhibiting the growth of all six bacterial strains tested.
Among the bacterial strains studied, HA was found to have
no bactericidal effects, regardless of concentration or mo-
lecular weight.

An animal model study was conducted to compare the
efficacy of recurrent topical applications of hyaluronic acid
and gentamicin ointment for the treatment of noninfected,
mechanical corneal erosions (288). Rabbit eyes treated
with hyaluronic acid showed a significantly enhanced rate
of epithelial defect closure compared with untreated eyes
and a similar rate to that achieved with gentamicin oint-
ment. In the eyes treated with hyaluronic acid a normal,
multilayered epithelium was observed 48 h after complete
healing, whereas the gentamicin-treated eyes showed an
imperfectly layered epithelium, with irregularity of the cu-
boidal cells.

Through the esterification of the carboxyl group of the
glucuronic acid moiety, polymeric prodrugs of hyaluronic
acid have been prepared by several groups (289–291).
Two drugs made up of HA derivatives have recently be-
come available for patients in whom simple analgesics and
conservative nonpharmacological therapy have failed. Les-
lie (292) reviews the epidemiology, pathogenesis, diagno-
sis, and medical management of osteoarthritis of the knee,
with an emphasis on the physiologic and pharmacological
mechanisms of HA. Health care providers may administer
HA via intra-articular injection in primary care and rheu-
matologic or orthopedic settings or they may refer their
patients to specialists for consultation.

Hyaluronic acid grafted with poly(ethylene glycol)
(PEG) (PEG-g-HA) were synthesized. The materials char-
acterization, enzymatic degradability, and peptide (insulin)
release from solutions of the copolymers were examined
(293). Insulin was preferentially partitioned into the PEG
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phase in a PEG/HA solution system. Leakage of insulin
from the copolymers was dependent upon the PEG content.
Leakage rate of insulin from copolymer containing be-
tween 7 and 39% by weight of PEG were similar. The
conformational change of insulin was effectively pre-
vented in PEG-g-HA solutions, although insulin was dena-
tured in storage of both phosphate buffered solution and
HA solution. Such a heterogeneous-structured polymeric
solution may be advantageous as an injectable therapeutic
formulation for ophthalmic or arthritis treatment.

To increase the availability of sodium butyrate over a
longer period of time. Coradini et al. (294) covalently
linked isodium butyrate to HA (a component of the extra-
cellular matrix). Its major advantages as a drug carrier con-
sist of its high biocompatibility and its ability to bind
CD44, a specific membrane receptor frequently overex-
pressed on the tumor cell surface (294). The biological
activity of hyaluronic acid–butyric ester derivatives was
evaluated in terms of the inhibition of the growth of the
MCF7 cell line and compared with that of sodium butyrate.
After 6 days of treatment, we observed a progressive im-
provement of the antiproliferative activity up to DS � 0.20;
thereafter, the antiproliferative effect of the ester deriva-
tives decreased (294). Fluorescence microscopy showed
that after 2 h of treatment fluorescein-labelled compounds
appeared to be almost completely internalized into MCF7
cells, expressing CD44 standard and variant isoforms.

Two biomaterials based on hyaluronic acid modified by
esterification of the carboxyl groups of the glucuronic acid
(HYAFF 11 and ACP sponges) were tested as osteogenic
or chondrogenic delivery vehicles for rabbit mesenchymal
progenitor cells and compared with a well-characterized
porous calcium phosphate ceramic delivery vehicle (295).
The hyaluronic acid–based delivery vehicles are superior
to porous calcium phosphate ceramic with respect to the
number of cells loaded per unit volume of implant, and
HYAFF 11 sponges are superior to the ceramics with re-
gard to the amount of bone and cartilage formed. Addition-
ally, hyaluronic acid–based vehicles have the advantage of
degradation/resorption characteristics that allow complete
replacement of the implant with newly formed tissue.

The tolerability and safety of hyaluronan-based three-
dimensional scaffolds as a culture vehicle for mesenchy-
mal progenitor cells was investigated (296). The prolifera-
tion patterns and extracellular matrix production of rabbit
and human mesenchymal, bone marrow–derived progeni-
tors first were characterized in vitro. Subsequently rabbit
autologous cells were cultured in this hyaluronan-based
scaffold and implanted in a full thickness osteochondral
lesion. In vitro histologic findings showed that mesen-
chymal progenitor cells adhered and proliferated onto the
hyaluronan-derived scaffold. In vivo data demonstrated

that the biomaterial, with or without mesenchymal pro-
genitors, did not elicit any inflammatory response and
was completely degraded within 4 months after implanta-
tion (296).

The new composite biomaterial made from hydroxyap-
atite and collagen conjugated with hyaluronic acid has
been studied (297). The structure evaluation of the com-
posite showed more dense arrangement due to the forma-
tion of collagen hyaluronic acid conjugate, and particles of
inorganic component are closely anchored in the structure
(297). The test of contact cytotoxicity showed a very good
biocompatibility of the biomaterial.

The adsorption of glycosaminoglycans (heparin, he-
paran sulfate, dermatan sulfate, highly sulfated chondroitin
sulfate, chondroitin sulfate, and hyaluronan) onto coral has
been investigated (298). Granules of natural coral of spe-
cific diameter, between 100 and 500 µm, having high con-
tent of calcium (�98%) and a homogeneous surface ad-
sorb glycosaminoglycans with different capacity. Heparin
(maximum adsorption 1.29 � 0.10 mg/20 mg of coral,
6.45% w/w) is adsorbed more than highly sulfated chon-
droitin sulfate species (maximum adsorption 0.90 � 0.06
mg/20 mg of coral, 4.50% w/w), chondroitin sulfate (maxi-
mum adsorption of 0.72 � 0.06 mg/20 mg of coral, 3.60%
w/w), dermatan sulfate (maximum adsorption of 0.70 �
0.06 mg/20 mg of coral, 3.50% w/w), and heparan sulfate
(maximum adsorption of 0.72 � 0.07 mg/20 mg of coral,
3.60% w/w) (298). Hyaluronan is not adsorbed onto gran-
ules of coral. The percentage adsorption of polyanions onto
coral depends mainly on their charge density, with sulfate
groups being more important than carboxyl groups. The
adsorption of glycosaminoglycans is driven by electro-
static interactions with calcium sites of coral that are de-
pendent on pH and blocked in the presence of large
amounts of salt. Due to these peculiar properties, the com-
bination of granules of natural coral with glycosaminogly-
cans makes this material potentially useful in osseointegra-
tion in bone metabolism or periodontal therapy (298).

Several biomaterials are available for the purpose of
soft tissue augmentation, but none of them has all the prop-
erties of the ideal filler material. The recent development
of HA gels for dermal implantation give the physician new
possibilities of effective treatment in this field (299). Stabi-
lized, nonanimal hyaluronic acid gel is well tolerated and
effective in augmentation therapy of soft tissues of the
face. This material presents several advantages in compari-
son to previously used injectable biomaterials and expands
the arsenal of therapeutic tools in the field of soft tissue
augmentation.

With the aim of producing a biomaterial for surgical
applications, the alginate–hyaluronate association has
been investigated (300). Crossed techniques were used to
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assess the existence of polymer interactions in aqueous so-
lutions up to 20 mg/mL.

XII. ALGINATE

The alginates is a copolymer composed of D-mannuronic
acid (M) and L-guluronic acid (G) arranged in MM and
GG blocks interrupted by regions of more random distribu-
tion of M and G units. Due to the presence of carboxylate
groups, alginate is a polyelectrolyte at neutral pH, with one
charge per repeating unit in the coil conformation (301).

A. Alginate Hydrogel

Interactions of alginate with univalent cations in solution
have been investigated by circular dichroism (c.d.) (302)
and rheological measurements. Poly-L-guluronate chain
segments show substantial enhancement (approximately
50%) of c.d. ellipticity in the presence of excess of K�,
with smaller changes for other univalent cations: Li� �
Na� � K� � Rb� � Cs� � NH4

� (302). Pass and Hales
(303) have investigated the effect of the cation on the en-
thalpy of dilution of alkali metal salts of alginate.

Calcium alginate has been one of the most extensively
investigated biopolymers for binding heavy metals from
dilute aqueous solutions (304–307). Alginate forms gels
in the presence of divalent ions at concentration of �0.1%
w/w (308). The gels are not thermoreversible. The ratio of
calcium to alginate over which thixotropic gels are formed
depends on the alginate type, the pH, and the solids content
of the system (309). Previous studies of alginate gelation
by c.d. and other techniques (310–312) have shown that
the primary event in network formation is dimerization of
poly-L-guluronate chain sequences, in a regular 2(1) con-
formation (313,314) with specific chelation of Ca2� ions
between the participating chains (315).

For high M alginates (high D-mannuronic acid algi-
nate), thixotropic gels exist at calcium levels that, in an
alginate with a high proportion of L-guluronic acid blokcs,
would be holding the alginate chains in a permanent gel
structure. Specific intermolecular cooperative interactions
occur between calcium and glucuronate blocks owing to
the buckled ribbon structure of the polyguluronic acid.
This observation has led to the well-known proposal of
‘‘egg-box’’ junction zones (308,316). 13C-NMR spectro-
scopic studies have been made on alginate solutions under-
going sol–gel transition induced by four different divalent
cations: Ca, Cu, Co, and Mn (317).

The rigid structure and large pore size of these gels are
useful for the encapsulation of enzymes, proteins, drugs,
liposomes, and living cells. Oral administration of calcium

alginate hydrogels without buffering of stomach acid may
result in desegregation of the calcium alginate complex.
Several antacids can buffer gastric fluid at pH 4.5, which
is an appropriate pH for pancreatic buffering in the duode-
num. An increase in enteric pH to 6.5 will occur in the
ileum. Buffering of gastric fluid with antacids would be
necessary in order to facilitate release of drugs from cal-
cium alginate into small intestine—the most appropriate
application of this system.

The sodium alginate from Sarassum fulvellum showed
a considerable antitumor activity against various murine
tumors, such as Sarcoma-180, Ehrlich ascites carcinoma
and IMC carcinoma (318).

With the aim of producing a biomaterial for surgi-
cal applications, the alginate–hyaluronate association has
been investigated (319). Crossed techniques were used to
assess the existence of polymer interactions in aqueous so-
lutions up to 20 mg/mL. Viscometry measurements using
the capillary technique or the Couette flow, together with
circular dichroism investigations, evidenced the moderate
significance of interactions between the two polysaccha-
rides in dilute solutions. In addition, the case of more con-
centrated solutions and containing 20 mg/mL alginate was
approached by rheological measurements in the flow
mode; the behavior of the polymer associations appeared
as a compromise between those of individual polysaccha-
rides (319).

B. Alginate–Polyelectrolyte Complexation

Irreversible hydrogels are insoluble in water, as well as in
other solvents, in a wide range of temperatures and dilu-
tions. Due to their solubility profiles, irreversible hydrogels
have found multiple applications as food additives, in cos-
metics, in medicine, and in biotechnology (320–326).

The complexation of complementary polymers has been
modeled theoretically (327,328). In this analysis the total
free energy of complexation was divided into two contri-
butions: one arising from the specific interactions between
complexing functional groups and a second arising from
configurational changes of the system upon complexation.
Several authors have modeled the association of biological
polymers (329–332).

The interactions of alginates of various compositions
with basic polypeptides, namely, poly(L-lysine) and poly
(Lys-Ala-Ala), have been studied by means of circular di-
chroism (333). The alginates used differ from each other
in the content of L-guluronate and mixed sequences. The
content of D-mannuronate sequences in all alginates is al-
most identical. The lower complexation efficiency with al-
ginate II (MM 33%, GG 30%, MG 37%) than with alginate
I (MM 30%, GG 20%, MG 50%) and the nearly zero effi-
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ciency with alginate III (MM 33%, GG 47%, MG 20%)
are due to the presence of considerable amounts of non-
complexing L-guluronate sequences in the alginate struc-
ture (333). On the basis of the results of complexation
achieved in this study (333), it may be suggested that the
L-guluronan chain is more rigid, i.e., less adaptable to the
changes in the surrounding medium than the D-galacturo-
nan chain.

The influence of charge density of a polycation on com-
plexation was studied with the sequentially regular poly
(Lys-Ala-Ala), which is characterized by a charge density
one-third that of poly(L-lysine) (333). Alginates interacted
with poly(Lys-Ala-Ala) rather intensively. The difference
in efficiency of interaction of L-guluronan and D-galactur-
onan with poly(L-lysine) results from the difference in the
conformational flexibility of their polyanionic chains in so-
lution. L-Guluronan maintains the rigid twofold symmetry
in solution, and D-galacturonan is conformationally adapt-
able in the course of interaction.

Many of the present controlled-release devices for in
vivo delivery of drugs involve elaborate preparations, of-
ten employing either harsh chemicals, such as organic sol-
vent, or extreme conditions, such as elevated temperatures.
These conditions have the potential to destroy the activity
of sensitive macromolecule drugs, such as proteins or oli-
gopeptides.

Drug delivery particulates were prepared using alginate,
polylysine, and pectin. Theophylline, chlorothiazide, and
indomethacin were used as the model drugs for in vitro
assessments, and mannitol was the model for assessing
paracellular drug absorption across Caco-2 cell mono-
layers. Alginate and pectin served as the core polymers,
and polylysine helped to strengthen the particulates. Use
of pectin specially helped in forming a more robust particu-
late that was more resistant in acidic pH and modulated
the release profiles of the encapsulated model drugs in the
alkaline pH. Alginate and pectin were also found to en-
hance the paracellular absorption of mannitol across Caco-
2 cell monolayers by about three times. The release rate
could be described as a first-order or square-root time
process depending on the drug load. Use of alginate–
polylysine–pectin particulates is expected to combine the
advantages of bioadhesion, absorption enhancement, and
sustained release. This particulate system may have poten-
tial use as a carrier for drugs that are poorly absorbed after
oral administration (334).

The polyionic complex based on alginate were used to
included the animal cells (335). Microencapsulation of is-
lets of Langherhans in alginate–poly(L-lysine) capsules
provides an effective protection against cell-mediated im-
mune destruction, and ideally should allow the transplanta-

tion of islets in the absence of immunosuppression. It has
previously been suggested that alginate rich in mannuronic
acid (high M) is more immunogenic than alginate rich in
guluronic acid (high G). The ability of these alginates to
induce an antibody response in the recipient or act as an
adjuvant to antibody responses against antigens leaked
from the capsule was investigated (335). High G–alginate
capsules are less immunogenic than high M capsules. Be-
cause encapsulation did not protect against the generation
of antibodies against islet-like cell clusters (ICC), it can
be assumed that antigen leakage from the capsules occurs,
as no evidence was found for capsules breaking in vivo.

Alginate and proteins were also used in polyionic com-
plexation (336). Freshly prepared gels of gelatine with al-
ginate or pectate below the isoelectric point of gelatine
(e.g., at pH 3.9) melt over the same temperature range as
gelatine (30–40°C), but on aging they become thermosta-
ble (336). The gels are also stable in 7M urea, arguing
against hydrogen bonding or hydrophobic interactions, but
the enhanced thermal stability can be eliminated by high
salt (e.g., 0.3M NaCl) or by raising the pH to above the
isoelectric point of gelatine, as expected for an ionic net-
work (336).

A systematic study of the alginate–polycation micro-
encapsulation process, as applied to encapsulation of bio-
active macromolecules such as protein, was conducted
by Wheatly et al. (337). When protein drugs (myoglobin)
were suspended in sodium alginate solution and sprayed
into buffered calcium chloride solution to form crosslinked
microcapsules. The drug-loaded capsules were coated with
a final layer of poly(L-lysine).

C. Calcium Alginate as a Matrix for Delivery
of Nucleic Acids

Advances in the design of genetically targeted agents offer
new opportunities for drug therapy (338–340). Accord-
ingly, the encapsulation of DNA and its derivatives may be
useful for enteric targeting of nucleic acids as gene transfer
agents, carriers for DNA intercalaters, and modified oligo-
nucleotides (341).

The biodegradable microspheres based on sodium algi-
nate were used to encapsulate plasmid DNA containing the
bacterial β-galactosidase (LacZ) gene under the control of
either the cytomegalovirus (CMV) immediate-early pro-
moter or the Rous sarcoma virus (RSV) early promoter.
Mice inoculated orally with microspheres containing plas-
mid DNA expressed LacZ in the intestine, spleen, and
liver. Inoculation of mice with microspheres containing
both the plasmid DNA and bovine adenovirus type 3
(BAd3) resulted in a significant increase in LacZ expres-
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sion compared to those inoculated with microspheres con-
taining only the plasmid DNA. Our results suggest that
adenoviruses are capable of augmenting transgene expres-
sion by plasmid DNA both in vitro and in vivo (342).

Chitosan and poly(L-lysine) membranes, coating algi-
nate beads, were almost totally inert to the enzymatic hy-
drolysis by lysozyme; chitosanase; and trypsin, chymo-
trypsin, or proteinase (343). Less than 2% of the membrane
weight was hydrolyzed. It appears that either membrane
material would be stable for in vivo application, and in
particular in the protection of DNA during gastrointestinal
transit. At chitosanase concentrations of 1.4 mg/mL and
in the presence of sodium ions, 20% of the total double-
stranded DNA was released from chitosan coated beads.
An exchange of calcium for sodium within the bead lique-
fied the alginate core releasing DNA. The presence of cal-
cium stabilized the alginate bead, retaining all the DNA.
Highly pure DNA was recovered from beads through me-
chanical membrane disruption, core liquefaction in citrate,
and use of DNA spin columns to separate DNA/alginate
mixtures in a citrate buffer. DNA recovery efficiencies as
high as 94% were achieved when the initial alginate/DNA
weight ratio was 1000 (343).

Alginate gels produced by an external or internal gela-
tion technique were studied so as to determine the optimal
bead matrix within which DNA can be immobilized for
in vivo application. The encapsulation yield of double-
stranded DNA was over 97 and 80%, respectively, for
beads formed using external and internal calcium gelation
methods, regardless of the composition of alginate. Homo-
geneous gels formed by internal gelation absorbed half
as much DNAse as compared with heterogeneous gels
formed by external gelation. Testing of bead weight
changes during formation, storage, and simulated gastroin-
testinal (GI) conditions (pH 1.2 and 7.0) showed that high
alginate concentration, high G content, and homogeneous
gels (internal gelation) result in the lowest bead shrinkage
and alginate leakage. These characteristics appear best
suited for stabilizing DNA during GI transit (344).

Co-guanidine membranes were shown to form intact,
ionically complexed membranes on alginate beads, serving
as an alternative to the commonly used polymers, poly(L-
lysine) and chitosan. DNA was encapsulated (345). The
level of DNA protection from nuclease diffusion and the
degree of DNA complexation with co-guanidine mem-
branes were all shown to be dependent on both polymer
concentration and coating time. The highest level of
DNAse exclusion was possible within beads coated with
a polymer concentration of 5 mg/mL. Recovery of double-
stranded DNA after nuclease exposure for 60 min reached
90% of that initially encapsulated. The level of DNA pro-

tection was found to be comparable to high molecular
weight poly(L-lysine) membranes (197.1 kDa) (345). Co-
guanidine membranes coating alginate result in a molecu-
lar weight cutoff sufficient to retain DNA and exclude 31-
kDa DNAse, while providing access to the low molecular
weight carcinogen, ethidium bromide.

Somatic gene therapy using nonautologous recombi-
nant cells immunologically protected with alginate micro-
capsules has been successfully used to treat rodent genetic
diseases. Ross et al. (346) have reported the delivery of
recombinant gene products to the brain in rodents by im-
planting microencapsulated cells for the purpose of even-
tually treating neurodegenerative diseases with this tech-
nology. Alginate–poly(L-lysine)–alginate microcapsules
enclosing mouse C2C12 myoblasts expressing the marker
gene human growth hormone (hGH) at 95 � 20 ng per
million cells per hour were implanted into the right lateral
ventricles of mice under stereotaxic guidance. Control
mice were implanted similarly with nontransfected but en-
capsulated cells. Delivery of hGH to the different regions
of the brain at various times postimplantation was exam-
ined. At 7, 28, 56, and 112 days postimplantation, hGH
was detected at high levels around the implantation site
and also at lower levels in the surrounding regions, while
control mice showed no signal. Immunohistochemical
staining of the implanted brains showed that on days 7,
56, and 112 postimplantation, hGH was localized in the
tissues around the implantation site.

D. Calcium Alginate as Microparticles for Drug
and Drug Proteins Delivery Systems

Present and future applications of alginates are mainly
linked to the most striking feature of the alginate molecule,
i.e., a sol–gel transition in the presence of multivalent ca-
tions, e.g., Ca2�. The properties of alginate gels suggest
biomedical and pharmaceutical uses. Calcium alginate has
been extensively studied and employed in a number of
pharmaceutical applications (347,348), especially in con-
trolled drug release (349). For many drug candidates a
modified in vivo drug release is desired to improve ef-
ficacy, sustain effect, or minimize toxicity. Polymeric de-
livery systems, such as microspheres, nanospheres, and
polymeric films, have been extensively researched in an
attempt to achieve modified drug release (350). Calcium
alginate offer an alternative approach.

The release rate of nicardipine HCl from various algi-
nate microparticles was investigated (351,352). The effect
of drug/polymer weight ratio, CaCl2 concentration, and
curing time on parameters such as the time for 50% of
the drug to be released (t50%) and the drug entrapment
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efficiency were evaluated with analysis of variance. The
release of drug from alginate microparticles took place by
both diffusion through the swollen matrix and relaxation
of the polymer at pH 1.2–4.5. However, the release was
due to diffusion and erosion mechanisms at pH 7–7.5.

Pellets of calcium–alginate, calcium–pectinate, and
calcium–alginate–pectinate were produced via crosslink-
ing in an aqueous medium for site-specific drug delivery
in the gastrointestinal tract (353). In general, texture analy-
sis of various pellets indicated that both strength and resil-
ience profiles were in the order of calcium–alginate �
calcium–alginate–pectinate � calcium–pectinate. Calcium–
alginate pellets were found to be viscoelastic, while
calcium–pectinate was highly brittle.

Alginate gel beads containing tiaramide (TAM) were
prepared (354) using a gelation of alginate with calcium
cations. Bead performance was evaluated in vitro for dif-
ferent dissolution media, and beads were also subjected
to coating. Tiaramide release was dependent both on its
solubility in dissolution medium and the guluronate resi-
due content of the alginate used. The release rate was in
the following order: in pH 1.2 � pH 6.8 � water. The fast
release rate in pH 1.2 is the result of the high solubility of
TAM in acidic medium (354). Beads with high guluronate
content gave the best controlled results.

Calcium-induced alginate gel beads containing chitosan
salt (Alg-CS) were prepared using nicotinic acid (NA), a
drug for hyperlipidemia, and investigated its two functions
in gastrointestinal tract: (1) NA release from Alg-CS and
(2) uptake of bile acids into Alg-CS. The amount of NA
incorporated in Alg-CS increased according to increment
of CS content. Nicotinic acid was rapidly released from
Alg-CS in diluted HCl solution (pH 1.2) or physiological
saline without disintegration of the beads. When Alg-CS
was placed in bile acid solution it took bile acid into
itself. About 80% of taurocholic acid dissolved in the me-
dium was taken into Alg-CS. According to increment of
bile acid concentration the uptake amount increased, and
an approximately linear relationship existed among them
(355).

Calcium alginate beads containing ampicillin were pre-
pared (356). Morphological studies and drug contents, in
vitro release, and erosion tests were carried out for the
characterization of the prepared beads. The dried particles
were characterized by irregular shape and a smooth or
rough surface, depending on the viscosity grade of the algi-
nate used. The control of the drug for different time inter-
vals depended on the molecular weight of the polymer
used; however, the pH change test showed that this capac-
ity was much lower in the case of acid-treated particles.
The results obtained show that the ampicillin beads pre-
pared are suitable for intramammary therapy.

Ionotropic gelation by divalent metal interaction was
employed of indomethacin–sodium alginate dispersion
with calcium ions to induce the spontaneous formation of
indomethacin–calcium alginate gel discs (357). A three-
phase approach was developed to establish the critical cur-
ing parameters. Since curing involved crosslinking of the
sodium alginate with calcium ions, an optimal concentra-
tion of calcium chloride (phase one) and crosslinking reac-
tion time (phase two) had to be determined. Furthermore,
the third phase involved the optimization of the air drying
time of the gel discs. In phases one and two, stabilization
of in vitro drug release characteristics was used as the
marker of optimal crosslinking efficiency. Phase three was
based on achieving fully dried gel discs by drying to con-
stant weight at 21°C under an extractor. The study revealed
that optimal crosslinking efficiency was achieved in 1%
w/v calcium chloride solution for 24 h and air dried at 21°C
under an extractor for 48 h (357).

Growth and progression of malignant brain tumors oc-
curs in a micromilieu consisting of both tumor and normal
cells. Several proteins have been identified with the poten-
tial of interfering directly with tumor cells or with the neo-
vascularization process, thereby inhibiting tumor growth.
A continuous delivery of such inhibitory proteins to the
tumor microenvironment by genetically engineered cells
could theoretically be of considerable therapeutic impor-
tance. Read et al. (358) have investigated the growth char-
acteristics of cells encapsulated in alginate, which repre-
sents a potential delivery system for recombinant proteins
that may have antitumor effects. Three different cell lines,
NHI 3T3, 293, and BT4C, were encapsulated in alginate,
which is an immunoisolating substance extracted from
brown seaweed. Morphological studies showed that encap-
sulated cells proliferated and formed spheroids within the
alginate in the in vitro cultures and after implantation into
the brain. Even after 4 months in vivo a substantial amount
of living cells were observed within the alginate beads. A
vigorous infiltration of mononuclear cells was observed in
the brain bordering the alginate beads 1 week after implan-
tation (358).

The insecticide/nematicide carbofuran was incorpo-
rated in alginate-based granules to obtain controlled re-
lease (CR) properties (359). The basic formulation (sodium
alginate 1.61%, carbofuran 0.59%, water) was modified
by addition of sorbents. The effect on carbofuran release
rate, caused by the incorporation of natural and acid-
treated bentonite in alginate formulation, was studied by
immersion of the granules in water under shaking (359).
The use of alginate-based CR formulations resulted in a
reduction of the leached amount of carbofuran compared
with the total amount of pesticide leached using the techni-
cal product (50 and 75% for CR granules containing natu-
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ral and acid-treated bentonite, respectively). Alginate–
bentonite CR formulations might be efficient systems for
reducing carbofuran leaching in clay soils, which would
reduce the risk of groundwater pollution.

E. Calcium Alginate Wound Dressing

It is commonly accepted that the ideal wound covering
should mimic many properties of human skin. It should
be adhesive, elastic, durable, impermeable to bacteria, and
occlusive. Alginates are highly absorbent, gel-forming ma-
terials with hemostatic properties, and it has long been
known that more rapid wound healing occurs when a gel is
formed at the wound surface and dehydration is prevented
(306). Because of the biocompatibility, exudate absorb-
ability, and film-forming properties of calcium alginate
product, they are good candidates for burn and wound
management uses.

Ueng et al. (360) investigated the calcium alginate
dressing as a drug delivery system for the treatment of vari-
ous surgical infections. Cytotoxicity of the calcium algi-
nate dressing to fibroblasts and HeLa cells was evaluated
by the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H tetra-
zolium bromide colorimetric assay. The calcium alginate
dressing was mixed with vancomycin, and lyophilized or
not lyophilized to form two types of antibiotic dressings.
The results suggested that the antibiotic dressings present
no obvious toxic risk to their use as a drug delivery system.
All antibiotic dressings released bactericidal concentra-
tions of the antibiotics in vitro for the period of time
needed to treat surgical infections. This study offers a con-
venient method to meet the specific antibiotic requirement
for different infections.

The healing of cutaneous ulcers requires the develop-
ment of a vascularized granular tissue bed, filling of large
tissue defects by dermal regeneration, and the restoration
of a continuous epidermal keratinocyte layer. These pro-
cesses were modelled in vitro in the present study, utilizing
human dermal fibroblast, microvascular endothelial cell
(HMEC), and keratinocyte cultures to examine the effect
of calcium alginate on the proliferation and motility of
these cultures, and the formation of capillarylike structures
by HMEC (361). This study demonstrates that the calcium
alginate tested increased the proliferation of fibroblasts but
decreased the proliferation of HMEC and keratinocytes. In
contrast, the calcium alginate decreased fibroblast motility
but had no effect on keratinocyte motility. There was no
significant effect of calcium alginate on the formation of
capillarylike structures by HMEC. The effects of calcium
alginate on cell proliferation and migration may have been
mediated by released calcium ions. These results suggest

that the calcium alginate tested may improve some cellular
aspects of normal wound healing but not others (361).

Drug-impregnated polyelectrolyte complex (PEC)
sponge composed of chitosan and sodium alginate was pre-
pared for wound dressing application (362). Equilibrium
water content and release of silver sulfadiazine (AgSD)
could be controlled by the number of repeated in situ PEC
reactions between chitosan and sodium alginate. The re-
lease of AgSD from AgSD-impregnated PEC wound
dressing in PBS buffer (pH � 7.4) was dependent on the
number of repeated in situ complex formations for the
wound dressing (362). In vivo tests showed that granula-
tion tissue formation and wound contraction for the AgSD
plus dihydroepiandrosterone (DHEA)–impregnated PEC
wound dressing were faster than any other groups.

Control of hemorrhage during excision and grafting is
difficult and postoperative hematoma may reduce graft
take. Kneafsey et al. (363) have found calcium alginate
dressings can be of immense help in minimizing these
technical problems. Calcium alginate dressings following
hemorrhoidectomy effectively reduce postoperative pain
compared to more bulky anal packs (364).

A prospective controlled trial was carried out to assess
the healing efficacy of calcium alginate and paraffin gauze
on split skin graft donor sites (365). Calcium alginate
dressings provide a significant improvement in healing
split skin graft donor sites.

F. Calcium Alginate as Tissue Engineering

New cartilage formation has been successfully achieved
by technology referred to as tissue engineering. Recent ad-
vances in tissue engineering permit us to focus on produc-
tion of larger amounts of cartilaginous tissue, such as
might be needed for reconstructive surgery of the entire
auricle.

Polymers and hydrogels such as poly(glycolic acid),
calcium alginate, and poly(ethylene) and poly(propylene)
hydrogels have been used as cell carriers to regenerate car-
tilage in the nude mouse model. This study compared the
suitability of three polymers for generating tissue engi-
neered elastic cartilage using autologous cells in an immu-
nocompetent porcine animal model (366). When using
pluronics as scaffold, histologic features resemble those of
native elastic cartilage, showing a more organized arrange-
ment of the cells, which seems to correlate to functional
properties as elastin presence in the tissue.

Transplantation of isolated chondrocytes has long been
acknowledged as a potential method for rebuilding small
defects in damaged or deformed cartilages. Chalain et al.
(367) describe modification of the basic techniques that
lead to production of a large amount of elastic cartilage
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originated from porcine and human isolated chondrocytes.
Small fragments of auricular cartilage were harvested from
children undergoing ear reconstruction for microtia or ex-
tirpation of preauricular tags and from ears of juvenile
pigs. Enzymatically isolated elastic chondrocytes were
then agitated in suspension to form the chondronlike ag-
gregates, which were further embedded in molded hy-
drogel constructs made of alginate and type I collagen aug-
mented with κ-elastin. The constructs were then implanted
in nude mice and harvested 4 and 12 weeks after hetero-
transplantation. The resulting neocartilage closely resem-
bled native auricular cartilage at the gross, microscopic,
and ultrastructural levels (367).

In vitro multiplication of isolated autologous chondro-
cytes is required to obtain an adequate number of cells to
generate neocartilage, but is known to induce cell dediffer-
entiation. Marijnissen et al. (368) and Demoor-Fossard et
al. (369) investigated whether multiplied chondrocytes can
be used to generate neocartilage in vivo. Adult bovine ar-
ticular chondrocytes were suspended in alginate at den-
sities of 10 or 50 million/mL, or after multiplication in
monolayer for one (P1) or three passages (P3). Alginate
with cells was seeded in demineralized bovine bone matrix
(DBM) or a fleece of polylactic/polyglycolic acid (E210)
and implanted in nude mice for 8 weeks. The newly
formed tissue was evaluated. Structural homogeneity of
the tissue, composed of freshly isolated as well as serially
passaged cells, was found to be enhanced by high-density
seeding (50 million/mL) and the use of E210 as a carrier.
The percentage of collagen type II, positive-staining P3
cells was generally higher when E210 was used as a car-
rier. Furthermore, seeding P3 chondrocytes at the higher
density (50 million/mL) enhanced collagen type II expres-
sion.

Chondrocytes from 21-day-old rat fetal nasal cartilage
were cultured in alginate beads for up to 20 days (370). It
was found that chondrocytes retained their spherical shape
and typical chondrocytic appearance. During the culture
time, chondrocytes underwent differentiation, as demon-
strated by the alkaline phosphatase–specific activity and
rate of proteoglycan synthesis. Morphological data con-
firmed chondrocyte differentiation with the appearance of
hypertrophic chondrocytes scattered in the alginate gel and
a dense extracellular matrix containing filamentous struc-
tures and matrix vesicles (370). These results indicate that
the alginate system represents a relevant model for studies
of chondrogenesis and endochondral ossification. Further-
more, the encapsulation method could prove useful for
studies of tissue–biomaterial interactions in an in vitro en-
vironment which more closely mirrors the cartilage matrix
than other culture methods.

A potential approach to facilitate the performance of
implanted hepatocytes is to enable their aggregation and

re-expression of their differentiated function prior to im-
plantation. Glicklis et al. (371) have examined the behavior
of freshly isolated rat adult hepatocytes seeded within a
novel three-dimensional (3-D) scaffold based on alginate.
The attractive features of this scaffold include a highly po-
rous structure (spongelike) with interconnecting pores, and
pore sizes with diameters of 100–150 µm. Due to their
hydrophilic nature, seeding hepatocytes onto the alginate
sponges was efficient. DNA measurements showed that the
total cell number within the sponges did not change over 2
weeks, indicating that hepatocytes do not proliferate under
these culture conditions. More than 90% of the seeded cells
participated in the aggregation; the high efficiency is attrib-
uted to the nonadherent nature of alginate. The 3-D ar-
rangement of hepatocytes within the alginate sponges pro-
moted their functional expression; within a week the cells
secreted the maximal albumin secretion rate of 60 microg
albumin/10(6) cells/day (371).

Tissue engineering, a field that combines polymer scaf-
folds with isolated cell populations to create new tissue,
may be applied to soft tissue augmentation—an area in
which polymers and cell populations have been injected
independently. Marler et al. (372) have developed an in-
bred rat model in which the subcutaneous injection of a
hydrogel, a form of polymer, under vacuum permits direct
comparison of different materials in terms of both histo-
logic behavior and their ability to maintain the specific
shape and volume of a construct. Using this model, three
forms of calcium alginate, (a synthetic hydrogel) were
compared over an 8-week period: a standard alginate that
was gelled following injection into animals (alginate post-
gel); a standard alginate that was gelled before injection
into animals (alginate pregel); and alginate-RGD, to which
the cell adhesion tripeptide RGD was linked covalently
(RGD postgel). Parallel groups that included cultured syn-
geneic fibroblasts suspended within each of these three
gels were also evaluated (alginate postgel plus cells, algi-
nate pregel plus cells, and RGD postgel plus cells). Histo-
logically, the gel remained a uniform sheet surrounded by
a fibrous capsule in the alginate postgel groups. In the algi-
nate pregel and RGD postgel groups, there was significant
ingrowth of a fibrovascular stroma into the gel with frag-
mentation of the construct. In constructs in which syn-
geneic fibroblasts were included, cells were visualized
throughout the gel but did not extend processes or appear
to contribute to new tissue formation. Material compres-
sion testing indicated that the alginate and RGD postgel
constructs became stiffer over a 12-week period, particu-
larly in the cell-containing groups (372).

Bone morphogenetic proteins (BMPs) are unique mole-
cules with a specific biological activity for inducing ec-
topic bone formation when implanted with a suitable
carrier matrix. A novel BMP-2–derived oligopeptide,
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NSVNSKIPKACCVPTELSAI, was coupled covalently to
alginate. Then NSVNSKIPKACCVPTELSAI-linked al-
ginate hydrogel composites were implanted into the calf
muscle of rats and harvested 3 or 8 weeks after surgery.
Ectopic bone formation was observed in alginate hydrogel
linked with BMP-2–derived peptide. It is suggested that
alginate hydrogel linked with an oligopeptide derived from
BMP-2 might provide an alternative system for topical de-
livery of the morphogenetic signal of BMP-2 (373).

Alginate membrane was proposed as a self-setting bar-
rier membrane that can be used for guided tissue regenera-
tion. The alginate membrane can be prepared and placed
at the bone defect during the surgical procedure. The pro-
cedure consists of two simple steps. First, the bone defect
is filled with sodium alginate (Na-Alg) aqueous solution.
Then calcium chloride aqueous solution is dropped on the
surface of the Na-Alg aqueous solution. An alginate mem-
brane is formed on the bone defect, keeping the inside of
the bone defect filled with unreacted Na-Alg aqueous solu-
tion (374).

Many materials have been used for artificial tubular
prostheses to assist peripheral nerve gap reconstruction.
However, the clinical use of these devices has been re-
stricted because a microsurgical procedure requires spe-
cialized techniques and expensive equipment, such as op-
erating microscope systems. Therefore Suzuki et al., (375)
developed a new gluing method, without sutures, that uses
freeze-dried alginate gel. A 7-mm gap in the sciatic nerve
of rats was bridged with freeze-dried alginate gel. Regener-
ation was evaluated by electrophysiologic testing and his-
tologic study. Eighteen weeks after surgery, functional re-
innervation of motor and sensory nerves had occurred, as
demonstrated by recovery of compound muscle action
potentials (CMAPs), compound nerve action potentials
(CNAPs), and somatosensory-evoked potentials (SEPs).
Histologically, many regenerated nerve fasciculi, includ-
ing myelinated and unmyelinated fibers, were observed
and the implanted alginate gel had disappeared. In conclu-
sion, a gluing technique using alginate gel is a potential
alternative to the conventional nerve autograph technique.
Advantages include simple application and rapid repair.
Freeze-dried alginate gel is a promising material for artifi-
cial nerve guides for peripheral nerves and also could be
used for repair of disrupted pathways in central nervous
tissue that is amorphous and cannot be sutured (375).

XIII. XANTHAN GUM

Xanthan gum is a widely used thickening agent in foods
and is a recent addition to the hydrophilic matrix carrier
list (376). The primary structure is a (1 → 4)-linked β-D-
glucan backbone (cellulose) substituted through position 3

on alternate glucose residues with a charged trisaccharide
side chain (377). Xanthans secondary structure has been
studied by x-ray fiber diffraction (378) and analyzed be
molecular modeling (379). Addition of the side chain
causes the backbone to change from a twofold ribbonlike
cellulose conformation to a fivefold helix (380–383). A
single helix stabilized by backbone–sidechain bonding has
been proposed, but double helical models cannot be ex-
cluded (378,379).

The majority of studies of xanthan in the literature have
been ‘‘molecular,’’ including optical rotation, NMR, DSC,
and circular dichroism (381–385), but the interpretation of
some of these have been complicated by the nature of the
macromolecule. The order–disorder transition has first or-
der kinetics, is fully reversible, and shows no thermal hys-
teresis. From this evidence Morris et al. (380) suggested
a single helix stabilized intramolecularly by ordered pack-
ing of side chains along the polymer backbone.

A. Xanthan Gels

A number of polysaccharides interact with galactoman-
nans resulting in synergistic viscosity increases or gel for-
mation, which have been extensively investigated be Dea
et al. (386,387) and other groups (388–398). Synergistic
interactions of polysaccharides in binary mixtures have of-
ten been considered to be synonymous with intermolecular
binding of the two polysaccharides. The synergisms be-
tween plant galactomannans (carob, tara, or enzymatically
modified guar gum) and xanthan or certain algal polysac-
charides (κ-carrageenan, furcelaran, or agarose) have been
attributed to intermolecular binding of the backbone of the
galactomannan and the helix of the order polysaccharide
(386,390). The evidence for this and for similar (388,389)
well-accepted such intermolecular models. The structural
similarity of galacturonic acid and glucuronic acid blocks
favors the formation networks between pectin and alginate
(387). The crosslinking of cellulose fibrils by galactoman-
nans has indeed been demonstrated by electron microscopy
(391). Cairns et al. (392,393) have proposed a different
model for the gelation of xanthan and galactomannans,
based on x-ray fiber diffraction studies on stretched gels.
Mixed junction zones were formed by interaction between
the xanthan and galactomannan backbones, with the rela-
tive positions of xanthan side chains on either side of a
sandwiched galactomannan molecule being staggered. The
x-ray results indicate a repeat distance of 0.52 nm (393).
Xanthan is widely used in foodstuffs in the form of syner-
gistic gels with gluco- and galactomannans (394); these
two types of polysaccharide per se and xanthan alone will
not form gels, whereas mixtures of xanthan with either of
the plant polysaccharides, when heated and allowed to
cool, form thermoreversible gels (395,396).
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The influence of the galactomannan characteristic ratios
(M/G) on the temperature of gelation (Tg) and the gel
strength of mixtures of galactomannan with xanthan is re-
ported (397). Two galactomannans were investigated: one
highly substituted from the seeds of Mimosa scabrella
(M/G � 11) and the other, less substituted, from the endo-
sperm of Schizolobium parahybae (M/G � 30). The
xanthan/galactomannan systems (4:2 g l(�1), in 5 mM
NaCl) showed a Tg of 24°C for that of S. parahybae (398)
and 20°C for the galactomannan of M. scabrella, deter-
mined by viscoelastic measurements and microcalorime-
try. A Tg of 40–50°C was found by Shatwell et al. (399)
for locust bean gum (LBG) (M/G � 43). Lundin and Her-
mansson (400) reported a difference of 13°C Tg of two
LBG samples, with M/G � 3 (40°C) and 5 (53°C), in mix-
tures with xanthan. It appears that the more substituted ga-
lactomannans have lower temperatures of gelation in the
presence of xanthan. The mechanism of gelation depends
also on the M/G ratio. For the lower values it involves only
disordered xanthan chains in contrast to M/G ratios higher
than 3. In addition, the presence of the galactomannan from
M. scabrella increased slightly the temperature of the con-
formational change (Tm) of xanthan, probably due to the
ionic strength contribution of proteins (3.9%) present in
the galactomannan. On the other hand, the galactomannans
from S. parahybae, with 1.5% of proteins, and M. sca-
brella, with 2.4% of protein, did not show this effect, the
Tm of xanthan alone or in a mixture being practically un-
changed (397).

Examples of current or potential applications of xanthan
in pharmaceutics (401,402) or biomedical uses are as ex-
cipients in tablets or clear blood fluid substitutes. The func-
tion of xanthan in tablets is similar to other polysaccha-
rides used in the same way, namely, to erode or dissolve
slowly and thereby yield a delayed release of active ingre-
dients compared to formulations not containing hydrocol-
loids. Recently reported is that xanthan used in tablets
yields a comparable kinetics in the release of drugs to those
of formulations containing N-CMC or carrageenan (403).

Oral candidiasis frequently occurs in individuals with
dry mouth syndrome (xerostomia), in immunocomprom-
ised patients, and in denture wearers. Russien et al. (401)
developed a formulation which will prolong the retention
time of antimicrobial agents at the site of application. The
activity against Candida albicans of a synthetic cationic
peptide dhvar 1, based on the human fungicidal salivary
peptide histatin 5, was tested in a mixture with the bioadhe-
sive. Coupling caused a reduction of the viscosity and elas-
ticity of the xanthan solution related to the applied concen-
tration of the coupling agent. Incubation of the peptide
with clarified human whole saliva resulted in proteolytic
degradation of the peptide. In the presence of xanthan the

degradation occurred more slowly. It was concluded that
xanthan is an appropriate vehicle for antimicrobial pep-
tides in a retention-increasing formulation.

XIV. PECTIN

Pectin is a general term for a group of natural polymers
that occur as structural materials in all land-growing plants.
Polymerized galacturonic acid partially esterified with
methanol accounts for the major part of any commercial
pectin. Commercial pectins are divided into low-ester pec-
tin and high-ester pectins. Pectin is not degraded by en-
zymes secreted in the upper gastrointestinal tract and
passes intact through the small intestine. Pectin has been
used as fiber source in numerous studies of the effects on
gastric emptying, gastric ulcer, glucose and insulin level,
bile acid binding, gallstone, binding of divalent and triva-
lent cations, influence on the enzymatic activity of the
upper digestive tract, lowering serum cholesterol level,
healing intestinal wounds, colon cancer, colonic cell
proliferation, and as source of volatile fatty acids in the
colon (404–409). Pectin influences the viscosity of the
meal, and its short-term effect on the rate of gastric empty-
ing may be explained in this way. A sustained effect of
pectin consumption in the studies by Schwartz et al. (410),
however, cannot be explained by increased viscosity of the
stomach content. Apparently, pectin delays absorption of
glucose in two ways: by delaying gastric emptying and by
increasing the intestinal barrier layer (407).

Kohen et al. (411) demonstrated a protective effect of
pectin against oxidative damages of the jejunal mucosa in
rats. Protection against radicals is important because the
mucosa is exposed to oxidative stress from the diet.

The antidiarrhea effect of pectin (in the form of dried
citrus peels or waste from potato starch manufacturing) in
cattle is enhanced by mixing with lecitin from soy oil re-
fining. The positive effect of lecithin supplementation is
explained by increased adhesion of pathogenic bacteria to
the pectin–lecithin complex (412).

The pectin-based raft-forming antireflux agent Aflurax
(Idoflux) was examined, first regarding reduction of
esophageal acid exposure and also as to its efficacy as
maintenance treatment in patients with healed esophagitis
(413). The median (interquartile range) acid exposure
times in the upright position were 3.1% (1.6–13.0%) on
Aflurax versus 6.7% (2.5–14.9%) on placebo (p � 0.10).
In the supine position no difference was found (Aflurax
13.7%, placebo 13.2%). The time to recurrence of heart-
burn with Aflurax treatment was prolonged significantly;
after 6 months the life table estimates were 48% of patients
in remission on Aflurax versus 8% on placebo (p � 0.01).
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Following treatment, erosive esophagitis was found in
17/34 on Aflurax versus 28/38 on placebo (p � 0.05).
Aflurax significantly delays recurrence of moderate or se-
vere heartburn and erosive esophagitis, when used as main-
tenance treatment. The acid exposure was not significantly
reduced with pH monitoring (413).

Lowering the serum cholesterol level is, without doubt,
the most studied physiological effect of pectin and other
soluble dietary fibbers. Numerous studies in hypercholes-
terolemic and normolipidemic humans, rats, and other ex-
perimental animals have proven the serum cholesterol low-
ering effect of pectin (404–408,414–417). The conclusion
from the last 25 years’ studies is that a pectin dosage of
10–15 g/day leads to a decrease in the serum cholesterol
level of 10%.

The dietary effect of the water-soluble dietary fi-
bers (WSDF) guar gum, partially hydrolyzed guar gum
(PHGG), glucomannan, and highly methoxylated (HM)
pectin on the serum lipid level and immunoglobulin (Ig)
production of Sprague–Dawley rats was compared with
that of water-insoluble cellulose (418). Although serum to-
tal cholesterol and triglyceride levels were significantly
lower in the rats fed with WSDF than in those fed with
cellulose, a decrease in the level of phospholipids was only
observed in the rats that had been fed on guar gum or glu-
comannan. In addition, all WSDF feeding enhanced IgA
productivity in the spleen and mesenteric lymph node lym-
phocytes, although the increase in serum IgA level was
only observed in the rats fed on WSDF, and not on PHGG.
When mesenteric lymph node lymphocytes were cultured
in the presence of various concentrations of guar gum or
glucomannan, no significant increase in Ig production was
apparent. These data suggest that WSDF indirectly en-
hanced the Ig production of lymphocytes, and that serum
lipid reduction and IgA production–enhancing activities of
WSDF were dependent on their molecular sizes (418).

Experimental hypercholesterolemia and its modulation
by some natural dietary supplements (pectin, garlic, and
ginseng) and by the drug gemfibrozil were studied (419).
Results of the study demonstrated that feeding the choles-
terol-enriched diet caused a significant increase in total,
LDL, and HDL cholesterol; plasma MDA and post-heparin
total; and hepatic lipase activities. On the other hand, serum
Tg and erythrocyte superoxide dismutase were not changed.
Histopathological examination revealed marked alteration
in the aortic wall with the appearance of large multiple ather-
omatous plaques. Both garlic and pectin were successful in
a significant reduction of the hypercholesterolemia in a way
comparable to gemfibrozil. Garlic was the only treatment
that has antilipid peroxidative property (419).

To investigate the effects of pectin on cholesterol me-
tabolism, normal rats were fed for 3 weeks a diet con-

taining 2.5 or 5% apple or orange pectin or without pectin
(control) (420). Cholesterol concentrations were deter-
mined in feces after 1, 2, and 3 weeks of treatment, and
in liver and serum at the end of the experimental trials.
Cholesterol concentration in feces showed a significant in-
crease by week 3 in rats fed 5% orange or apple pectin.
Hepatic cholesterol concentration declined significantly in
all pectin-fed groups. Serum cholesterol only declined sig-
nificantly in apple-fed groups. The decrease of cholesterol
levels in liver and serum and its increase in feces could
explain the beneficial effect of including these fibbers in
the diet to prevent some currently very frequent diseases
(420).

Because a high daily consumption of polysaccharide-
containing food is assessed to decrease the risk of cancer
of the gastrointestinal system, different types of carbohy-
drates were investigated for their antimutagenic activity
against different standard mutagens. Within the screening
pronounced antimutagenic effects were found for xyloglu-
can and different pectins and pectinlike rhamnogalacturo-
nans against 1-nitropyrene–induced mutagenicity. Inhibi-
tion rates were dose-dependent and varied between 20 and
50%. Concerning the mode of action, a direct interaction
of the polymers with the cells is claimed, protecting the
organisms from the mutagenic attack (421).

Anticarcinogenic and tumor growth–inhibiting effects
of nonsoluble fibers have been described (422). In a pre-
liminary study on methylnitrosourea-induced mammary
carcinogenesis in female Sprague–Dawley rats, 15% oli-
gofructose added to the basal diet modulated this carcino-
genesis in a negative manner (423). There was a lower
number of tumor-bearing rats and a lower total number of
mammary tumors in oligofructose-fed rats than in the
group fed the basal diet alone.

The effect of dietary nondigestible carbohydrates (15%
oligofructose, inulin, or pectin incorporated into the basal
diet) on the growth of intramuscularly transplanted mouse
tumors, belonging to two tumor lines (TLT and EMT6),
was also investigated (424). The results were evaluated by
regular tumor measurements with a vernier caliper. The
mean tumor surface in the experimental groups was com-
pared with that in animals of the control group fed the basal
diet containing starch as the only carbohydrate. The growth
of both tumor lines was significantly inhibited by supple-
menting the diet with nondigestible carbohydrates. Such
nontoxic dietary treatment appears to be easy and risk free
for patients, applicable as an adjuvant factor in the classical
protocols of human cancer therapy (424).

Among pectin, apple pectin exerts stronger bacteriostat-
ical action on Staphylococcus aureus, Streptococcus fae-
calis, Pseudomonas aeruginosa, and Escherichia coli in
comparison with citrus pectin. In this study, we used water-



22 Dumitriu

soluble methoxylated pectin from apple. The diet, supple-
mented by 20% apple pectin, significantly decreased the
number of tumors and the incidence of colon tumors.
PGE2 level in distal colonic mucus in 20% apple pectin–
fed rats were lower than those in basal diet fed rats. Fecal
β-glucuronidase activities in the apple pectin–fed group,
which has been considered a key enzyme for the final acti-
vation of dimethylhydrazine metabolism to carcinogens in
the colonic lumen, were significantly lower than those in
control group at initiation stage of carcinogenesis. The
concentrations of β-glucosidase and azoreductase were
also decreased. The effect of apple pectin on the colon car-
cinogenesis may partially depend on PGE, concentration
decrease in colonic mucus, and on the type of pectin, also
related to fecal enzyme activities.

The resistance of pectin to degradation in the upper GI
tract and its complete dissolution in the colon makes pectin
an ideal ingredient for colon-specific delivery. The solubil-
ity in the GI fluids is suppressed by crosslinking with cal-
cium or by chemical means. Coacervate with gelatine per-
mits the formation of microglobules suitable for
controlled-release products (425–427).

To develop an enzymatically controlled pulsatile drug
release system based on an impermeable capsule body,
which contains the drug and is enclosed by an erodible
pectin/pectinase plug have been studied (428). The plug
was prepared by direct compression of pectin and pec-
tinase in different ratios. In addition to the disintegration
times of the plugs, the lag times and the release profiles
of the pulsatile system were determined as a function of
pectin/enzyme ratio, the pH of the surrounding medium,
and the addition of buffering or chelating agents. The drug
release was controlled by the enzymatic degradation and
dissolution of pectin (429).

The use of pectin in tablet formulations have been stud-
ied by Meshali and Gabr (430) using a blend of pectin and
chitosan. Ashford et al. (431,432) protected a core tablet
with a coat of HM pectin. It was shown that the tablets
disintegrated in the colon. Coprecipitation of cationic
drugs with pectin was shown to be applicable for sustained
release of water-soluble drugs (433). Encapsulation of
liver cells by coacervation of carboxymethylcellulose, chon-
droitin sulfate, chitosan, and polygalacturonic acid gave
viable cells that could be used for extracorporeal liver sup-
port (434).

XV. HEPARIN

Heparin is the most biologically reactive member of the
family of sulfated glycosaminoglycans (GAGs), which are

widespread in animal tissue (435). Heparin and chondroi-
tin sulfates, which are the most abounded sulfated gly-
cosaminoglycans, contribute an enormously important role
in the successful development of open heart surgery. Due
to its antithrombotic and anticoagulant properties, heparin
is extensively used in the management of cardiovascular
diseases (436–438). Long-term treatments with heparin, as
well as short-term ones in the case of patients susceptible
to hemorrhage, involve risk of bleeding. Another unwanted
side effect of heparin is its interaction with platelet func-
tion, which may lead to depletion of these blood compo-
nents (thrombocytopenia, HIT). During the last decade,
fundamental aspects of the pathogenesis of HIT have been
resolved. The understanding of some the mechanisms un-
derlying the development of new, paradox thromboem-
bolic complications in HIT led to the concept that thrombin
generation plays a key role in clinically manifest HIT.
Consequently new therapeutic concepts imply the use of
drugs with either indirect or direct antithrombin activity,
such as donaparoid sodium and the recombinant hirudin
lepirudin. In recent years results of the first prospective
studies assessing various treatment regimens in HIT be-
came available. Although data of randomized trials are still
missing, some treatment recommendations can already be
drawn from these studies (439).

The discovery of new activities of heparin, relating to
inhibition of growth of smooth muscle cells (440), angio-
genesis (441), the human immunodeficiency virus (HIV)
(442), and tissue engineering (443), has widened the scope
of potential uses of this GAG. Incorporation of heparin-
binding peptides into fibrin gels enhances neurite exten-
sion, an example of designer matrices in tissue engineer-
ing.

Kratz et al. (444) have recently shown that heparin in
combination with chitosan stimulates re-epithelialization
in an in vitro model of human wound healing. The chito-
san–heparin membrane stimulated the increased stabiliza-
tion and concentration of growth factors in the wound area,
which stimulated healing.

Some of the biological properties of heparin can be sim-
ulated by other GAGs or by chemically sulfated vegetal,
algal, or microbial polysaccharides. However, the type of
carbohydrate backbone and the sulfation pattern of the
polysaccharide are important for the emergence and level
of specific activities (445). As the prophylactic use of hep-
arin continues to increase, nurses must be aware that hepa-
rin use may cause heparin-induced skin necrosis—a rare
but serious complication. Although even more severe com-
plications may occur from heparin use, this discussion will
focus on skin necrosis caused by subcutaneous heparin.
Should heparin-induced skin necrosis develop, heparin
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therapy must be discontinued immediately. Reports of one
patient’s reaction to this complication have been presented
(446,447).

Angiogenesis is a prerequisite for tumor expansion and
metastasis. The angiogenic potential of the heparin-bind-
ing growth factors acidic fibroblast growth factor (FGF)
and basic FGF has been demonstrated in various publica-
tions. Zugmaier et al. (448) have studied the inhibitory ef-
fects of suramin and the polysulfated heparinoids pentosan
polysulfate, dextran sulfate, and fucoidan on the action of
FGF. Polysulfated heparinoids exert a selective inhibitory
effect on heparin-binding angiogenesis factors at an IC50,
which is 100 times below the IC50 of suramin. Therefore,
the administration of polysulfated heparinoids might be-
come a novel approach to tumor therapy based on blocking
angiogenesis.

Aspirin, a potent antiplatelet drug, and heparin, an anti-
coagulant, are commonly used for postimplant complica-
tions such as thrombosis and thromboembolism. Aspirin
and heparin were embedded in chitosan–polyethylene vi-
nylacetate comatrix to develop a prolonged release form
(449). The effect of these drugs toward the bioprosthetic
calcification was investigated by in vitro and in vivo mod-
els (449). In vitro and in vivo evaluation suggest that the
released aspirin–heparin from the comatrix had a syner-
gistic effect in inhibiting glutaraldehyde pretreated bovine
pericardium calcification. Biochemical, histological, and
scanning electron microscopic evaluation of retrieved sam-
ples demonstrated a significant reduction in calcium depo-
sition.

Many of the acute coronary ischemic syndromes are
triggered by spontaneous or mechanical disruption of ath-
erosclerotic plaques with resultant activation of platelets
and coagulation. Given the central role of platelets and
thrombin in arterial thrombosis, current strategies for its
prevention and treatment focus on both inhibition of plate-
let aggregation and control of thrombin generation and ac-
tivity. Although aspirin and unfractionated heparin are the
cornerstones of current treatment strategies, both have lim-
itations (450).

Among the biomedical applications of synthetic poly-
mers, the development of blood-handling equipment
(e.g., the hemodialysis and cardiopulmonary bypass, angi-
ographic catheters, intra-aortic balloon pumps, cardiovas-
cular prostheses, artificial heart devices) has been one of
the most investigated areas in the past two decades. Bioma-
terial thrombogenicity remains the single most important
concern preventing even more widespread application.

In recent years, low molecular weight heparins
(LMWH) have been tested in the prevention and treatment
of deep vein thrombosis and pulmonary embolism, as well

as in the treatment of stroke and unstable angina. In all
these situations, LMWH had a similar or even a better
risk/benefit ratio than unfractionated heparin (UH) (451).
Acute myocardial infarction and coronary angioplasty are
among the new targets presently under investigation with
various LMWH. Patients with mechanical heart valves re-
quire life-long anticoagulation. Therefore, the anticoagula-
tion with LMWH after mechanical heart valve replacement
were studied (451). Anticoagulation activity with LMWH
after mechanical heart valve replacement appears feasible,
provides adequate biological anticoagulation, and com-
pares favorably with UH anticoagulation. Randomized
studies are now needed to further evaluate this new thera-
peutic approach.

Albumin has also been utilized with heparin preadsorp-
tion of both molecules or by their covalent coupling, which
results in heparin–albumin conjugates. Albumin pread-
sorbed onto surface reduce platelet adhesion, while heparin
is able to interact with antithrombin III, preventing throm-
bus formation (452–456). Crosslinked gels of albumin as
well as heparinized albumin gels, potential sealant of pros-
thetic vascular grafts, were studied with regard to in vitro
stability, binding of basic fibroblast growth factor, and cel-
lular interactions (457). It can be concluded that cross-
linked gels of albumin to which heparin is immobilized,
are candidate sealants for prosthetic vascular grafts and
suitable substrates for endothelial cell seeding.

Inhibitory effects of heparin coupling on calcifica-
tion of bioprosthetic vascular grafts of different origin
were studied. Heparin-bonded and 0.625% glutaraldehyde
crosslinked (GA) segments of porcine thoracic aorta (AO),
pulmonary artery (PA), jugular vein (JV) and rabbit aorta
(RA) were implanted subcutaneously in weanling rats for
5 months (458). Heparin bonding was ineffective in pre-
vention of calcification of JV and RA. Calcium content of
heparin-coupled PA and AO was significantly less when
compared with their GA-treated counterparts. Calcification
inhibition was achieved to a greater extent in heparin-
bonded PA than in the AO coupled to heparin. Heparin-
bonded porcine pulmonary artery seemed to be the best
among all vascular bioprostheses in this study.

Clinical procedures involving extracorporeal blood cir-
culation are potentially complicated by the interaction of
various blood systems with foreign surfaces. In cardiopul-
monary bypass, exposure of blood to synthetic surfaces
generally leads to activation of cellular and humoral blood
systems with activation of complement cascade. This reac-
tion can be associated with a variety of postoperation clini-
cal complications, such as increased pulmonary capillary
permeability, anaphylactic reactions, and various degrees
of organ failure which contribute to mortality in routine
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cardiac operations. Application of biocompatible materials
in an extracorporeal circuit modifies the normal pattern
of blood activation, and therefore may potentially reduce
clinical complications in routine cardiac surgery (459).
The use of heparin-coated circuits resulted in reduction of
systemic leukocyte activation of cardiopulmonary bypass
reflected by reduced leukocyte and neutrophil counts 24 h
after operation (p � 0.05).

Various sugar-carrying polystyrenes (PS), which con-
sist of synthetic styrene and sugar moieties, are glyco-
conjugates that are able to attach to polymeric surfaces.
Heparin-carrying PS (HCPS) is especially able to retain
the binding of heparin-binding growth factors (GFs) such
as vascular endothelial GF 165 or fibroblast GF 2. Human
skin fibroblast cells, human coronary smooth muscle cells,
and human coronary endothelial cells have good adherence
to the HCPS-coated plate. These results indicate that
growth of various cells can be controlled by the HCPS
coating, thereby retaining the bioactivity of molecules such
as heparin-binding GFs. Thus, HCPS-coated surfaces con-
trol selective growth of various cells (460).

Using polystyrene microspheres coated with heparin or
heparan sulfate, it was shown that coated microspheres
specifically bound eukaryotic cells and were endocytosed
by nonprofessional phagocytic cells. Coated microspheres
displayed properties of binding to eukaryotic cells that
were similar to those of Chlamydiae, and the microspheres
were competitively inhibited by chlamydial organisms.
Endocytosis of heparin-coated beads resulted in the tyro-
sine phosphorylation of a similar set of host proteins, as
did endocytosis of Chlamydiae; however, unlike viable
chlamydial organisms, which prevent phagolysosomal fu-
sion, endocytosed beads were trafficked to a lysosomal
compartment. These findings suggest that heparin-coated
beads and Chlamydia trachomatis enter eukaryotic cells
by similar pathways (461).

Poly(ethylene terephthalate) (PET) film was exposed to
oxygen plasma glow discharge to produce peroxides on its
surfaces. These peroxides were then used as catalysts for
the polymerization of acrylic acid (AA) in order to prepare
a carboxylic acid group–introduced PET (PET-AA). Insu-
lin and heparin coimmobilized PET (PET-I-H) was pre-
pared by the grafting of poly(ethylene oxide) to PET-AA,
followed by reaction first with insulin and then heparin
(462). The blood compatibility of the surface-modified
PETs were examined using in vitro thrombus formation,
plasma recalcification time, activated partial thromboplas-
tin time, and platelet adhesion and activation.

The growing importance of polymer membrane–based
potentiometric polyion sensors in biomedical research and
clinical measurements has brought up the question of how

accurate and reproducible these sensors are. Polymer
membrane–based potentiometric sensors were developed
earlier to provide a rapid and direct method of analysis
for polyions such as heparin. These heparin sensors are
irreversible, requiring a membrane renewal procedure be-
tween measurements which currently prevents the sensors
from being used for continuous monitoring of blood hepa-
rin. Indeed, recent research has revealed that these sensors
behave quite differently than classical ion-selective elec-
trodes. Mathison and Bakker (463,464) explored ways to
improve measurement reproducibility and long-term po-
tential stability by considering the unique pseudo–steady
state response mechanism of the polyion sensors devel-
oped so far. Heparin may be stripped out of the phase
boundary membrane surface with a high sample NaCl con-
centration, and this characteristic is used to modify the cal-
ibration procedure in order to avoid memory effects. It is
also attempted to reduce long-term potential drifts by con-
tinuously stripping heparin out of the membrane at the
membrane inner filling solution side. A theoretical model
is presented to explain the experimental results (464).

XVI. CHITOSAN

Chitosan is a polysaccharide comprising copolymers of
glucosamine and N-acetylglucosamine. Chitosan is usually
prepared from chitin (2-acetamido-2-deoxy β-1,4-D-glu-
can), and chitin has been found in a wide range of natu-
ral sources (crustaceans, fungi, insects, annelids, mollusks,
coelenterate, etc.). However chitosan is only manufactured
from crustaceans (crab and crayfish), primarily because a
large amount of the crustacean exoskeleton is available as
a byproduct of food processing. It is a natural, nontoxic,
biodegradable polysaccharide available as solution, flake,
fine powder, bead, and fiber. Due to the fact that chitosan
has a large molecular weight, exhibits a positive charge,
and demonstrates film-forming ability and gelation char-
acteristics, the material has been extensively used in the
industry, foremost as a flocculant in the clarification of
wastewater (465,466), as a chelating agent for harmful
metals for the detoxification of hazardous waste (467,468),
for the clarification of beverages, such as fruit juices and
beers (469), and for agricultural purposes such as fungi-
cides (470). In addition chitosan has been exploited in the
cosmetic industry, in the dental industry, for hair care prod-
ucts, and for ophthalmic applications, such as for contact
lens coatings or the contact lens material itself (471–473).
It has been extensively used as a biomaterial (474) due to
its immunostimulatory activities, anticoagulant properties
(475), antibacterial and antifungal action (476–481), and
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also as a promoter of wound healing in the field of surgery
(482–484). Chitosan caused leakage of glucose and lactate
dehydrogenase from E. coli cells. These data support the
hypothesis that the mechanism of chitosan antibacterial
action involves a crosslinkage between the polycations
of chitosan and the anions on the bacterial surface that
changes the membrane permeability.

Recently, Artursson et al. (485) and Schipper et al.
(486) reported that the structural properties of chitosans,
such as degree of acetylation and molecular weight, are
very important for its absorption enhancement of hydro-
philic drugs. They found that a low degree of acetylation
and/or a high molecular weight appear to be necessary for
chitosans to increase the epithelial permeability.

Chitosan ingestion effectively lowers serum choles-
terol (487–489). Oligosaccharides of chain length less than
five residues are ineffective. Orally administered chitosan
binds fat in the intestine, blocking absorption, and has been
shown to lower blood cholesterol in animals and humans.
As a result it has been proposed that dietary supplementa-
tion with chitosan may inhibit the formation of atheroscle-
rotic plaque (490,491). Animals were fed for 20 weeks on
a diet containing 5% chitosan or on a control diet. Blood
cholesterol levels were significantly lower in the chitosan-
fed animals throughout the study, and at 20 weeks were
64% of control levels. When the area of aortic plaque in
the two groups was compared, a highly significant inhibi-
tion of atherogenesis in both the whole aorta and the aortic
arch was observed in the chitosan-fed animals—42 and
50%, respectively. Body growth was significantly greater
in the chitosan-fed animals. This study shows a direct cor-
relation between lowering of serum cholesterol with chito-
san and inhibition of atherogenesis, and suggests that the
agent could be used to inhibit the development of athero-
sclerosis in individuals with hypercholesterolemia.

The effects of chitosan have been investigated on 80
patients with renal failure undergoing long-term stable he-
modialysis treatment (492). The patients were tested after
a control treatment period of 1 week. Half were fed 30
chitosan tablets (45 mg chitosan per tablet) three times a
day. Ingestion of chitosan effectively reduced total serum
cholesterol levels (from 10.14 � 4.40 to 5.82 � 2.19 mM)
and increased serum hemoglobin levels (from 58.2 � 12.1
to 68 � 9.0 g L-1). Significant reductions in urea and creat-
inine levels in serum were observed after 4 weeks of chito-
san ingestion (492). During the treatment period, no clini-
cally problematic symptoms were observed. These data
suggest that chitosan might be uneffective treatment for
renal failure patients, although the mechanism of the effect
should be investigated further.

New silica–chitosan hybrid biomaterials were produced

using biopolymer chitosan and its heparinlike derivative
as the organic species to be incorporated into the silicon
alkoxide–based network (493). These hybrid materials dis-
played good blood compatibility in comparison with their
single component systems.

A. Biocompatibility and Bioadhesivity
of Chitosan

Chitin and chitosan are substrate for lysozyme, an enzyme
found in various mammalian tissues (494,495). The enzy-
matic hydrolysis of chitin and chitosan leads to the produc-
tion of N-acetyl-D-glucosamine and D-glucosamine. It is
believed that the glucosamine plays an important physio-
logical role in in vivo biochemical processes. It is known
that glucosamine takes part in detoxification functions of
liver and kidney and possesses anti-inflamatory, hepato-
protective, antireactive, and antihypoxic qualities (496–
498).

Chitosan lacks irritant or allergic effect and is biocom-
patible with both healthy and infected human skin (499).
When chitosan was administered orally in mice, the LD50

was found to be in excess of 126 g/kg, which is higher
than that of sucrose (500).

Chitosan has been proposed for the development of
membranes and fibers for hemodialysis and blood oxy-
genators, skin substitute, and wound dressing materials
(501–503). Chitosan as hemodialysis membranes promotes
surface-induced thrombosis and embolization (501). When
blood comes in contact with biomaterial surfaces like
chitosan, there is an initial adsorption of plasma proteins,
followed by adhesion and activation of platelets (504).

To improve blood compatibility, chitosan surface was
modified by the complexation–interpenetration method us-
ing an anionic derivative of poly(ethylene glycol), me-
thoxypropyl(ethylene glycol) sulfonate (505). The result of
this study shows that chitosan surface can be permanently
modified by complexation–interpenetration of anionic
poly(ethylene glycol) derivative to improve blood compat-
ibility of chitosan. When in contact with blood, the modi-
fied surface can resist plasma protein adsorption and cell
adhesion by the steric repulsion mechanism (505).

Mucoadhesive properties of three viscosity grades of
chitosan were investigated to assess the suitability of this
polymer for gastroadhesive formulations. The influence of
the pH, ionic strength, and temperature of the hydration
medium on the rheological properties were studied. The
mucoadhesive performance was assessed in vitro by means
of rheological synergism and tensile stress testing (506).
It was found that the interaction of chitosan with mucin
decreases on increasing molecular weight.
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Toxicity of chitosan also depends on its high charge
density but appears to be less affected by the molecular
weight (507,508).

B. Chitosan and Its Derivatives as Biomaterials
for Wound Healing

It is commonly accepted that the ideal wound covering
should mimic many properties of human skin. Because
of the biocompatibility, exudate absorbability, and film-
forming properties of chitosan products, they are good can-
didates for burn and wound management uses (509).
Chitosan may be used to inhibit fibroplastia in wound heal-
ing and promote tissue growth and differentiation in tissue
culture. Chitosan also shows a biological aptitude to stimu-
late cell proliferation and histoarchitectural tissue organi-
zation (510).

Earlier, Prudden (511) and Allen and Prudden (512) had
investigated the tricking effect of cartilage preparations in
accelerating wound healing. The phenomenon was later at-
tributed to the presence of N-acetyl-D-glucosamine.

Chitosan has been reported as a wound healing acceler-
ator (513). Cotton fiber type chitosan (DA � 18%) was
applied on open skin wounds for 15 days, and the process
of wound healing was evaluated histologically and immu-
nohistochemically. On day 3 postwounding, the chitosan-
treated wounds showed histologically severe infiltration
of polymorphonuclear cells. Granulation was more pro-
nounced on day 9 and 15. Immunohistochemical typing of
collagen I, III, and IV showed increase of the production
of type III collagen in the chitosan group. The appear-
ance of mitotic cells occurred numerously in the control
on postwounding day 3 and in the chitosan group on post-
wounding day 6. These results suggest chitosan has a func-
tion in the acceleration of infiltration of polymorpho-
nuclear cells at the early stage of wound healing, followed
by the production of collagen by fibroblasts (513).

Chitosan acetate films, which were tough and protec-
tive, had the advantages of good oxygen permeability, high
water absorptivity, and slow lysozyme degradation (514).

Loke et al. (515) have prepared wound dressing con-
sisting of two layers: the upper layer a carboxymethyl–
chitin hydrogel material, while the lower layer is an antimi-
crobial impregnated biomaterial. The hydrogel layer acts
as a mechanical and microbial barrier and is capable of
absorbing wound exudate. From the in vitro release stud-
ies, the loading concentration was optimized to deliver suf-
ficient antimicrobial drug into the wound area to sustain
the antimicrobial activity for 24 h.

Chitosan may facilitate wound healing by stimula-
ting granulation tissue formation and re-epithelialization
(516,517). The 3M company has marketed TEGASORB,

a wound healing product for human use containing chito-
san as an excipient.

A photocrosslinkable chitosan to which both azide
and lactose moieties were introduced (Az-CH-LA) was
prepared as a biological adhesive for soft tissues, and its
effectiveness was compared with that of fibrin glue. Intro-
duction of the lactose moieties resulted in a much more
water-soluble chitosan at neutral pH. Application of ultra-
violet light irradiation to photocrosslinkable Az-CH-LA
produced an insoluble hydrogel within 60 s (518). The
binding strength of the chitosan hydrogel prepared from
30–50 mg/mL of Az-CH-LA was similar to that of fibrin
glue. Compared to the fibrin glue, the chitosan hydrogel
more effectively sealed air leakage from pinholes on iso-
lated small intestine and aorta and from incisions on iso-
lated trachea. Neither Az-CH-LA nor its hydrogel showed
any cytotoxicity in cell culture tests of human skin fibro-
blasts, coronar endothelial cells, and smooth muscle cells.
These results suggest that the photocrosslinkable chitosan
developed here has the potential of serving as a new tissue
adhesive in medical use.

Water-soluble chitin was prepared by controlling de-
gree of deacetylation and molecular weight of chitin
through alkaline and ultrasonic treatment (519). Its acceler-
ating effect on wound healing in rats was compared with
those of chitin and chitosan. The water-soluble chitin was
found to be more efficient than chitin or chitosan as a
wound-healing accelerator. The wound treated with water-
soluble chitin solution was completely re-epithelialized,
granulation tissues in the wound were nearly replaced by
fibrosis, and hair follicles were almost healed at 7 days
after initial wounding.

C. Chitosan Use as a Matrix for Drug Delivery
Systems

As a pharmaceutical excipient, chitosan has been added
for sustained release (520–522) and to improve dissolution
of poorly soluble drugs (523). The applications of chitosan
as an excipient in pharmaceutical products are listed in
Table 3.

Kotze et al. (524) showed that chitosan hydrochloride
and chitosan glutamate are potent absorption enhances in
acidic environments. It was concluded that there is a need
for chitosan derivatives with increased solubility, espe-
cially at neutral and basic pH values, for use as absorption
enhancers aimed at the delivery of therapeutic compounds
in the more basic environment of the large intestine and
colon.

The efficiency of chitosan in tablets was dependent on
chitosan cristallinity, degree of deacetylation, molecular
weight, and particle size (525,526).
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Table 3 Chitosan as a Pharmaceutical Excipient

Conventional formulations:
Gels
Films
Emulsions
Direct compression tablets
Wetting agent
Coating agent

Controlled release matrix tablets:
Microspheres and microcapsules
Transmucosal drug delivery
Vaccine delivery
DNA delivery

Sabnis et al. (527) studied the potential utility of chito-
san (I) in inhibiting diclofenac sodium (II) release in the
gastric environment from a directly compressible tablet
formulation. Analyses of variance model was tested using
SAS (SAS Institute, Inc., NC) indicated that the degree
of N-deacetylation of chitosan significantly affected drug
release at pH 1.2 and 6.8 (p � 0.0001). An increase in the
pH of the dissolution medium resulted in an increase in
drug release (p � 0.0001). The ionic strength of the disso-
lution medium did not significantly affect drug release at
any of the pHs studied (p � 0.198).

Using chitosan solution (pH � 6), gel formation will
occur with a number of different multivalent anionic coun-
terions. By adding a chitosan solution dropwise into a
crosslinking solution having pH � 6, a real ionotropic gel
is formed (528). The NH2 groups of chitosan are proton-
ated and an ionic crosslinking occurs.

Chitosan crosslinked with high molecular weight coun-
terions (529–531) results in capsules (Table 4), while
crosslinking with low molecular weight counterions results

Table 4 Possible Counterions for the Ionotropic Gelation
of Chitosan

Polycation Counterions

Chitosan–NH2 Low molecular weight
Pyrophosphate
Tripolyphosphate
Tetrapolyphosphate
Octapolyphosphate
Hexametaphosphate
[Fe(CN)6]4�, [Fe(CN)6]3�

High molecular weight
Poly(1-hydroxy-1-sulfonate-2-propene)
Poly(aldehydocarbonic acid)
Xanthane
Pectin

Table 5 Hydrophobic Counterions for the
Ionotropic Gelation of Chitosan

Polycation Hydrophobic counterions

Chitosan–NH2 Octyl sulfate
Lauryl sulfate
Hexadecyl sulfate
Cetylstearyl sulfate

in globules (Table 4) (528). Using more hydrophobic coun-
terions (Table 5) it is possible to prepare hydrophobic car-
riers (532).

D. Microspheres and Microcapsules

Over the past decade, several microsphere drug formula-
tions have matured beyond the stage of promising investi-
gational agents in preclinical and clinical trials to become
viable pharmaceutical products approved for widespread
human use. Chitosan microspheres are produced, either
by an emulsification–crosslinking process or by use of
complexation between oppositely charged macromole-
cules. The resulting crosslinked chitosan microspheres
were characterized by being smooth, spherical, and in the
size range of 45–300 µm.

Influence of chitosan molecular weight on drug load-
ing and drug release of drug-loaded chitosan microspheres
was studied (533). Chitosans of 70,000, 750,000, and
2,000,000 molecular weight were employed. Ketoprofen
(ket) was chosen as the model drug to be encapsulated.
Prepared chitosan microparticle delivery systems can mod-
ulate ket release within 48 h.

A new microparticulate of chitosan controlled-release
system, consisting of hydrophilic chitosan microcores en-
trapped in a hydrophobic cellulosic polymer, such as cellu-
lose acetate butyrate (CAB) or ethyl cellulose (EC), was
proposed (534). These microparticles were obtained with
different types of chitosan and various core/coat ratios,
with the particle size in all cases being smaller that 70 µm.
Using sodium diclofenac (SD) and fluorescein isothiocya-
nate-labeled bovine serum albumin (FITC-BSA) as model
compounds, the properties of these new microparticles for
the entrapment and controlled release of drugs and proteins
were investigated. The microparticles were stable at low
pH and thus suitable for oral delivery without requiring
any harmful crosslinkage treatment.

A new system which combines specific biodegradabil-
ity and pH-dependent release is presented. The system con-
sists of chitosan (CS) microcores entrapped within acrylic
microspheres. Sodium diclofenac (SD), used as a model
drug, was efficiently entrapped within CS microcores us-
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ing spray-drying and then microencapsulated into Eudragit
L-100 and Eudragit S-100 using an oil-in-oil solvent evap-
oration method (535). The size of the CS microcores was
small (1.8–2.9 µm) and they were encapsulated within Eu-
dragit microspheres (size between 152 and 233 µm) form-
ing a multireservoir system. A combined mechanism of
release is proposed, which considers the dissolution of the
Eudragit coating, the swelling of the CS microcores and
the dissolution of SD and its further diffusion through the
CS gel cores.

Novel CS and CS/ethylene oxide–propylene oxide
block copolymer (PEO-PPO) nanoparticles and their po-
tential for the association and controlled release of proteins
and vaccines were studied by Calvo et al. (536). The mech-
anism of protein association was elucidated using several
proteins, bovine serum albumin, and tetanus and diphtheria
toxoids, and varying the formulation conditions (different
pH values and concentrations of PEO-PPO) and the stage
of protein incorporation into the nanoparticle formation
medium.

1. Microspheres and Microcapsules with Insulin

As a consequence of poor oral bioavailability and the cur-
rent lack of alternative delivery routes, insulin is presently
administered parenterally. The difficulties in achieving a
normal physiological profile of insulin by injectable ther-
apy has led to the investigation of alternative, nonparen-
teral routes for the delivery of insulin in an attempt to im-
prove glycemic control. An insulin delivery system has
been widely investigated as an alternative to subcutaneous
injection for the treatment of diabetes.

Bugamelli et al. (537) investigated the production of
chitosan microparticles containing insulin by interfacial
crosslinkage of chitosan solution in the aqueous phase of
a water/oil dispersion in the presence of ascorbil palmitate,
thus permitting covalent bond formation with the amino
group of chitosan when its oxidation to dehydroascorbyl
palmitate takes place during microparticle preparation.
This preparation method produced microparticles charac-
terized by high loading levels of insulin, completely releas-
ing the drug in about 80 h at an almost constant release
rate.

Tozaki et al. (538) studied the colon-specific insulin de-
livery with chitosan capsules. A marked absorption of in-
sulin and a corresponding decrease in plasma glucose lev-
els was observed following the oral administration of these
capsules that contain 20 IU of insulin and sodium glyco-
cholate (PA% � 3.49%), as compared with the capsules
containing only lactose or only 20 IU of insulin (PA% �
1.62%). The hypoglycemic effect started from 8 h after
the administration of chitosan capsules when the capsules

entered the colon, as evaluated by the transit time experi-
ments with chitosan capsules. These findings suggest that
chitosan capsules may be useful carriers for the colon-
specific delivery of peptides including insulin.

2. Microspheres and Microcapsules
for Cancer Therapy

Intravenously administered anticancer drugs are distrib-
uted throughout the body as a function of the physicochem-
ical properties of the molecule. A pharmacologically active
concentration is reached in the tumor tissue at the expense
of massive contamination of the rest of the body. The use
of microsphere drug carriers could represent a more ratio-
nal approach to specific cancer therapy.

Kawashima et al. (539) have developed a novel mu-
coadhesive DL-lactide/glycolide copolymer (PLGA)
nanosphere system to improve peptide absorption and
prolong the physiological activity following oral ad-
ministration. The desired PLGA nanospheres with elca-
tonin were prepared by the emulsion solvent diffusion
method to coat the surface of the resultant nanospheres
with a mucoadhesive polymer such as chitosan, poly
(acrylic acid), and sodium alginate. The chitosan-coated
nanospheres showed higher mucoadhesion to the everted
intestinal tract in saline than the other polymer-coated
nanospheres.

Nishioka et al. (540) produced glutaraldehyde cross-
linked chitosan microspheres that contained cisplatin. Sim-
ilar microspheres were prepared by Jameela and Jayakrish-
nan (541) containing mitoxantrone. Drug release was
found to be effectively controlled by the degree of cross-
linking. Wang et al. (542) described an orthogonal experi-
mental design to optimize the formulation of cisplatin
(CDDP)-loaded chitosan microspheres (namely, CDDP-
DAC-MS), which were produced by an emulsion-chemical
crosslinking technique. Seven factors and three levels for
each factor that might affect the formulation of micro-
spheres were selected and arranged in an L27(3(13)) or-
thogonal experimental table.

Chitosan nanoparticles, readily prepared without the
use of organic solvents, are a suitable vehicle for the deliv-
ery of these immunostimulants from Mycobacterium vac-
cae (PS4A); the formulations might find application as an-
titumor agents (543).

The fate of 166Ho–chitosan complex, a radiophar-
maceutical drug for cancer therapy, was determined by
studying its absorption, distribution, and excretion in
rats and mice (544). To determine the effects of chito-
san in 166Ho–chitosan complex, 166Ho alone (0.75 mg
of Ho(NO3)3 � 5H2O/head) was intrahepatically adminis-
tered to male rats; and radioactive concentrations in blood,
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urinary and fecal excretion, and radioactive distribution
were examined. The radioactive concentrations in tissues
and the whole-body autoradiography images showed that
most of the administered radioactivity was localized at the
administration site, and only slight radioactivity was de-
tected from the liver, spleen, lungs, and bones. These re-
sults strongly suggest that 166Ho is retained at the admin-
istration site only when it forms a chelate complex with
chitosan. Autoradiographs after intratumoral administra-
tion of 166Ho–chitosan complex showed that radioactivity
was localized at the site of administration without distribu-
tion to the other organs and tissues. These results strongly
suggest that 166Ho is retained at the administration site
only when it forms a chelate complex with chitosan. Auto-
radiographs after intratumoral administration of 166Ho–
chitosan complex showed that radioactivity was localized
at the site of administration without distribution to the
other organs and tissues (544).

The potential of gadolinium neutron–capture therapy
(Gd-NCT) for cancer was evaluated using chitosan nano-
particles as a novel gadolinium device (545). The nanopar-
ticles, incorporating 1200 µg of natural gadolinium, were
administered intratumorally twice in mice bearing subcuta-
neous B16F10 melanoma. The thermal neutron irradiation
was performed for the tumor site, with the fluence of
6.32 � 1012 neutrons/cm2 8 h after the second gadolinium
administration. After the irradiation, the tumor growth in
the nanoparticle-administered group was significantly sup-
pressed compared to that in the gadopentetate solution–
administered group, despite radioresistance of melanoma
and the smaller Gd dose than that administered in past Gd-
NCT trials. This study demonstrated the potential use-
fulness of Gd-NCT using gadolinium-loaded nanoparticles
(545).

Hojo et al. (546) have prepared a hybrid of a water-
soluble chitosan and a laminin-related peptide, and have
examined its inhibitory effect on experimental metasta-
sis in mice. Four methods were tried to achieve a cou-
pling reaction, the diphenylphosphoryl azide method, the
diisopropylcarbodiimide/1-hydroxybenzotriazole method,
the water-soluble carbodiimide, and the 2-(1H-benzotri-
azole-1-yl)-1,1,3,3-tetramethyluronium tetrafluoroborate
(TBTU) method, but all four methods were unsuccessful.
Therefore, a small spacer, tert-butyloxycarbonyl-Gly, was
intercalated in chitosan by the TBTU method to facilitate
its coupling with the peptide. Conjugation of the peptide
with the larger chitosan molecule did not reduce the inhibi-
tory effect of the peptide on experimental metastasis in
mice, it actually potentiated the antimetastatic effect, dem-
onstrating that chitosan may be effective as a drug carrier
for peptides.

DNA was immobilized within alginate matrix using

an external or an internal calcium source, and then mem-
brane coated with chitosan or poly-L-lysine. Membrane
thickness increased with decreasing polymer molecular
weight and increasing degree of deacetylation of chitosan
(547,548). Less than 1% of total double-stranded DNA re-
mained unhydrolyzed within chitosan- or poly-L-lysine–
coated beads, corresponding with an increase in DNA re-
siduals (i.e., double- and single-stranded DNA, poly-
nucleotides, bases). Chitosan membranes did not offer suf-
ficient DNA protection from DNase diffusion since all of
the double-stranded DNA was hydrolyzed after 40 min of
exposure.

3. Microspheres and Microcapsules
with Antiinflammatory Drugs

An inclusion complex composed of hydrocortisone acetate
(HC) and hydroxypropyl-β-cyclodextrin (HPβCD) was
prepared by the spray-drying method (549). Hydrocorti-
sone acetate alone, HC inclusion complex, or HC with
HPβCD as a physical mixture were incorporated into chi-
tosan microspheres by spray-drying (549). The HC release
rates from chitosan microspheres were influenced by the
drug/polymer ratio in the manner that an increase in the
release rate was observed when the drug loading was de-
creased. However, release data from all samples showed
significant improvement of the dissolution rate for HC,
with 25–40% of the drug being released in the first hour
compared with about 5% for pure HC.

Mooren et al. (550) investigated the influence of chito-
san microspheres on transport of the hydrophilic, antiin-
flammatory drug prednisolone sodium phosphate (PSP)
across the epithelial barrier. The effect is dependent on the
integrity of the intercellular cell contact zones and the mi-
croparticles are able to pass the epithelial layer. Their po-
tential benefit under inflammatory conditions like in in-
flammatory bowel disease, in order to establish high drug
doses at the region of interest, remains to be shown.

Chitosan microspheres were also used as support for
the antiinflammatory drugs in order to assure the gastroin-
testinal tract protection. In this way the chitosan micro-
spheres covalently linked with citric acid and loaded with
indomethacin are prepared (551). Also, a pharmacokinetic
model of colon-specific drug has been validated by use of
5-aminosalicylic acid (5-ASA) as a model antiinflamma-
tory drug (552). The simulation curves obtained from the
pharmacokinetic model were in good agreement with ex-
perimental data obtained after oral administration of 5-
ASA–containing chitosan capsules. The concentrations of
5-ASA in the large intestinal mucus after drug adminis-
tration were higher than after administration of the drug
in carmellose suspension. These findings suggest that
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our pharmacokinetic model of colon-specific drug delivery
can accurately evaluate this colon-specific delivery system
and that 5-ASA–containing chitosan capsules are more ef-
fective than other 5-ASA formulations for treatment of co-
litis in rats.

4. Microspheres and Microcapsules
as Local Injection

Local implantation or injection of microspheres containing
bisphosphonates for site-specific therapy may aid in treat-
ing several pathological conditions associated with bone
destruction. Chitosan microspheres containing two antire-
sorption and anticalcification agents, pamidronate and su-
beroylbisphosphonate, were prepared from a water-in-oil
emulsion. Various formulation variables were studied for
their effect on the release rate profile of these bone-seeking
agents (553). Polymer coating of micromatrices yielded
microspheres with the most retarded release rate, and the
drug delivery system was found biocompatible in endothe-
lial cell culture. Bisphosphonate released from chitosan
microspheres effectively inhibited bioprosthetic tissue cal-
cification in the rat subdermal model.

The formation of microcapsules which contain rose-
mary oil is herewith described (554). The process is based
on two steps: (1) formation of oil-in-water emulsions using
lecithin as emulsifier, thus imparting negative charges on
the oil droplets and (2) addition of a cationic biopolymer,
chitosan, in conditions that favor the formation of an insol-
uble chitosan–lecithin complex.

E. Gels

Hydrogels formed from chitosan are usually covalently
crosslinked. Crosslinking agents such as glutaraldehyde
(555–557), glyoxal (558), and diethyl squarate (559) have
been employed in the fabrication of chitosan hydrogels.
Chitosan has also been covalently crosslinked with the
carbohydrate sceleroglucandialdehyde (560). In addition
semi-interpenetring polymer network hydrogels have been
produced between chitosan–polyethylene oxide diacrylate
crosslinked by UV irradiation (561), glyoxal crosslinked
chitosan–polyethylene oxide (562), and glutaraldehyde
crosslinked chitosan combined with silk fibroin (563) or
polyacrylic acid (564).

Noncovalent crosslinking has been used to prepare
chitosan-based gels by the O- and N-acetylation of chito-
san (565) and the attachment of C10-alkyl glycosides to
chitosan (566). By the attachment of hydrophobic palmi-
toyl groups to glycol chitosan, a water-soluble chitosan
derivative has been produced (567).

Thin films of a biopolymer chitosan (CHIT) were cast
on glassy carbon electrodes, modified by grafting Luc-
ifer Yellow VS dye (LYVS) onto chitosan chains, and
crosslinked with glutaric dialdehyde (GDI) (568). The ion
transport and ion exchange properties of such polymeric
structures (CHIT, CHIT-LYVS, CHIT-LYVS-GDI) were
studied using cyclic voltammetry, rotating disk electrode,
and flow injection analysis. The results showed that the
chitosan matrix supported a fast ion transport as demon-
strated by aqueous-like values of the apparent diffusion
coefficients of Ru(NH3)6(3)� and dopamine in the films
(568). The results indicate that the chemically modified
chitosan is an attractive new coating for the development
of fast, selective, and reversible sensors.

Miyazaki et al. (569) and Kristl et al. (565) investigated
the suitability of dried chitosan gels as vehicles for the
sustained release of the poorly soluble drugs such as indo-
methacin, papaverine hydrochloride, and lidocaine. The
gel showed zero order release into pH 7.4 buffer at 24 h. It
was found that the degree of deacetylation and the chitosan
content were important for the release properties.

The influence of the acid type used to dissolve chitosan
on the resulting sponge, physical properties, and the conse-
quent effect on the drug liberation were investigated (570).
Chitosan was dissolved in different acid solutions and
chitosan–gelatine sponges were produced by frothing up
the polymer solution and then freeze-drying the foam. Pred-
nisolone was used as a model drug. Using tartaric or citric
acid resulted in unstable, soft, elastic, and disintegrating
sponges with fast drug release. Elastic but harder sponges
from stable foams were obtained when hydrochloric or lac-
tic acid were used. The use of acetic or formic acid enabled
the production of stable foams and soft and elastic sponges,
allowing low drug release. The rate of drug release was
decreased by crosslinking the polymers with glutaralde-
hyde. Therefore, it is possible to manipulate the mechani-
cal properties and the drug liberation rate by using differ-
ent acids to dissolve chitosan (570).

A biodegradable drug delivery system of a gentamicin-
loaded chitosan bar with sustained antibiotic effect is de-
scribed (571). Combined crosslinking, solvent evapora-
tion, and a cylinder model cutting technique was used to
prepare the chitosan bar. Sustained diffusion of gentamicin
into the surrounding medium was seen using a release test
in vitro. Approximately 11% gentamicin was released
from the bar in the first 24 h. The gentamicin released from
the bar showed significant antibacterial activity. The bar
implanted in the proximal portion of the rabbit tibia pro-
duced a low blood concentration of gentamicin, but a much
higher concentration was produced in local bone and in
the hematoma. In all bone tissue around the bar, the genta-
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micin concentration exceeded the minimum inhibitory
concentration for the common causative organisms of os-
teomyelitis for approximately 8 weeks (571). Based on
these test results together with the chitosan characteristics
of biodegradable, antibiotic, and immunologic activity, the
gentamicin-loaded chitosan bar seems to be a clinically
useful method for the treatment of bone infection. This
system has an advantage over other systems in that it
avoids a second operation for removal of the carrier.

Chitosan–ethylene diamine tetracetic acid (EDTA) con-
jugate gels have also been reported in which the carboxylic
acid group of EDTA are covalently linked to the amino
groups of chitosan (572,573). A recently developed chito-
san–EDTA conjugate, neutralized with sodium hydroxide
(NaChito-EDTA), has been tested for possible topical use
(571). This antimicrobial activity of NaChito-EDTA can
be explained by its highest binding affinity toward mag-
nesium, which stabilizes the outer membrane of gram-
negative bacteria.

New mucoadhesive polymers, exhibiting a high capac-
ity to bind bivalent cations that are essential cofactors for
intestinal proteolytic enzymes, were synthesized (574).
Under the formation of amide bonds, the complexing agent
EDTA was covalently bound to the primary amino groups
of chitosan (574,575). Whereas proteolytic activity of the
serine proteases trypsin, α-chymotrypsin, and elastase
could not be inhibited, proteolytic activity of the zinc pro-
teases carboxypeptidase A and aminopeptidase N was
strongly inhibited by the chitosan–EDTA conjugate. The
adhesive force of the conjugate was even higher than of
chitosan HCl.

Berberine (the main ingredient of Coptis spp.) was in-
corporated into chitosan hydrogel to prepare ointments.
The physicochemical properties of the ointments and the
release profile of berberine were investigated. The results
indicated that the viscosity of chitosan hydrogel increased
with an increasing amount of lactic acid or EDTA (576).
The release rate of berberine was inversely proportional to
ointment viscosity.

The effect of heparin ionically linked to chitosan on the
stimulation of re-epithelialization of full thickness wounds
in human skin was investigated in an in vitro model (577).
After 7 days of incubation, heparin–chitosan gel stimu-
lated 9/10 of the full thickness wounds to re-epithelialize
compared with only 3/10 of the wounds that were covered
with chitosan gel or membrane; and none of the wounds
incubated without gel or membrane or with heparin solu-
tion alone.

One approach taken by Hoffman et al. (578) was to
synthesize hybrid copolymers by grafting temperature-
responsive polymers (Pluronic) to chitosan backbones. The

polymers gelled as the temperature was raised from 4 to
37°C and provided significant extension of drug release.

F. Chitosan–Polyelectrolyte Complexation

Polymer complexes are formed by the association of two
or more complementary polymers and may arise from elec-
trostatic forces, hydrophobic interactions, hydrogen bond-
ing, van der Waals forces, or combinations of these inter-
actions (579–583). The formation of complexes may
strongly affect the polymer solubility, rheology, conduc-
tivity, and turbidity of polymer solutions (583). Hydrogen
bonds are distinctly directional and specific and are more
localized than any other type of weak intermolecular inter-
action (584). Many polymer complexes form as a result of
electrostatic forces. Polymeric acids may form complexes
by proton transfer to complementary polymeric bases, re-
sulting in poly(cation)/poly(anion) pairs. In addition to the
interpolymer complexes, intrapolymer complexes of poly-
ampholytes have been studied (585–587). In these systems
complexes may be formed between oppositely charged
moieties on the same polymer chain, or even on the same
monomer units. Finally, simple polyelectrolytes in solution
may be linked together by multivalent ions to form gels or
coacervates (588,589). The complex stability is dependent
upon such variables as charge density, solvent, ionic
strength, pH, and temperature. Polyelectrolytes of high
charge density may form relatively insoluble complexes.
Characteristics of the macromolecule complexes are
largely based on their higher molecular weight, which are
called polymer effects, such as cooperative interactions,
concerted interactions, steric compatibility, and microenvi-
ronmental effects (590).

Gel technology based on ionic crosslinked polysaccha-
rides is currently in use and of considerable interest for
potential application in the extraction with solvents (591),
as controlled release systems (592,593), as mechanochemi-
cal devices (594), in the oil industry (595–597), and also
in several other biomedical applications (598,599).

The binding of chitosan to alginate beads was studied
quantitatively by using radioactive-labelled fractions of
chitosan (600). The binding of chitosan was markedly in-
creased by reducing the number average molecular weight
of chitosan below 20,000 Da and by increasing the porosity
of the alginate gel. The porosity was increased by produc-
ing homogeneous gels, and by adding calcium chloride to
the chitosan solution during the membrane-forming stage.
The binding of chitosan was also found to increase with
decreasing fraction of N-acetylations (FA) on chitosan, in
the range of FA � 0.3 to FA � 0, and with increasing pH,
in the range of pH 4 to 6. Capsules with a diameter of 500



32 Dumitriu

µm had a higher weight ratio of chitosan to alginate after
24 h of binding than the capsules with the larger diameter
of 1500 µm.

To prepare spray-dried composite particles containing
alginate–chitosan complex [SD(L/AL-CS)], an aqueous
solution of lactose and sodium alginate and the acetic acid
solution of chitosan were concomitantly fed into the rotary
atomizer of a spray-dryer (601). The drug release profiles
of dry-coated tablet with SD(L/AL-CS) indicated a long
induction period followed by a rapid drug release phase in
the artificial intestinal fluid. The induction period for drug
release to occur was increased with an increase in the de-
gree of deacetylation of chitosan and in the amount of chi-
tosan in the formulation. The prolongation of induction pe-
riod was attributed to the formation of an insoluble ion
complex between sodium alginate and chitosan in the com-
posite particles, which could form a rigid gel structure on
the tablet surface.

The stability of alginate–chitosan capsules was shown
to depend strongly on the amount of chitosan bound to
the capsules. When the capsules were made by dropping
a solution of sodium alginate into a chitosan solution (one-
stage procedure), all the chitosan was located in a thin
alginate–chitosan membrane on the surface. These cap-
sules were much weaker than the capsules made by re-
acting calcium alginate beads in an aqueous solution of
chitosan and calcium chloride (two-stage procedure). Cap-

Figure 1.1 The complexation reaction between xanthan and chitosan.

sules with high mechanical strength were obtained after
shorter reaction times when the number average molecular
weight of the chitosan was reduced to around 15,000 Da,
when the capsules were made more homogeneous, and
when the capsule diameter was reduced to around 300 µm
(602).

Noncovalent crosslinked chitosan gel mixtures can be
prepared by the use of polyelectrolyte complexes of chito-
san and polyanions such as carboxymethylcellulose (603)
and xanthan (604,605).

Gelatine forms polyionic complexes with chitosan at
the suitable pH value (606). These complexes show a
slower rate of dissolution than chitosan at the correspond-
ing pH. Therefore a combination of chitosan and gelatine
in a sponge will first lead to an absorption of the wound
fluid and second slowly release a wound-treating drug
(607,608). The release profile and biodegradability of both
polymers can be effectively controlled by glutaraldehyde
crosslinking (609,610).

The complexation reaction between the polyions leads
to structural changes in both polymers, xanthan and chito-
san. A water-insoluble hydrogel is formed by blocking the
hydrophilic functions (R—COOH in case of polyanions
and R′—NH2 for the polycations) and by the interaction
between the macromolecular chains (Fig. 1). The latter ef-
fect created an ‘‘ionic’’ reticular network that immobilized
the polymers. The hydrogel has the property of incorporat-
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ing a significant amount of structural water as well as the
capacity of stabilizing, in its matrix, biological products
(611–615).

Recently, we have studied the complexation reaction
between xanthan and chitosan by determining the yields
and the structure of the complex as well as its swelling
capacity. The complexation efficiency readily reaches 90%
of the available chitosan and the less deacetylated chitosan
(DA � 34%) forms a stable hydrogel having the highest
chitosan/xanthan ratio. In fact, the lower the DA, the
higher the amount of xanthan needed to form a stable hy-
drogel. Additionally, we have studied the influence of the
pH of the chitosan solution on the yield of complexation
with xanthan. The results are shown in Table 6. We notice
a poor complexation at low pH due to strong ionization
of the amine groups, which impedes its reaction with the
carboxylic groups present in the xanthan. Similar results
have been reported for the complexation of chitosan
with carboxymethyl cellulose (CMC) and alginic acid
(616,617).

The decomposition of the chitosan–xanthan hydrogel
depends on the pH and the ionic concentration of the buffer
solution. In the pH range between 1.2 and 9.2 the hydrogel
is stable no matter the ionic concentration present (Fig. 2).

The swelling characteristics and the water content of
the hydrogel are shown in Table 7, from which we can
notice that water constitutes, in all cases, the largest weight
concentration of the hydrogel. The large swelling capacity
of these hydrogels does not lead to their disintegration
when prepared as microspheres, as in the case for the
xanthan–CMC complex (616).

Scanning electron microscope (SEM) images of the hy-
drogels are shown in Fig. 3 for typical gel samples (24.25%
chitosan, 75.75% xanthan). The images convey the mes-

Table 6 Influence of the pH of the
Chitosan Solution on the Yield of Its
Complexation with Xanthan

pH Xanthan complexation yield (%)

1.5 21
2.5 36
3.5 56
4.5 60
5.5 98
6.3 82

Note: Ratio CH/X � 0.65 g/g. Mn chitosan �

691,390, determined by measuring the intrinsic
viscosity. [η] � 1.81 � 10�3 M0.93, determined
in 0.1 M acetic acid/0.2 M NaCl solution at
25°C.

Figure 1.2 Evaluation of chitosan–xanthan complex stability
at different pH conditions. Time: 48 h; buffer solution concentra-
tion: 0.2M.

sage that the gels are quite porous and that formation of
fibrilar structures takes place. The channels present in the
gels have a pore size between 10�7 and 10�6 m (0.1–1 µm),
whereas the fibrils have a typical dimension of 10�7 m (100
nm). The surface of the microsphere has a homogeneous
porous structure (Fig. 3b), which allows the passage of
polymeric substrates to the regions where the immobilized
enzymes are lodged.

Transmission electron microscope (TEM) images of the
hydrogels are shown in Fig. 4. Since the preparation of
the samples for TEM inevitably leads to modifications of
the sample, care has to be exercised in the interpretation
of the micrographs. Figure 4 shows the presence of loose
aggregates of fibrils probably resulting from the rupture
of the elaborate network, observed via scanning electron
microscopy (SEM), due to the drying and cutting proce-
dures used. The aggregates are formed of fiber fragments
having typical diameters of 50 to 100 nm in agreement

Table 7 Influence of the Molecular Weight of Chitosan on
the Absorption of Water by the Chitosan–Xanthan Hydrogel

Degree of Complexation αmax

Chitosan Mna acetylation (%) yield (%) (%)

691,930 28.0 98.9 2560
452,875 27.9 97.2 1805
191,325 28.2 84.5 992
122,350 28.8 81.3 457

Note: pH � 5.0; buffer acetate 0.2 M.
a Determined by intrinsic viscosity [η] � 1.81 � 10�3 M0.93, in 0.1 M
acetic acid/0.2 M NaCl solution at 25°C.



34 Dumitriu

(a)

(b)

Figure 1.3 Scanning electron microscope images of typical
gels (24.25% chitosan, 75.75% xanthan). (a) Image of external
surface, 30,000�; (b) image of internal section, 60,000�.

with the SEM observations. A concentration of material
near the external surface of the sample is also evident. The
‘‘open spaces’’ (pores) are quite developed toward the cen-
ter of the sample.

Evaluation of their bicompatibility was carried out with
L929 fibroblasts cell line to determine the cytotoxicity and
with J774 macrophages cell line to assess the inflammatory
response. Cytokines and nitric oxide (NO) are also secreted
by the macrophages as indicators of the inflammatory re-
sponse, and they are known to induce other cells such as
T lymphocytes to proliferate and synthesize proteins and
additional factors which, in turn, enhance macrophage acti-
vation (618–621). Nitric oxide production and efficacy as

Figure 1.4 Transmission electron microscope images of typical
gels (24.25% chitosan, 75.75% xanthan) 48,000�.

an immune effector molecule has been also demonstrated
in murine models (622). The TNF-α, IL-β, and NO secre-
tion as markers for macrophages activation were assessed.

The CH-X complex did not show a cytotoxic effect re-
gardless of degradation time periods and concentration
used (Fig. 5) (623).

Production of TNF-α by macrophages was stimulated
by CH-X particles for the concentration of 1 mg/mL. This
effect was more evident at higher concentration (10
mg/mL). Production of IL-1β was enhanced after macro-
phage incubation with CH-X particles, while the concen-
tration did not affect the secretion level (Fig. 6). Our study
demonstrated clearly that macrophages incubated with

Figure 1.5 Effect of CH-X particles on L-929 cell viability par-
ticles (direct contact).
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Figure 1.6 Effect of CH-X particles on IL-1β secretion.

CH-X particles were activated to produce IL-1β. The size
of the particles could be not phagocytosable.

Secretion of TNF-α and NO (Fig. 7) is influenced in
the same way by CH-X extract products with a slight sensi-
tivity for TNF-α secretion.

Macrophages also play an important role in the phago-
cytosis of the material and its degradation in vivo. The
inflammatory reaction is essential for preparing the wound
for the production of a new extracellular matrix. Cytokines
and growth factors released by the inflammatory cells at-
tract the fibroblasts into the wound to initiate the recon-
struction process. In vivo studies based on light micros-
copy observations showed a recruitment of specific cell
populations responsible for the preparation of wound re-
pair and deposition of new matrices. Their presence is
shown in Fig. 8, and the presence of collagen attests to the
healing process (Fig. 9). Degradation study on the animal

Figure 1.7 Effects of CH-X extract products on NO2
� secretion

by J-774 macrophages.

Figure 1.8 TEM micrograph showing fibroblast adhering along
CH-X particles (P) after 8 weeks of implantation in rat subcutane-
ous tissue.

model used indicated a phagocytosis of the CH-X particles
by macrophages, which can lead to the entire resorption
of the hydrogel.

Shioya et al. (616) developed the encapsulation method
using chitosan. The encapsulation is based on the electro-
static interactions of chitosan as a polycation with sodium
carboxymethyl cellulose as a polyanion. The objective of
this investigation was to identify the factors which control
the transmembrane permeability of the capsules prepared
with chitosan and CMC (616). The permeability slightly
decreases with time. Longer reaction times did not improve

Figure 1.9 LM micrograph (156 �) showing dense fibrosis for-
mation with blood vessels (arrows) and inflammatory reaction
around CH-X particles (P) after 2 weeks implantation in rat sub-
cutaneous tissue.
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the capsule membrane (616). The permeability increases
with an increase in the salt concentration. Adding salt may
cause a reduction in the effective charge by a shielding
effect (623) and then prevent the chitosan from reacting
with CMC. In parallel with permeability, the capsule mem-
branes formed by chitosan with salt also have lower me-
chanical strengths because of a lower density of interpoly-
mer bridge. The lower molecular weight of chitosan may
give a more compact membrane structure, thus lower per-
meability.

The equilibrium adsorption rates of chitosan on oxi-
dized cellulose substrates were determined and are plotted
as a function of carboxylic acid group content (624). The
increase in absorption with increase in carboxyl group con-
tent may arise from two effects (624):

1. Increased electrostatic interaction between poly-
anion (oxidized cellulose) and polycation (chi-
tosan)

2. Increased substrate surface area due to increased
swelling on immersion in water because of increase
in the hydrophilic character of the substrate (oxi-
dized cellulose) with increase in the extent of modi-
fication

The addition of NaCl has two opposing effects on the ab-
sorption of chitosan on oxidized cellulose (624). At low
sodium chloride concentration, the dominant effect is re-
duction of the hydrodynamic volume of the chitosan mole-
cules leading to an increase in the equilibrium adsorption.
At higher sodium chloride concentration, competition be-
tween Na� ions and cationic groups on the chitosan for
the carboxylic acid groups on the cellulose predominates,
leading to a gradual decrease in the equilibrium adsorption
of chitosan (624).

Remunan-Lopez and Bodmeier (625) investigated opti-
mal conditions for the complex between chitosan and gela-
tine. All of the optimal conditions—pH, polymer ratio,
polymer concentration, temperature, reaction time, and
ionic strength—were essentially coincident with chitosan–
polysaccharide complexes.

Glycol chitosan (GC) and methyl glycol chitosan
(MGC) were, individually, reacted with potassium meta-
phosphate (MPK) to form a series of water-insoluble
macromolecular complexes (MC) in aqueous solution at
different hydrogen ion concentration (GC-MPK and MGC-
MPK) systems (626). These coagulation curves indicate
the dependence of hydrogen ion concentration on the mole
ratio of the reacting group of MPK to that of GC, GC �
CaCl2, or MGC in the reaction mixture at the beginning
and end of the coagulation.

Enzymatic-hydrolyzed chitosan was employed to pre-
pare chitosan–tripolyphosphate and chitosan–polyphos-

phoric acid gel beads using a polyelectrolyte complexa-
tion method for the sustained release of anticancer agent,
6-mercaptopurine (627). The complexation mechanism of
chitosan beads gelled in pentasodium tripolyphosphate or
polyphosphoric acid solution was ionotropic crosslinking
or interpolymer complexation, respectively. The drug re-
lease patterns of all chitosan gel beads in pH 6.8 seemed
to be diffusionally based, whereas release profiles in pH
1.2 medium seemed to be non-Fickian diffusion controlled
due to the swelling or matrix erosion.

Insulin-loaded chitosan nanoparticles were prepared by
ionotropic gelation of chitosan with tripolyphosphate
anions (628). The ability of chitosan nanoparticles to en-
hance the nasal absorption of insulin was investigated in
a conscious rabbit model by monitoring the plasma glucose
levels. Chitosan nanoparticles enhanced the nasal absorp-
tion of insulin to a greater extent than an aqueous solution
of chitosan. The amount and molecular weight of chitosan
did not have a significant effect on insulin response. In
vivo absorption studies in animals have been carried out
to evaluate the nasal absorption–promoting activity of chi-
tosan using insulin as a model peptide (629–630).

F. Chitosan as Scaffolds

It is known that glycosaminoglycans are involved in cell–
cell and cell–matrix interactions, and probably act as
modulators of cell morphology, differentiation, movement,
synthesis, and function (631–633). Chitosan, having struc-
tural similarity to glucosaminoglycans, was modified using
several proteins (collagen, albumin, and gelation) to in-
crease surface area and improve biocompatibility. In vitro,
collagen-blended chitosan matrices were found to attach
more readily to chromaffin cells than gelatine- or albumin-
blended matrices (634). Morphological evidence showed
that the chromaffin cells attached to collagen-blended chi-
tosan substrate integrated well with the hydrogel matrix
and survived for at least 2 weeks under in vivo conditions.
Collagen-blended chitosan substrates produce significantly
improved bovine adrenal medullary chromaffin cell attach-
ment characteristics, which can be considered for neural
tissue engineering studies. Morphological examinations re-
vealed that the chromaffin cells survived for at least 2
weeks with collagen–chitosan scaffolds.

The effectiveness of chitosan as a scaffold of hepatocyte
attachment was examined (635). Since chitosan gel was
too fragile to use for cell culture, its free amino groups
were crosslinked by glutaraldehyde to increase its strength.
Rat hepatocytes seeded onto glutaraldehyde-crosslinked
chitosan (GA–chitosan) gel could attach with stability to
the surface, retaining its spherical form, the same as in
vivo, and then release a very small amount of lactate dehy-
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drogenase during the 5-day culture period. By contrast, he-
patocytes on a collagen-coated surface spread flat, and they
released much more lactate dehydrogenase than those on
the GA–chitosan gel. Hepatocytes on GA–chitosan also
retained higher urea synthesis activity, a liver-specific
function, than those on the collagen-coated surface. These
results indicate that chitosan is a promising biopolymer as
a scaffold of hepatocyte attachment which can be applied
to an effective bioartificial liver support system.

The quality of articulate cartilage engineered using a
cell–polymer construct depends, in part, on the chemical
composition of the biomaterial and whether that biomate-
rial can support the chondrocytic phenotype. Acknowledg-
ing the supportive influence of tissue-specific matrix mole-
cules on the chondrocytic phenotype, Sechriest et al. (636)
combined chondroitin sulphate-A (CSA) and chitosan, a
glycosaminoglycan (GAG) analog, to develop a novel bio-
material to support chondrogenesis. Chitosan may be com-
bined with the polyanionic CSA such that ionic crosslink-
ing results in hydrogel formation. Bovine primary articular
chondrocytes, when seeded onto a thin layer of CSA–
chitosan, form discrete, focal adhesions to the material
and maintain many characteristics of the differentiated
chondrocytic phenotype, including round morphology,
limited mitosis, and collagen type II and proteoglycan pro-
duction.

With an aim of improving bone regeneration, chito-
san sponge containing platelet-derived growth factor-BB
(PDGF-BB) was developed. For fabrication of chitosan
sponge, chitosan solution was freeze-dried, crosslinked,
and freeze-dried again. PDGF-BB was incorporated into
the chitosan sponge by soaking chitosan sponge into the
PDGF-BB solution. Release kinetics of PDGF-BB, cell at-
tachment, proliferation capacity, and bony regenerative
potentials of PDGF-BB–loaded chitosan sponge were in-
vestigated (637). Release rate of PDGF-BB could be
controlled by varying initial loading content of PDGF-BB
to obtain optimal therapeutic efficacy. PDGF-BB–loaded
chitosan sponge induced significantly high cell attachment
and proliferation levels, which indicated good cellular
adaptability. PDGF-BB–loaded chitosan sponge demon-
strated marked increase in new bone formation and rapid
calcification. Degradation of the chitosan sponge was pro-
ceeded at defect site and subsequently replaced with new
bone. Histomorphometric analysis confirmed that PDGF-
BB–loaded chitosan sponge significantly induced new
bone formation. These results suggested that chitosan
sponge and PDGF-BB–loaded chitosan sponge may be
beneficial to enhance periodontal bone regeneration (637).

The ability of cultured human foreskin fibroblasts to
bind and to contract lattices of collagen, collagen–chito-
san, and collagen–chitosan sulfate was determined (638).

Scanning electron microscopy of the cellular lattices
showed fibers of the collagen–chitosan mixture to be the
thickest and with altered organization. These results show
that chitosan sulfation markedly enhances fibroblast adhe-
sion and promotes contraction of a collagen lattice com-
pared to the unsulfated material. By analogy to the in vivo
sequence of hyaluronan followed by sulfated glycosami-
noglycans in wounds, the results suggest that glycosami-
noglycan sulfation may be a contributing signal for pheno-
typic transformation during wound healing (638).

G. Chitosan-Based Vector–DNA Complexes
for Gene Delivery

Chitosan is a candidate nonviral vector for gene delivery.
Therefore, formation of DNA particles with chitosan (639)
or chemically modified chitosan (640), such as N,N,N-
trimethylchitosan, has been investigated for gene trans-
fer. Successful chitosan-mediated transfection has been re-
ported for a few cell types, such as HEK 293 cells (639).
Erbacher et al. (641) have found chitosan presents some
characteristics favorable for gene delivery, such as the abil-
ity to condense DNA and to form homogeneous population
of complexes, smaller than 100 nm, in defined conditions.
Moreover, chitosan could easily be chemically modified
by coupling ligands, such as lactose, in order to target cells
expressing a galactose-binding membrane lectin. With the
aim of developing a chitosan-based vector system, various
biophysical characteristics of chitosan-condensed DNA
complexes were measured, and several transfection experi-
ments mediated by chitosan and lactosylated chitosan were
performed (642).

In order to achieve an efficient gene delivery via
receptor-mediated endocytosis, the synthesis of a novel
chitosan derivative having recognizable saccharide resi-
dues, N,N,N-trimethylchitosan–galactose conjugate, was
performed (643). The formation of a polyelectrolyte com-
plex with DNA and the cellular recognition of N,N,N-
trimethylchitosan–galactose conjugate were tested, and
then the possibility of its application as a gene delivery
tool was investigated.

Chitosan is a polysaccharide that demonstrates much
potential as a gene delivery system. The ability of a com-
mercially available chitosan and depolymerized chitosan
oligomers to condense plasmid was determined using TEM
and microtitration calorimetry, while the diameter and sta-
bility of the resultant complexes were measured using laser
light scattering (644). A selected complex containing a
lytic peptide was administered in the upper small intestine
and colon of rabbits, and reporter gene expression was
measured in defined intestinal tissues. Reporter gene ex-
pression was enhanced in defined intestinal tissues, al-
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though levels of expression remained low. The combina-
tion of strong complex stability and low in vivo expression
levels suggest that uptake and/or decomplexation, but not
endosomal release, may be the critical rate-limiting steps
in the uptake process.

Many cationic polymers (645–649) have been explored
as nonviral vectors. Highly purified chitosan fractions of
	5000 Da (N1), 5000–10,000 Da (N2), and � 10,000 Da
(N3) were prepared and characterized in respect of their
cytotoxicity, ability to cause hemolysis, ability to complex
DNA, as well as ability to protect DNA from nuclease deg-
radation (650). Chitosan–DNA interaction at a charge of
1:1 was much greater than seen for poly(L-lysine), and
complexation resulted of DNA degradation by DNase II:
99.9 � 0.1, 99.1 � 1.5, and 98.5 � 2.0% for N1, N2,
and N3, respectively. After intravenous injection, all the
chitosans showed rapid blood clearance. The observations
that the highly purified chitosan fractions used were neither
toxic nor hemolytic, that they have ability to complex
DNA and protect against nuclease degradation and that
low molecular weight chitosan can be administered intra-
venously without liver accumulation suggest there is po-
tential to investigate further low molecular weight chito-
sans as components of a synthetic gene delivery system
(650).

Hydrophobically modified chitosan containing 5.1
deoxycholic acid groups per 100 anhydroglucose units was
synthesized by an EDC-mediated coupling reaction. For-
mation and characteristics of self-aggregates of hydropho-
bically modified chitosan were studied by fluorescence
spectroscopy and dynamic light scattering method (651).
Charge complex formation between self-aggregates and
plasmid DNA was confirmed by electrophoresis on an
agarose gel.

Mao et al. (652) describe a new immunoprophylactic
strategy using oral allergen gene immunization to mod-
ulate peanut antigen–induced murine anaphylactic re-
sponses. Oral administration of DNA nanoparticles synthe-
sized by complexing plasmid DNA with chitosan resulted
in transduced gene expression in the intestinal epithelium.
Oral allergen gene immunization with chitosan–DNA na-
noparticles is effective in modulating murine anaphylactic
responses, and indicates its prophylactic utility in treating
food allergy.

H. Chitosan Derivatives

In the 1990s chitosan turned out to be a useful excipient
in various pharmaceutical formulations. By modifications
of the primary amino group at the 2 position of this poly
(β1→ 4-D-glucosamine), the features of chitosan can even
be optimized according to a given task in drug delivery

systems. For peroral peptide delivery these tasks focus on
overcoming the absorption (I) and enzymatic barrier (II)
of the gut. On the one hand, even unmodified chitosan
proved to display a permeation-enhancing effect for pep-
tide drugs. On the other hand, a protective effect for poly-
mer embedded peptides toward degradation by intestinal
peptidases can be achieved by the immobilization of en-
zyme inhibitors on the polymer. Whereas serine proteases
are inhibited by the covalent attachment of competitive in-
hibitors such as the Bowman-Birk inhibitor, metallopepti-
dases are inhibited by chitosan derivatives displaying com-
plexing properties such as chitosan–EDTA conjugates. In
addition, because of the mucoadhesive properties of chito-
san and most of its derivatives, a presystemic metabolism
of peptides on the path between the dosage form and the
absorption membrane can be strongly reduced. Based on
these unique features, the co-administration of chitosan
and its derivatives leads to a strongly improved bioavail-
ability of many perorally given peptide drugs such as insu-
lin, calcitonin, and buserelin. These polymers are therefore
useful excipients for the peroral administration of peptide
drugs (653).

To increase chitosan’s utility, it has been N-derivatized
by phosphonomethylation (PM-chitosan) or by carboxy-
methylation (CM-chitosan). Both derivatives disolve eas-
ily in water at neutral conditions. Moreover, these de-
rivatives maintain the beneficial cosmetic properties of
chitosan (654).

Chitosan succinate and phthalate matrices showed pH-
dependent release profiles of the entrapped diclofenac so-
dium (655). Maximum drug release was observed under
pH 7.4, in contrast to pH 2 at which the matrices resisted
dissolution.

A simple carbohydrate polymer glycol chitosan (degree
of polymerization approximately 800) has been investi-
gated for its ability to form polymeric vesicle drug carriers.
The attachment of hydrophobic groups to glycol chitosan
should yield an amphiphilic polymer capable of self-
assembly into vesicles. Chitosan is used because the
membrane-penetration enhancement of chitosan polymers
offers the possibility of fabricating a drug delivery system
suitable for the oral and intranasal administration of gut-
labile molecules. Glycol chitosan modified by attachment
of a strategic number of fatty acid pendant groups (11–16
mol%) assembles into unilamellar polymeric vesicles in
the presence of cholesterol. These polymeric vesicles are
found to be biocompatible and hemocompatible and capa-
ble of entrapping water-soluble drugs (656). These poly-
meric vesicles efficiently entrap water-soluble drugs.

Investigations of chitosan citrate as a hydrocolloidal
matrix material (657–659) and as the wall of a mcrocap-
sule (660) have been reported.
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A chitosan with lauryl groups attached to amino groups
to provide the hydrophobic moieties and carboxymethyl
groups attached to hydroxy groups to provide the hydro-
philic moieties [N-lauryl-carboxymethylchitosan (LCC)]
was newly synthesized. The solubility of taxol in LCC mi-
celles in aqueous solution was examined (661). It was
found that LCC solubilized taxol by forming micelles with
particle sizes less than 100 nm. This particle size was con-
sidered effective for passive targeting for tumors. The con-
centration of taxol in the micellar solution was very high,
with a maximum of 2.37 mg/mL.

I. Macromolecular Produgs Based on Chitosan

5-Fluorouracil (5FU) has remarkable antitumor activity. In
order to provide a polymeric prodrug of 5FU with reduced
side effects, having affinity for tumor cells, and exhibiting
high antitumor activity, four kinds of chitosan derivatives
were synthesized carrying 5FU through some kinds of
spacers via ether, amide, ester, or carbamoyl bonds
(662,663). Chitosan-fixing 5FU at the 2 position through
a hexamethylene spacer and carbamoyl linkages exhibits
a higher effect with respect to prolongation of life than free
5FU. Small-sized chitosan gel nanospheres, containing
5FU or immobilizing 5FU derivatives (aminophenyl-
carbamoyl-5FU or aminopentyl-ester-methylene-5FU),
were prepared by the glutaraldehyde crosslinking tech-
nique and the emulsion method (663). When chitosan was
crosslinked with glutaraldehyde, these 5FU derivatives
were simultaneously immobilized to chitosan by means of
Schiff’s base formation. The chitosan gel nanospheres
were coated with anionic polysaccharides.

Covalently drug-pendanted 6-O-carboxymethyl-chitin
(CM-chitin) was synthesized, in which process the drug
was coupled through an enzyme-susceptible bond (664).
Chromofore-terminating peptides were coupled with CM-
chitin as a model for a CM-chitin–drug conjugate. The
amino acid composition of the spacer and the spacer length
were found to be preliminary regulation factors for two-
step hydrolysis of the polymeric drug.

The water-soluble conjugates of mitomycin C (MMC)
with N-succinyl-chitosan (N-suc-chitosan) and glycol-
chitosan (gly-chitosan), named N-suc-chitosan-glu-MMC
and gly-chitosan-glu-MMC, respectively, were character-
ized mainly by the plasma concentration time profiles of
MMC after intraperitoneal administration and their in vivo
antitumor effect against P388 leukemia and Sarcoma-180.
Before in vivo evaluation, polymer–drug binding charac-
teristics were checked by gel chromatography (665). For
the Sarcoma-180 solid tumor inoculated subcutaneously,
the polymer characteristics affected the antitumor effect.
That is, with the intravenous injection, gly-chitosan-

glu-MMC hardly exhibited any tumor growth inhibition,
but N-suc-chitosan-glu-MMC showed significant tumor
growth suppression. As to the intratumoral administration,
the tendency to suppress tumor growth was observed in
MMC and both the conjugates.

J. Sterilization of Chitosan

Chitosan has potential biomedical applications that may
require the final products to be sterilized before use. The
gamma irradiation of purified and highly deacetylated chi-
tosan fibers and films at sterilizing doses (up to 25 KGB)
caused main chain scissions. The viscosity average molec-
ular weight of the polymer decreased with increasing irra-
diation dose (666). Irradiation in anoxia did not affect film
properties significantly.
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1987, p. 211.

143. K. Uekama, F. Hirayama, T. Irie. Modifications of drug
release by cyclodextrin derivatives. In: New trends in
Cyclodextrins and Derivatives, D. Duchêne (Ed.). Edi-
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I. INTRODUCTION

Current biomaterial research efforts mainly focus on eluci-
dating the specific interaction among material physico-
chemical properties, proteins/enzymes and various biolog-
ical molecules, observed cellular functions, and
physiological parameters such as mechanical forces in
vitro and in vivo (1–10). Based on these investigations,
biomaterial developments have begun to utilize the diver-
sity and uniqueness of biology for potential methods to
control biological behavior of a myriad of tissue engi-
neering and biomedical applications. As the result of this
novel approach and new technology, the field of biomi-
metic materials emerges. However, the root of biomimetics
can be traced to the early 1970s when functional artificial
molecules were designed and synthesized by mimicking
the functional structure and synthesis pathway of natural
compounds. For example, biomimetic methodologies were
employed to selectively synthesize antileukemic triptolides
(11), cyclical polyenes such as racemic 11α-hydroxy-
progesterone (12–14), camptothecin chromophores (15),
catechol estrogens (16), polyketone-derived phenols (17),
D-glucose-derived (�)-biotin (18), and much more. In the
1980s and early 1990s, the field of biomimetics expanded
dramatically to such areas as antitumor pharmaceutics
(19–21), the development of receptor agonists and antago-
nists (22,23), the study of functional structures and synthe-
ses of proteins and nucleotides (24), and the elucidation
of biological pathways such as enzyme catalysis (25). In
the late 1990s and into the new millennium, biomimetic
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methodologies have been employed as an engineering tool
to develop novel material processing methods such as cal-
cium phosphate coatings on metal alloys (26) and poly(L-
lactic acid)–co-apatite composites (27), to formulate bio-
functional materials for biomedicine and bioengineering
such as synthetic peptide amphiphiles (28) and polymers
derived from molecular and microbiology (29–31), and to
continue to be utilized in probing the molecular fundamen-
tals and mechanisms of biology.

Although the biomimetic approach has been employed
by various scientific disciplines to develop novel mole-
cules and materials, there is not a consensus in the defini-
tion of ‘‘biomimetics’’ that is accepted by various science
communities, namely, engineering, chemistry, medicine,
and life sciences. Nonetheless, the semantic definition is
the ability to camouflage a substance with suitable contriv-
ances similar to the environmental background with the
aim to elude a hostile observer. However, such a definition
is insufficient and narrow. Hence, the author argues that
in the biological and engineering arena, the application of
mimetism should be broad and hence dynamic and encom-
passing. The author will attempt to address the wide spec-
trum of biomimetics in this chapter by highlighting se-
lected research investigations in which the knowledge of
biological sciences has been adopted as a template in the
study and development of novel molecules and materials.
The author will emphasize the complementary interrela-
tionship between biomimetic research and the pursuit of
understanding the complex biological system. Biological
systems fundamentally function at the angstrom scale of
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molecular atoms, the nano scale of macromolecules, the
micron scale of cells and protein matrices, and the macro
scale of tissues, organs, and macroorganisms (32). The
uniqueness of biological materials and systems is the meta-
stable microstructure formed from the molecular to mac-
roscale in order to attain a combination of required proper-
ties (i.e., physical, chemical, biological, structural, etc.) for
optimal function. Hence, the intricate micro- and macroar-
chitecture and multifunctional properties of biological sys-
tems are utilized as foundations in the investigation of bio-
mimetic materials. By studying the hierarchical structure
of biological systems and biological constituents at all pos-
sible scales of spatial resolution, the fundamentals of the
unique structural designs can be deduced and mimicked
by currently available techniques. Alternatively, the mo-
lecular synthesis and processing mechanism of biological
systems and biological components can be elucidated and
applied to develop novel materials (32). Both strategies
embody the principle and the dynamic nature of biomime-
tism. Investigations adopting these broad research princi-
ples will be presented in this chapter as illustrative exam-
ples of biomimetic macromolecules and novel biomaterials
with potential biomedical values.

II. BIOFUNCTIONAL MOLECULAR
BIOMIMETICS

From the beginning of biomimetic research in the filed of
chemistry, pharmaceutical sciences, and biochemistry,
bioactive molecules have been synthesized by studying the
native functional structure and natural synthesis pathways
of model molecules. This approach continues to this day.
Of particular interest to biomedicine is the investigation on
superoxide dismutase (SOD) enzymes to catalyze oxygen
radicals for the management of chronic inflammation, ex-
cessive oxidative metabolism, and tumor (19–21). For ex-
ample, hemodialysis polymer membranes may activate the
phagocyte oxidative metabolism resulting in the highly ox-
idized low-density lipoprotein found in uremic patients.
Superoxide dismutase eliminates the highly reactive and
hence destructive superoxide radicals and participates in
the oxygen radical detoxification process. However, the
native SOD molecule is highly unstable and has low bio-
availability and high immunogenicity. The biomimetic ap-
proach to develop molecules with SOD activity was first
pioneered by Yamamoto et al. (21) and continued by Ohse
and Nagaoka, who demonstrated that the reaction of vari-
ous metalloporphyrins and poly(styrene-co-maleic anhy-
dride) copolymers resulted in the formulation of novel chi-
meras with pH sensible sites and SOD-like active sites
(Fig. 1) (33). Using in vitro assay systems based on cyto-

chrome-c, the low molecular weight metalloporphyrins
catalyzed the dismutation of O2

� with a rate constant of
107–108/M/s. The kcat value for the multifunctional chi-
mera of metalloporphyrins and poly(styrene-co-maleic an-
hydride) was found to be 1.1 � 0.1 � 106/M/s at 8.1 pH
in vitro. In vivo studies demonstrated that the chimera con-
struct of metalloporphyrins and poly(styrene-co-maleic an-
hydride) bound to the warfarin site of albumin and showed
an enhanced half-life circulation time; while the SOD ac-
tivity was retained.

In the design of biofunctional molecules to study and
modulate host cell behavior (34), Kao et al. have chosen
a family of active proteins, i.e., interleukin-1 (IL1), as a
model in the design of biofunctional molecules. IL1β is a
potent proinflammatory cytokine that upregulates cellular
function upon ligation with IL1 receptor type I (IL1RI) on
the extracellular membrane (35). IL1β-activated macro-
phages (a primary class of phagocytic leukocytes) may re-
lease high levels of IL1β, tumor necrosis factor α, and
granulocyte/macrophage–colony stimulating factor (GM-
CSF), which all have important roles in the healing process
(1,4,9,36). Circulating IL1 receptor antagonist (IL1ra) is
the natural antagonist for IL1β. IL1β ligates with Domain
1, 2, and 3 of IL1RI and initiates signaling pathways to
upregulate cellular functions (37); whereas, IL1ra only
binds with Domain 1 and 2 of IL1RI, resulting in no postli-
gation signal transduction (38). It has been proposed that
IL1β complexes with Domain 3 of IL1RI by a strong elec-
trostatic interaction. Kao et al. designed macromolecules
based on the functional architecture of IL1β and IL1ra.
Antagonists were designed from known IL1β and IL1ra
amino acid residues showing strong avidity toward Do-
main 1 and 2 of IL1RI (35,37–39). These residues are R(4)

L(6) F(46) I(56) K(103) E(105) of IL1β and W(17) Q(21) Y(35) Q(37)

Y(148) of IL1ra (35,37–40). Strong evidence suggests that
these amino acids are essential in ligand–receptor interac-
tion. The tertiary structures of the native IL1β and IL1ra
molecule in solution were utilized as a guide in determin-
ing the spatial interrelationship between each residue. The
minimum distance between each residue was approxi-
mated using the structural coordinates archived in the
SwissProt Database. Based on the measurement, a poly-
glycine sequence of approximately the same length was
utilized to link each amino acid at all possible orientations.
Kao et al. further hypothesized that the resulting antagonist
sequences, which target Domains 1 and 2 of IL1RI, can
be converted to agonists by coupling a strong electrostatic
moiety (i.e., poly-lysine) to the terminal amino acid of the
antagonist sequence, thus allowing the complexation be-
tween the peptide macromolecule and Domains 1, 2, and
3 of IL1RI to occur. To formulate agonists, a trimeric gly-
cine linker was utilized to join the antagonist domain with
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Figure 2.1 Structure of poly(styrene-co-maleic anhydride)–co-metalloporphyrin derivatives with superoxide dismutase activity.
(Adopted from Ref. 33.)

the poly-lysine domain. The trimeric glycine linker was
designed to introduce spatial flexibility between the poly-
lysine sequence and the antagonist oligopeptide domain
since chain mobility may impact the dynamics of ligand–
receptor association. Consequently, a library of linear oli-
gopeptides were formulated and synthesized using solid-
resin methods with standard 9-fluorenylmethyloxycarbo-
nyl chemistry (41). Peptides thus formulated were desig-
nated as follows. Antagonists included those modeled after
the IL1β molecule: (IL1iant) RGGLGGFGGIGKGGEG,
(IL1iiant) FGRGGLGGGIGKGGEG, and (IL1iiiant)
LGGRGFGGIGKGGEG; those modeled after the IL1ra
molecule: (IL1ivant) WGGGQGGYGGQGGGYG and
(IL1vant) WGGYGGQGGYGGQG; and that modeled
after antagonists developed via combinatorial chemistry
(40): (IL1viant) YWQPYALPL. Agonists included those
modeled after the IL1β molecule: (IL1i) KKKGGGRGGL
GGFGGIGKGGEG, (IL1ii) KKKGGGFGRGGLGGGIG
KGGEG, and (IL1iii) KKKGGGLGGRGFGGIGKGGEG;
those modeled after the IL1ra molecule: (IL1iv) KKKGGG
WGGGQGGYGGQGGGYG and (IL1v) KKKGGGWGG
YGGQGGYGGQG; and those modeled after antagonists
developed via combinatorial chemistry (40): (IL1vi) KKK
GGGYWQPYALPL and (IL1vii) YWQPYALPLGGGK
KK. Human blood monocyte–derived macrophages were
allowed to adhere on tissue culture polystyrene for 2 h in

the presence of autologous serum in the culture medium.
After 2 h, nonadherent cells were removed and adherent
cells were challenged with free peptides at an optimal con-
centration of 50 pmol/mL that had been determined previ-
ously. Simultaneously, adherent cells were also challenged
with or without recombinant human IL1β or IL1ra at 25
pmol/mL. Peptides with scrambled amino acid sequences
were also employed as peptide controls. Cells were cul-
tured thereafter in the presence of autologous serum and
supernatants were collected at various time points for
assay. At 4 h after the peptide challenge, no differences in
GM-CSF release by adherent macrophages were observed
among all test samples and controls. At 18 h after the free
peptide challenge, IL1β-treated adherent macrophages on
tissue-culture polystyrene (TCPS) showed a higher GM-
CSF release than controls without treatment (Fig. 2a). Ad-
herent macrophages treated with agonist IL1v showed a
higher GM-CSF release than that treated with IL1β, IL1ra,
none, and other agonists. It is known that IL1β upregulates
GM-CSF release by human macrophages via the induction
of AP-1 and NFκB gene expression factors. The result sug-
gests that IL1v activates these gene expression factors re-
sulting in an increased GM-CSF production. The GM-CSF
level of cells treated with IL1v remained comparable when
IL1ra was added simultaneously as the IL1v peptide indi-
cating that the effect of IL1v in increasing GM-CSF release
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Figure 2.2 The release of GM-CSF by adherent human blood-
derived macrophages (normalized to adherent macrophage den-
sity) on tissue-culture polystyrene after 18 h incubated with (a)
biomimetic agonists derived from IL1-family proteins with or
without recombinant human IL1ra (* represents p � 0.05 versus
values of ‘‘none’’ control; # represents p � 0.05 versus values
of IL1β control; IL1v values were larger than that of IL1i, IL1ii,
IL1iii, IL1vi, and IL1vii at p � 0.05); or (b) biomimetic antago-
nists derived from IL1-family proteins with or without recombi-
nant human IL1β (* represents p � 0.05 versus values of ‘‘none’’
control; # represents p � 0.05 versus values of IL1β control; no
differences at p � 0.95 were found among each test group indi-
cating that the GM-CSF release mediated by antagonists was not
neutralized by the presence of IL1β). All values mean � s.e.m.,
n � 4.

by adherent macrophages was not neutralized in the pres-
ence of the natural IL1β antagonist, namely, IL1ra. No sig-
nificant differences in the GM-CSF release were observed
between macrophages without treatment and those treated
with both IL1β and one of the antagonists (Fig. 2b). These
results indicate that the IL1-derived biomimetic antago-
nists neutralized the ability of IL1β in increasing the re-

lease of GM-CSF by adherent macrophages. Recombinant
IL1β and IL1ra proteins have been investigated for their
potential therapeutic values. For example, IL1β augments
hematopoiesis and increases wound healing; whereas,
IL1ra attenuates host inflammatory reaction. However, the
clinical value of these regimens has yet to be demonstrated
due to high cost, low bioavailability, deleterious side ef-
fects of the high dosage that is often required, and the pres-
ence of natural agonists, antagonists, and serum proteases.
Hence, IL1-derived agonists and antagonists are currently
under extensive investigation by pharmaceutical compa-
nies and basic science research laboratories to improve the
therapeutic value of native IL1β and IL1ra moieties (42–
44). IL1-derived agonists have demonstrated potential in
increasing hematopoietic stem cell proliferation, increas-
ing B cell proliferation, enhancing local wound healing,
and modulating collagenase production. IL1-derived an-
tagonists have shown promise in decreasing the extent of
acute and chronic inflammation in diseases such as rheu-
matoid arthritis, treating septic shock, suppressing chronic
leukemia, and modulating bone resorption by osteoclasts.
These two examples illustrate the uniqueness of a biomi-
metic approach to develop synthetic molecules derived
from naturally occurring precursors such as SOD and IL1
family proteins. These biomimetic molecules demonstrate
enhanced biochemical and physical properties that can be
employed to study biological systems and potentially im-
prove clinical medicine.

III. NOVEL POLYMERIC MATERIALS
CONTAINING PEPTIDE/PROTEIN
BIOMIMETICS

Currently, several laboratories have taken the biomimetic
approach to develop novel biomaterials containing biologi-
cally derived functional moieties to modulate specific cel-
lular behavior in a variety of physiological systems such
as cardiovascular, orthopedic, and nervous. The overall
goal of these investigations is to obtain fundamental under-
standing of the complex biological–material interaction;
the knowledge is necessary for the construction of tissue
engineered devices and novel therapeutic biomedical prod-
ucts. Hubbell and West have focused on the study and de-
velopment of enzymatically degradable hydrogels that are
responsive to the local host environment (45,46). For ex-
ample, West et al. utilized known protease substrate pep-
tides (i.e., sequence LGPA from collagenase, sequence
AAA from elastase, or sequence NRV from plasmin) co-
polymerized with polyethyleneglycols using dicyclohexyl-
carbodiimide-based chemistry to formulate BAB (peptide–
polyethyleneglycol–peptide) block copolymers. The BAB
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copolymers were reacted with acryloyl chloride to provide
photopolymerizable end groups. ABA (polyethylenegly-
col–peptide–polyethyleneglycol) block copolymers were
formed by reacting the peptide with two amine groups such
as lysine residues at the C terminus with polyethylenegly-
col–N-hydroxysuccinimide monoacrylate. Cell adhesive
peptides such as RGDs were also reacted with polyethyl-
eneglycol–N-hydroxysuccinimide monoacrylate and were
subsequently grafted into the photopolymerized ABA hy-
drogel network. Hydrogel networks were formulated via
photopolymerization with block copolymers, triethanol-
amine, and 2-2-dimethoxy-2-phenyl acetophenone photo-
initiator in 1-vinyl-2-pyrrolidone (47). After the BAB
(peptide–polyethyleneglycol–peptide)-containing hydro-
gels were hydrated to equilibrium, type IV collagenase,
porcine pancreatic elastase, or plasmin at various concen-
trations was added to the hydrogel to commence degra-
dation. Hydrogels were found to degrade in a protease-
specific and dose-dependent fashion that increased with
increasing treatment time. When the ABA (polyethylene-
glycol–peptide–polyethyleneglycol)-containing hydrogel
network grafted with the RGDs cell adhesion mediating
motif was cultured with human dermal fibroblasts, cells
were found to adhere and migrate throughout the hydrogel
matrix. Since the polymer construct degrades enzymati-
cally in the presence of a specific enzyme substrate, the
degradation path within the hydrogel can be controlled
spatially and temporally by varying the hydrogel chemical
composition. These bioresponsive materials allow the
study of cell migration mechanisms and function. Similar
methodologies are currently been utilized by Hubbell et
al. to investigate and to partly control the biomolecular
mechanism of neurite extension and migration within a
similar polyethyleneglycol-containing, bioresponsive hy-
drogel system immobilized with enzymatically degradable
peptides (48,49).

In the development of biofunctional materials by mim-
icking ligand–receptor interactions, a clear understanding
of the function–structure relationship between target pro-
teins and cell membrane receptors is crucial. Furthermore,
the ultimate challenge of eliciting specific cellular function
by utilizing biofunctional materials lies within the normal
host foreign body response, which might overcome the
bioactive functionalities in the material intended to modu-
late cellular function. The major function of blood-derived
phagocytic monocytes and macrophages is to mediate the
normal host immune and inflammatory response against
foreign objects such as microorganisms and biomaterials
(1). Several characteristic macrophage functions are identi-
fied as critical events in the foreign body response. Macro-
phages recognize adsorbed proteins on the foreign surface
via several ligand–receptor superfamilies (4). The process

of adherent macrophage activation and fusion to form mul-
tinucleated foreign body giant cells (FBGC) is unique to
the macrophage phenotype. The presence of FBGCs is uti-
lized as a histopathology marker for chronic inflammation
and the host foreign body reaction. Foreign body giant
cells have been demonstrated on implanted biomaterials
and the rate of material degradation underneath the giant
cells has been shown to be markedly increased (50). How-
ever, the molecular mechanisms involved in FBGC forma-
tion remain unclear. Activated macrophages may release
a variety of cytokines, growth factors, and other bioactive
agents to modulate the function of other cell types in the
inflammatory milieu (1). Several macrophage-derived cy-
tokines and growth factors are utilized on a limited basis
to alter the inflammatory response and promote the healing
process. For example, IL1β and GM-CSF are given to in-
jured patients and bone marrow transplant recipients to as-
sist the recovery of hematopoiesis (42–44). Pharmaceutics
based on the property, function, and structure of anti–
tumor narcosis factor α are administered to patients suffer-
ing from chronic inflammation in order to enhance the
wound healing process and attenuate inflammation (44).
However, the long-term clinical efficacy of treatments in-
volving the systemic administration of these bioactive
agents has yet to be demonstrated. Hence, the localized
delivery of selected cytokines and growth factors produced
by endogenous inflammatory cells is desirable and may
have potential therapeutic value in the fundamental pro-
cesses of tissue healing, growth regulation, and biocompat-
ibility.

Before the ability to control specific cellular function
via biomaterials can be realized, a more detailed under-
standing of the interplay between material-bound ligands
and receptors on the cell surface must be obtained. Further-
more, the redundancies that exist between receptors and
target proteins must also be addressed. For instance, the
tripeptide RGD sequence is found in several extracellular
matrix proteins such as fibronectin, vitronectin, and fi-
brinogen. Several cell membrane receptors on different
types of cells have been shown to complex with the RGD
cell adhesion motif of these matrix proteins. For example,
platelet surface glycoprotein IIb/IIIa recognizes the RGD
sequence of fibrinogen, and integrin α5β1 and αIIbβ3 recep-
tors on macrophages also recognize the RGD motif of fi-
bronectin. Other integrin receptors on a variety of cell
types that recognize the RGD cell binding motif are
α(2,3,4,5,7,8,v)β1 and αvβ(1,3,5,6,8). Some of the current biomate-
rial development and research utilize the RGD sequence
to provide bioactive sites for cell adhesion. However, it is
apparent that such a design strategy to elicit a specific cel-
lular function is limited by the redundancies that exist be-
tween receptors and target proteins.
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A clear elucidation of the mechanism involved in the
interaction among cells, proteins/enzymes, materials, and
various physiological parameters such as mechanical
forces is critical for the development of biomimetic materi-
als with specific cellular activity in the new field of cellular
engineering (Fig. 3). The author acknowledges the critical
role of this type of fundamental research at the molecular
level between cells and material surfaces in the develop-
ment of novel enabling technologies. The resulting tech-
nologies and know-how are vital for the future of tissue
engineered products, the improvement of clinical biomate-
rials, and the construction of biofunctional materials.

Several methodologies were utilized to examine the in-
terrelationship between material chemistry and cellular be-
havior at protein and cellular levels under in vitro and in
vivo environments (1–10). Based on these findings, Kao
et al. designed methodologies to probe the molecular
mechanism of receptor–ligand recognition and postliga-
tion cellular function (51,52). In one of the studies, Kao
et al. designed and employed biomimetic oligopeptides to
probe the effect of primary and tertiary structures of a
model protein (i.e., fibronectin) in ligand–receptor interac-
tion (52). Synthetic peptides were formulated based on the
primary and tertiary structures of human plasma fibronec-
tin (53,54). Specifically, the amino acid sequences PHSRN

Figure 2.3 Current research focuses on elucidating the complex
mechanisms in the interaction among cells, proteins/enzymes,
materials, and various physiological parameters such as mechani-
cal forces. Fundamental research at the molecular level results in
the development of novel ‘‘enabling technologies’’ that are criti-
cal for the development of biomimetic materials with specific cel-
lular activity in the new field of ‘‘cellular engineering.’’ Manipu-
lation of cellular function is vital for the future of tissue-
engineered products, the improvement of clinical biomaterials,
and the pursuit of novel biofunctional materials.

(55) and RGD (56), which are located in the FIII-9 and the
FIII-10 modules, respectively, of the central cell binding
domain (Fig. 4) and the sequence PRRARV of the C termi-
nal heparin binding domain of fibronectin (53) were cho-
sen for exploration. RGD and PHSRN are present on adja-
cent loops of two connecting FIII modules and bind
synergistically to the same integrin receptor (57). The hep-
arin binding domain of fibronectin in which the sequence
PRRARV resides also binds directly with integrin recep-
tors (58,59); however, the precise mechanisms involved in
this association remain unclear. The tertiary structure of
fibronectin (60,61) was used as a guide in the design of
peptides that included RGD and PHSRN. The distance be-
tween these sequences was approximated using the struc-
tural coordinates archived in the SwissProt Database
(sequence FINC HUMAN P02751). Based on the mea-
surement, a hexamer of glycine (G6) of approximately the
same length was used to link the two bioactive sequences
in both possible orientations. The combination of RGD and
PRRARV was studied using a G6 linker; although in this
case the G6 linker was not selected based on any structural
considerations. A terminal trimeric glycine domain (G3)
was employed as a spacer in all peptides. Oligopeptides
were synthesized using solid-resin methods with standard
9-fluorenylmethyloxycarbonyl chemistry (41). The follow-
ing oligopeptides were synthesized: G3RGDG, G3PHSR
NG, G3PRRARVG, G3RGDG6PHSRNG, G3PHSRNG6R
GDG, G3RGDG6PRRARVG, and G3PRRARVG6RGDG.
A cyclic RGD peptide with an amino acid sequence of
LNQEQVSPD(cRGDGRN) was utilized for comparison.
LNQEQVSPD is a leader sequence and the cyclical
RGDGRN sequence has been shown to bind with αvβ3 in-
tegrin with high specificity and affinity (62). Peptides were
immobilized onto a polymer network terpolymerized with
polyethyleneglycol, acrylic acid, and trimethylolpropane-
triacrylate (51,52). The network had been shown to medi-
ate low levels (�30 cells/mm2) of adhesion by human
macrophages, human neonatal foreskin dermal fibroblasts,
and human umbilical vein endothelial cells in serum-
containing culture medium up to 10 days. Macrophage ad-

Figure 2.4 Amino acid sequences PHSRN and RGD (in ball-
and-stick model) located in the FIII-9 and the FIII-10 modules,
respectively, of the central cell-binding domain of human plasma
fibronectin.
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hesion and FBGC formation in vitro assays (63) were per-
formed. Under the FBGC culture condition described,
FBGCs containing up to 50 nuclei/cell formed consistently
on tissue-culture polystyrene control surfaces. Briefly,
freshly isolated human blood-derived monocytes were in-
cubated with samples in RPMI containing 20% autologous
serum. At 96 and 168 h, the medium was changed to RPMI
with heat-inactivated autologous serum � 10 ng/mL of
recombinant human interleukin-4 � 5 ng/mL of recombi-
nant human GM-CSF. Each adherent cell with three or
more nuclei per cell was defined as a FBGC. Competitive
inhibition studies utilizing soluble free peptides and neu-
tralizing antibodies were performed to ascertain ligand–
receptor specificity and identification. Kao et al. (52) found
that serum fibronectin modulated macrophage adhesion
and the extent (i.e., size) of FBGC formation on control
surfaces in the presence of serum proteins. Macrophages
adhered to all peptide-grafted polymer networks with rela-
tively subtle differences between adhesion mediated by
RGD, PHSRN, PRRARV, or combinations thereof (Table
1) (52). β1 integrin subunit was essential in macrophage
adhesion to peptide-grafted networks in a receptor–peptide
specific manner; whereas, β3 integrin subunit was less im-
portant. Macrophage adhesion to PRRARV was mediated
primarily by the direct interaction with integrins. RGD or
PHSRN alone did not provide an adequate substrate for
macrophage fusion to form FBGCs. However, the PHSRN
synergistic site and the RGD site in a single oligopeptide
provided a substrate for FBGC formation that was statisti-
cally comparable to that on the positive control material

Table 2.1 Adherent Macrophage Density on Polymer
Networks Grafted with Fibronectin-Derived Biomimetic
Peptides

Culture time (h)

Peptide 24 168

G3RGDG 378 � 59a 155 � 83a

G3PHSRNG 243 � 30a,b 121 � 70a

G3PRRARVG 304 � 46a,b 121 � 48a

G3RGDG6PHSRNG 271 � 28a,b 92 � 25a

G3PHSRNG6RGDG 309 � 34a,b 97 � 29a

G3RGDG6PRRARVG 311 � 39a,b 88 � 30a

G3PRRARVG6RGDG 151 � 24a,b 62 � 24a,b

LNQEQVSPD(cRGDGRN) 290 � 83a,b 220 � 140a

No grafted peptides 69 � 37b 24 � 14b

Tissue-culture polystyrene 400 � 49a 131 � 22a

Note: All values �10 macrophage/mm2, mean � s.e.m., n � 3 to 5.
a Value different at 95% confidence level (p � 0.05) versus no grafted
peptide controls.
b Value different at 95% confidence level (p � 0.05) versus tissue-culture
polystyrene controls.

Table 2.2 Macrophage-Derived FBGC Adherent Density and
Size on Polymer Networks Grafted with Fibronectin-Derived
Biomimetic Peptides at 240 h of the FBGC Assay

Average FBGC
Peptide FBGC/mm2 Size (�100 µm2)

G3RGDG 18 � 9 21 � 8
G3PHSRNG 14 � 9 27 � 9
G3PRRARVG 15 � 9 17 � 4
G3RGDG6PHSRNG 16 � 7 19 � 5
G3PHSRNG6RGDG 88 � 38a 32 � 13
G3RGDG6PRRARVG 14 � 7 20 � 8
G3PRRARVG6RGDG 17 � 9 19 � 7
LNQEQVSPD(cRGDGRN) 20 � 11 18 � 5
Tissue-culture polystyrene 60 � 20 162 � 38

Note: All values expressed in mean � s.e.m., n � 3 to 6.
a Values comparable (p � 0.95) versus that of tissue-culture polystyrene
controls.

in the presence of serum proteins (Table 2) (52). This re-
sponse was highly dependent upon the relative orientation
between RGD and PHSRN. PRRARV alone or in tandem
with RGD in a single peptide formulation did not support
FBGC formation. Furthermore, neutralizing antibody was
utilized in the FBGC culture assay to partly determine the
role of integrins and fibronectin-derived oligopeptides in
modulating the function of adherent macrophages to fuse
and form FBGCs. Antibody isotype negative controls were
also utilized for confirmation. Both integrin β3 and β1 sub-
units were found to play an importance role in mediating
FBGC formation by macrophages adhered on peptide-
grafted networks (Table 3) (52). Results showed that
no antibody– and anti-β3 neutralizing antibody–treated
groups had a comparable FBGC density on TCPS (Table
3). On most of the peptide-grafted network, no FBGC for-
mation was observed in the anti-β3 antibody–treated
group. One notable exception was the peptide that contains
the PHSRN and the RGD domain in the optimal orienta-
tion, namely G3PHSRNG6RGDG, on which anti–integrin
β3 reduced FBGC formation by about 70%. When anti-β1

neutralizing antibody was utilized, no FBGC formation
was observed on any sample. Macrophages and FBGCs
express α2, α4, β1, and β3 integrin subunits. It is also
known that the first 160 amino acids of integrin β1, spe-
cifically the α-helix formed by residues 141 to 160, are
critical in integrin–ligand recognition. These findings sug-
gest that the association between this region of the integrin
β1 receptor and G3PHSRNG6RGDG, but not G3RGDG6P
HSRNG, results in the necessary binding characteristic
that determine the subsequent cellular event leading to
FBGC formation. Activated integrin β1 or β3 intracellular
domains stimulate cell migration, modulate proliferation
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Table 2.3 Macrophage-Derived FBGC Adherent Density on Polymer Networks
Grafted with Fibronectin-Derived Peptides at 240 h of FBGC Culture

No antibody Anti-integrin Anti-integrin
Peptides treatmenta β3 treatment β1 treatment

G3RGDG 18 � 9 0 � 0 0 � 0
G3PHSRNG 14 � 9 0 � 0 0 � 0
G3PRRARVG 15 � 9 0 � 0 0 � 0
G3RGDG6PHSRNG 16 � 7 0 � 0 0 � 0
G3PHSRNG6RGDG 88 � 38 30 � 30 0 � 0
G3RGDG6PRRARVG 14 � 7 0 � 0 0 � 0
G3PRRARVG6RGDG 17 � 9 0 � 0 0 � 0
LNQEQVSPD(cRGDGRN) 20 � 11 0 � 0 0 � 0
Tissue-culture polystyrene 60 � 20 90 � 30 0 � 0

Notes: All values expressed in FBGC/mm2, mean � s.e.m., n � 3 to 6. Cells treated with
anti-integrin antibody. To determine the role of integrins in mediating FBGC formation, neu-
tralizing antibody [anti–human integrin β1 (JB1a, purified IgG isotype ascite) or anti–human
integrin β3 (25E11, purified IgG2a isotype ascite) neutralizing antibody at 60 µg/mL] was
added to the culture at 96 and 168 h of the FBGC assay.
a All values were significantly lower (p � 0.05) than that of tissue-culture polystyrene and
networks grafted with G6PHSRNG6RGDG.

and gene expression, induce the assembly of F-actin cy-
toskeleton, and localize the activity of focal adhesion ki-
nase pp125FAK. These cellular events may contribute to the
process of FBGC formation; however, the exact interrela-
tionship between ligand–receptor architecture and associa-
tion in activating intracellular signaling events resulting in
the control of cellular behavior remains unclear.

To yield insights into the mechanisms coordinated by
the interaction between integrins and fibronectin in mediat-
ing macrophage adhesion and FBGC formation, Kao et al.
utilized the aforementioned biomimetic fibronectin-
derived oligopeptides to probe the structure–function char-
acteristic and signaling pathways of fibronectin–integrin
association in modulating cellular function. Specifically,
the key role played by RGD, PHSRN, and the spacing and
orientation between the peptide sequences in modulating
macrophage and FBGC behavior was investigated. Freshly
isolated human blood-derived monocytes were preincu-
bated with inhibitors of various signaling molecules at sev-
eral concentrations to screen candidate signaling cascades
in regulating macrophage behavior mediated by fibronec-
tin and fibronectin-derived biomimetic oligopeptides. The
signaling and transcriptional events and the corresponding
inhibitor chosen for exploration included activated protein
tyrosine kinases inhibitor AG82, lavendustin A, which in-
hibits Src-family kinases, activated protein serine/threo-
nine kinases inhibitor H-7, protein kinase-A inhibitor 14-
22 amide, PI-3K inhibitor wortmannin, PCK inhibitor
EGF-R fragment, MAPK inhibitor PD98059, and NFκB
inhibitor PSI. Activated integrin receptors have been

shown to upregulate these selected signaling molecules un-
der a variety of ligand–receptor associations. For example,
Src is involved in integrin signaling upon ligation with ex-
tracellular matrix proteins, such as fibronectin, fibrinogen,
or vitronectin, leading to macrophage adhesion and focal
adhesion kinase formation. Treated cells were incubated
with tissue-culture polystyrene or networks terpolymerized
with polyethyleneglycols, acrylic acid, and trimethylolpro-
panetriacrylate. Tissue-culture polystyrene- and polyethyl-
eneglycol-based networks were preadsorbed or immobi-
lized with recombinant human fibronectin or fibronectin-
derived biomimetic oligopeptides containing RGD and/or
PHSRN domains. Surfaces without preadsorption nor im-
mobilization were employed as negative surface controls.
Inhibitor vehicle was also utilized as additional controls,
and bovine serum albumin was employed as controls for
fibronectin and peptides. From cell adhesion assays, the
results showed the following. On networks immobilized
with fibronectin-derived oligopeptides, macrophage adhe-
sion was found to be independent of protein tyrosine ki-
nases and protein serine/threonine kinases at 24, 48, and
120 h, except that on surfaces grafted with G3PHSRNG
and G3PHSRNG6RGDG where cell adhesion was depen-
dent upon protein serine/threonine kinases at 48 h (Table
4). On networks immobilized with fibronectin or albumin,
macrophage adhesion was found to be dependent of pro-
tein tyrosine kinases but not Src and dependent of protein
serine/threonine kinases but not protein kinase-A at 24 and
48 h. Furthermore, the promotion of protein serine/threo-
nine kinases, and specifically protein kinase-C, compen-
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Table 2.4 Macrophage Adhesion on Polymer Networks and TCPS Immobilized with Proteins or Fibronectin-Derived
Oligopeptides in Vitro

24 h 48 h 120 h

Networks/TCPS Control AG82 H7 Control AG82 H7 Control AG82 H7

Fibronectin 11 � 5 4 � 2a 3 � 1a 5 � 3 1 � 1a 1 � 1a 8 � 6 2 � 0 2 � 0
Albumin 11 � 3 5 � 3a 4 � 1a 5 � 3 1 � 1a 2 � 1a 6 � 4 3 � 1 2 � 1
G3RGDG 6 � 3 3 � 1 2 � 0 3 � 2 2 � 1 1 � 0 7 � 6 2 � 2 1 � 0
G3PHSRNG 6 � 4 3 � 1 2 � 1 4 � 1 1 � 1 1 � 0a 7 � 5 3 � 0 1 � 1
G3RGDG6PHSRNG 5 � 3 2 � 1 2 � 1 6 � 2 2 � 1 2 � 1 5 � 2 1 � 1 1 � 1
G3PHSRNG6RGDG 6 � 5 3 � 1 2 � 1 3 � 1 2 � 1 1 � 1a 6 � 4 2 � 0 0 � 0
TCPS 10 � 6 6 � 3 4 � 2 7 � 3 5 � 3 3 � 2a 4 � 1 3 � 1a 1 � 1
TCPS � fibronectin 12 � 4 7 � 2a 6 � 4a 10 � 3 4 � 2a 4 � 3a 5 � 2 3 � 1 2 � 0
TCPS � albumin 8 � 4 7 � 4 5 � 2 11 � 4 3 � 2a 2 � 1a 5 � 1 3 � 2 1 � 0

Note: All values expressed in macrophage �100/mm2, mean � sem, n � 3 to 6.
a p � 0.1 versus respective values of controls. AG82 inhibits PTK and H7 inhibits PSK. Tissue-culture polystyrene (TCPS).

sated protein tyrosine kinases inhibition in mediating mac-
rophage adhesion at 24 h (Table 5). However, macrophage
adhesion on networks immobilized with fibronectin or al-
bumin was found to be independent of both protein tyro-
sine and serine/threonine kinases at 120 h. On tissue-
culture polystyrene immobilized with fibronectin,
macrophage adhesion was found to be dependent of pro-
tein tyrosine kinases but not Src and dependent of protein
serine/threonine kinases but not protein kinase-A at 24 h.
The promotion of protein serine/threonine kinases, and
specifically protein kinase-C, did not compensate protein
tyrosine kinases inhibition in mediating macrophage adhe-
sion at 24 and 48 h. These results indicate that the crosstalk
between protein tyrosine and serine/threonine kinases is
different between adherent macrophages on fibronectin
that was immobilized onto networks or tissue-culture poly-
styrene. Furthermore, macrophage adhesion on fibronec-
tin-immobilized tissue-culture polystyrene was found to be
dependent of protein tyrosine kinases but not Src and de-
pendent of protein serine/threonine kinases, specifically
protein kinase-C but not protein kinase-A, by 48 h. Cell
adhesion on fibronectin-immobilized tissue-culture poly-

Table 2.5 Macrophage Adhesion on Networks and TCPS Immobilized with Proteins in Vitro

2 h 24 h

Networks/TCPS Control AG82 H7 AG82 � H7 AG82 � PMA Control AG82 H7 AG82 � H7 G82 � PMA

Fibronectin 16 � 5 10 � 7a 8 � 5a 5 � 0a 2 � 1a 11 � 5 4 � 2a 3 � 1a 3 � 1a 5 � 1
TCPS 12 � 8 11 � 1 13 � 6 4 � 1 6 � 2 10 � 6 6 � 3 4 � 2 5 � 1a 8 � 3
TCPS � FN 14 � 6 9 � 3 11 � 2 3 � 1a 4 � 1a 12 � 4 7 � 2a 6 � 4 4 � 0a 5 � 1a

Note: All values expressed in macrophage �100/mm2, mean � sem, n � 3 to 6.
a p � 0.1 versus respective values of controls. AG82 inhibits protein tyrosine kinases, H7 inhibits protein serine/threonine kinases, and PMA promotes
protein kinase-C of protein serine/threonine kinases.

styrene was found to be independent of protein tyrosine
and serine/threonine kinases by 120 h. Assays for FBGC
demonstrated the following. On networks immobilized
with fibronectin, FBGC formation was dependent of pro-
tein serine/threonine kinases, specifically protein kinase-
A, but was independent of Src (Table 6). It should be noted
that macrophage adhesion was independent of protein
kinase-A by 48 h and was independent of both protein tyro-
sine and serine/threonine kinases by 120 h. On tissue-
culture polystyrene immobilized with fibronectin, FBGC
formation was found to be independent of both protein ty-
rosine and serine/threonine kinases. Macrophage adhesion
on tissue-culture polystyrene immobilized with fibronectin
was independent of protein tyrosine and serine/threonine
kinases by 120 h. Taken together, these results support the
role of activated protein tyrosine kinases and serine/threo-
nine kinases in integrin signalings leading to macrophage
adhesion mediated by fibronectin–integrin association.
Furthermore, RGD and PHSRN appears to be significant
in mediating this receptor–ligand association resulting in
the necessary signaling characteristic for macrophage ad-
hesion and the subsequent development. Specifically, pro-
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Table 2.6 FBGC Formation on Networks and TCPS Immobilized
with Fibronectin by 240 h of FBGC Assay in Vitro

Networks/TCPS Control Lavendustin A PKI

Fibronectin 39 � 16 21 � 4 26 � 17a

TCPS 25 � 18 23 � 15 23 � 16
TCPS � fibronectin 9 � 5 7 � 2 17 � 13

Note: All values expressed in FBGC/mm2, mean � sem, n � 3 to 6.
a p � 0.1 versus respective values of controls. Lavendustin A inhibits Src of
protein tyrosine kinases and PKI inhibits protein kinase-A of protein serine/
threonine kinases.

tein kinase-C of tyrosine kinases showed a significant role
in modulating FBGC formation mediated by fibronectin,
most importantly the RGD and PHSRN domains of fibro-
nectin. Kao et al. showed the important role of RGD and
PHSRN domains of fibronectin, and specifically the inter-
positional spacing between the motifs, in the complexation
with integrin receptors to upregulate tyrosine kinases and
serine/threonine kinases in mediating macrophage adhe-
sion and FBGC formation. These findings represent a
mechanistic correlation between the role of protein func-
tional architectures in ligand–receptor recognition and the
postligation signaling events that control cellular behavior.
The fundamental understanding of these complex phenom-
ena provides future researchers with necessary tools in the
development of unique biomimetic enabling technologies
that are vital for the advancement of cellular engineering
and tissue engineered devices.

The incorporation of biospecific and biofunctional pep-
tides into polymeric networks has been adopted in other
systems in the management of various pathological condi-
tions. Similar to the strategy outlined above by Kao et al.,
Healy et al. grafted RGD and FHRRIKA (putative heparin-
binding) peptides onto interpenetrating polymer networks
containing poly(acrylamide) and polyethyleneglycol (64–
66). The resulting polymer network containing both RGD
and FHRRIKA peptides mediated extensive adhesion,
spreading, and mineralization of the extracellular matrix
by human osteoblast–like cells when compared to that of
homogenous peptide surfaces and controls. The cellular re-
sponse was found to rely on the participation of integrin
α2, β1, and αv subunits in a temporally dependent manner.
Specifically, α2β1 and αvβ3 integrin receptors mediated the
initial cell adhesion; whereas, only αvβ3 integrin receptors
governed cell adhesion at a longer culture time. The cited
investigations illustrate the diversity and capability of a
biomimetic approach in the construction of biofunctional
materials to study fundamental cell biology and to poten-
tially manipulate local host environment for biomedical
applications.

IV. PROTEIN MATRIX AND
SUBCELLULAR BIOMIMETICS

In previous sections, examples were given to illustrate the
utilization of macromolecules and proteins as templates to
develop biomimetic molecules and novel materials. How-
ever, biological systems are composed hierarchically;
hence, the impact of biological organization at the submi-
cron and subcellular scales needs further elucidation. For
example, most cells are intimately associated with base-
ment membrane matrices that have a complex three-
dimensional nanoarchitecture of 100–500 nm features.
Hence, this submicron architecture may play an important
role in mediating cell adhesion and function. A point of
note, cellular focal adhesion sites are about 250 nm in size.
Various three-dimensional fabrication methods such as
inkjet, molding, impregnation, and laser perforation have
been developed in an attempt to construct or reconstruct
the unique topographical feature of protein layers, extracel-
lular membranes, or extracellular matrices with high reso-
lution and accuracy. Such topographical biomimetics can
be utilized in tandem with current clinically utilized mate-
rials or novel biofunctional materials as a part of the con-
struction of fully biomimetic material constructs (67–69).
Goodman et al. utilized the inherent three-dimensional
confinement of nonlinear photo-optical processes to de-
velop three-dimensional freeform fabrication of proteins
or synthetic polymers by conventional photochemically in-
duced polymerization methods (70–73). A laser scanning
confocal microscope was modified for near-infrared exci-
tation to direct protein crosslinking by 2-photon photoacti-
vation. Albumin, fibrinogen, and alkaline phosphatase
were chosen as model proteins for fabrication in solution.
Rose bengal was employed as the photoactivator. At the
focal point of the lens where the photon density is suffi-
ciently high for 2-photon excitation, crosslinking was in-
duced by a mechanism where the photoactivator directly
abstracts hydrogen atoms from protein molecules. Fabrica-
tion was then directed point by point and layer by layer
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within the solution and proceeded to achieve a desired,
predetermined geometry and topography. Features of less
than 200 nm, such as three-dimensional lattices, were syn-
thesized by varying the type of lenses. The bioactivity of
model proteins was maintained as determined by various
biological functional assays. Goodman et al. demonstrated
that human platelets extensively adhered to lines fabricated
from fibrinogen molecules in vitro, and the lines were ten-
fold narrower than the diameter of a platelet cell body. A
minimal level of platelet spreading was observed on sub-
strates fabricated from the native albumin molecule in
vitro. Furthermore, micron and submicron structures fabri-
cated from alkaline phosphatase molecules demonstrated
a high level of enzymatic activity when assayed with en-
zyme linked fluorescence imaging in vitro. These exam-
ples illustrate the feasibility of mimicking the complex hi-
erarchical structure of biological systems that expands
from the nano scale to subcellular levels in the study and
the partial control of biological functions.

V. BIOMIMETIC-DERIVED MATERIAL
PROCESSING METHODS

Currently, biomaterial development and synthesis have
been focused on the utilization of a myriad of synthetic
methodologies to obtain a wide range of polymers, ceram-
ics, metal alloys, or biologically derived materials with a
diverse physicochemical bulk and surface property. How-
ever, synthetic methodologies often result in heterogeneity
and anisotropy (i.e., polydispersive molecular weight of
polymers, large range of size distributions of polymer and
ceramic particulates, phase separation of chemical and/or
physical properties). Furthermore, current synthetic fabri-
cation methods cannot incorporate or mimic the complex
multilayer microstructure of biological systems to produce
materials containing controlled microarchitecture and
multifunctional properties present in biological materials,
such as cellular membranes, extracellular matrices, or tis-
sues. Several researchers are developing novel material
synthesis and processing techniques to enhance the limita-
tion of conventional synthesis and fabrication procedures.

By studying the complex interrelationship of structural
organizations in biological systems, biomaterial research-
ers such as Baer and Hiltner pioneered the development
of complex organic and inorganic composites that incorpo-
rated some of the ordered microstructure found in nature
(32,74–76). For example, load-baring tissues such as ten-
don, comprise fibrous organic components embedded in a
soft organic matrix that are analogous to fiber- or particle-
reinforced polymeric composites. Baer et al. elucidated

that tendon has six discrete levels of structure organized in
a hierarchical manner from the molecular to the centimeter
scale. Clearly, current composite materials lack the com-
plexity and sophistication necessary to achieve highly or-
dered and multileveled hierarchical structure. Hence, com-
posite material research has focused on elucidating the
microstructure–property correlation that includes the cou-
pling between the properties of an individual organic and
inorganic component at various scales and in tandem at
different levels of organization. The understanding of the
structural organization and relationship between each dis-
crete unit (i.e., molecules, macromolecules, cells, tissues,
or extracellular matrix) that makes up a biological system
is one important step in understanding basic structure–
function relationships and the construction of complex bio-
mimetic materials.

Due to the specificity of biological synthesis pathways
such as biomineralization systems and protein and nucleic
acid syntheses, microbiological and other biological tech-
niques are currently being adopted and utilized in the con-
struction and processing of novel biomimetic materials
(77–83). For example, analysis of a variety of mineralizing
biosystems leads to several guiding principles that have
significant implications for biology and materials sciences.
Biomineralization occurs within specific subunit compart-
ments or microenvironments. The process produces spe-
cific minerals with defined crystal size, orientation, and or-
dered macroscopic growth. Many incremental units are
packaged together to form unique composites (76). These
complex systems are controlled by the structure and chem-
istry of the interfaces between the organic substrate, min-
eral, and medium. The presence of proteins such as osteo-
pontin and catalysts is also critical for the control of
biomineralization. Some examples of novel biomaterials
synthesized by mimicking biomineralization systems in-
clude monolayer films, self-assembled monolayer films,
self-assembled amphiphilic structures, and supramolecular
templates (76). However, low stability, lack of control over
local ordering, and inability to direct crystal growth in
three dimensions are some of the existing technological
hurdles that have yet to be overcome. One exciting area
of research attempts to utilize microorganisms as a mean
to synthesize calcium phosphate nanoparticles of a precise
size distribution (84). Nanoparticles about 50 nm in diame-
ter with a uniformed crystal size and structure were synthe-
sized on the extracellular membrane of bacteria of the Ci-
trobacter genus in the presence of calcium and phosphate
ions. The Citrobacter genus contains membrane-bound
phosphatase enzymes and has been utilized in the water
purification process through the accumulation of heavy
metal ions as cell-bound insoluble metal phosphates. The
nature of the phosphate formed depends on the type of
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ions in the culture media. In the presence of calcium and
phosphate ions in the culture medium, investigators
showed that the crystals formed at the bacteria extracellu-
lar membrane were amorphous calcium phosphates pro-
duced by membrane-bound phosphatase enzymes via simi-
lar mechanisms as those involved in the extraction of
heavy metals from water. The 50-nm particles within the
bacteria were of the composition of CaHPO4 and were pro-
duced through migration of calcium through the cell mem-
brane. The exact mechanism of the CaHPO4 transport
across the extracellular membrane remains unclear. Nano-
particles were analyzed and characterized by Fourier trans-
form infrared spectroscopy, x-ray diffraction, and scanning
and transmission electron microscopy. CaHPO4 can be fur-
ther processed to hydroxyapatite and then the bacteria rep-
resents a self-constructed soft agglomerate of the particles.
Hence, the utilization of Citrobacter provides a new ap-
proach to produce well-controlled nanoparticulates of opti-
mal characteristics that are hydroxyapatite precursor pow-
ders. The use of the natural function of microorganisms in
fabricating materials represents a unique ability of novel
material synthesis and processing systems based on bio-
mimetism.

As another example of utilizing the specificity and accu-
racy of biological systems to synthesize complex materi-
als, genes that contain the instruction for the synthesis of
desired macromolecules such as proteins and carbohy-
drates were incorporated into vectors that were utilized to
transfect candidate cells such as bacteria. The new genetic
code becomes a part of the genetic and biochemical ma-
chinery of the transfected cell. The marriage of microbiol-
ogy and biomaterial development was pioneered by Tirrell
et al. and continued in several other laboratories (29–31).
The unique structural and functional properties of biologi-
cal molecules such as proteins have been an area of intense
investigation as potential building blocks for novel bioma-
terials that contain the multistructure and multifunctional
characteristics of native biological molecules. For exam-
ple, Tirrell et al. developed a series of methods for building
proteinlike structural motifs that incorporate sequences of
biological origin (28). In one of their studies, Tirrell et al.
attached a lipophilic moiety onto the α-amine of a peptide
chain resulting in a peptide–amphiphile. The alignment of
amphiphilic compounds at the lipid–solvent interface was
employed to facilitate peptide alignment and structure ini-
tiation and propagation while the lipophilic region ad-
sorbed to hydrophobic surfaces. Peptide–amphiphiles con-
taining triple-helical or α-helical structural motifs were
synthesized and had been shown to be stable over physio-
logical temperature ranges. These triple-helical peptide–
amphiphiles were adopted to study surface modification
and cell receptor binding.

VI. SUMMARY

As illustrated by the investigations discussed, the underly-
ing basis of biomimetics is the need to better understand
the structural and functional relationship of biological sys-
tems and organizations. Hence, the field of biomimetics
represents a diverse and interdisciplinary approach to for-
mulate functional compounds and materials with enhanced
physicochemical and biological properties when compared
to these synthesized via conventional formulation method-
ologies. Furthermore, the biomimetic approach offers
unique tools that can, in time, be utilized to probe the fun-
damental questions of the complex biological systems and
mechanisms.
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Silicones for Pharmaceutical and Biomedical Applications

Haissam S. El-Zaim and John P. Heggers
University of Texas Medical Branch, Galveston, Texas

I. INTRODUCTION

Until the early 1950s, the practice of medicine had not seen
major changes for centuries. Before that time surgeons, for
example, still used sutures processed from the intestinal
walls of sheep or cows to sew wounds together. Around
the mid-20th century, Eugene Rochow invented silicone,
which proved to be one of the major inventions of the cen-
tury. Silicone has some unique chemical and physical
properties. It is inert, which implies low risk for interaction
with the cells and chemicals in the body. It sustains high
temperature, which suggests that silicone-based products
could be easily sterilized. It was these properties that in-
spired scientists and physicians to consider the use of sili-
cone for medical applications.

The first successful use of silicone in medical practice
came about in 1956. At that time Doctors F. E. Nulsen
and E. B. Spitz were cooperating with scientists from Dow
Corning to develop a tube to be used in a hydrocephalic
shunt procedure (68). In this procedure, an elastic tube is
placed in the head of a child suffering from hydrocephalus
in order to relieve the intracranial pressure caused by the
excess of cerebrospinal fluid (CSF) in the cranial cavity.
The shunt allows excess CSF to flow in one direction to
the drainage site, which can be either intravenous, intratho-
racic, or intra-abdominal. The tube had to be soft, flexible,
elastomeric, and biocompatible with the human body. All
of these requirements were met by the silicone elastomer
that was successfully used in the procedure. Since then
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thousands of hydrocephalic shunt procedures have been
performed using silicone elastomer. In other words, sili-
cone is responsible for saving the lives of thousands of
children borne with this birth defect (1 in 400–600 live
birth), as well as improving the quality of life of survivors
who otherwise would become mentally retarded. Hydro-
cephalic shunt is not the only procedure where the use of
silicone has made a major contribution. Today, all intra-
cranial indwelling tubing is made of silicone. Silicone is
now used in many other surgical and nonsurgical proce-
dures, and its use extends to a variety of medical instru-
ments and indwelling medical devices.

Before we go into the details of the different applica-
tions for silicone in medical and pharmaceutical practice,
let us briefly review the chemistry and physical properties
of silicone.

II. CHEMICAL AND PHYSICAL
PROPERTIES

Knowledge of the fundamental chemistry of the element
silicon (Si) and understanding how Si can be integrated in
biosystems are essential to understanding the role of Si in
health and how it can be responsible for disease. Just like
carbon, Si is capable of forming four bonds and is known
for its ability to polymerize and form network covalent
structures (9,134). However, unlike carbon, stable Si—Si
bonds do not usually form. Silicon dioxide (SiO2), also
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Figure 3.1 The chemical structure of polydimethylsiloxane, the
basic silicone compound used in medicine. (From Ref. 63b.)

called silica, is the most abundant mineral in the earth’s
crust and is the natural source of Si used in manufacturing
silicone.

Silicone is simply a generic term that refers to siloxane
polymers (polysiloxanes). In general, they are compounds
of the structure (R1SiR2O)n, where atoms of silicon are
linked together by oxygen in a fashion analogous to the
ether linkage of carbons by oxygen (36,89). The Si—O—
Si bond is correctly termed a siloxane bond and thus the
silicones are polysiloxanes (38,48,104,133). In polysilox-
anes, the relatively stable Si—O bond is further stabilized
by substitution of alkyl groups as the two side chain groups
pensile from the Si molecule, which were CH3 groups.
Thus, the most common core structure of medical utility
is polydimethylsiloxane (PDMS) (Fig. 1).

These highly hydrophobic compounds are chemically
stable under physiologic conditions, can be synthesized
with a variety of physical properties, and can be molded
easily. Dialkylsiloxanes are prepared by the reaction of the
dialkyldichlorosilane (generally dimethyldichlorosilane)
with water (Figs. 2 and 3). Originally this structure was

Figure 3.2 Chemical reaction depicting the formation of dimethylsiloxane from dimethyldichlorosilane in the presence of water. (From
Ref. 63b.)

Figure 3.3 Generation of silanols with terminal hydroxyl groups from dimethylsiloxane with water. (From Ref. 63b.)

Figure 3.4 Condensation of two molecules of trimethylchloro-
silane into hexamethyldisiloxane. (From Ref. 63b.)

misinterpreted as oxygen linked to Si with a double bond,
thus the term silicone. Further reaction with water yields
silanolsdimethylsiloxanes with terminal hydroxyls. Poly-
merization usually yields a mixture of silanol oligomers
with n � 3 to 9 and cyclic siloxanes.

The polysiloxanes then are ‘‘capped’’ by trimethylsi-
loxane groups, a process termed equilibration (50). This
is first accomplished by condensing two molecules of tri-
methylchlorosilane to hexamethyldisiloxane via the addi-
tion of water (Fig. 4) and then reacting hexamethyldisilox-
ane with ailanol oligomers to produce silicones (Fig. 5).
This process results in a fluid polysiloxane often termed an
‘‘oil.’’ Consequently, these compounds have widespread
industrial and consumer uses as dielectric fluids, films, and
coatings.

Polydimethylsiloxane, which has a specific gravity
lower than that of water, is the most commonly used fluid
in medical practice (133). The viscosity of the oil is a pri-
mary function of its molecular weight, but also of the abil-
ity of the molecules to slip past one another. The pensile
methyl groups of silicones have little or no influence on
this slippage. The polymerization reactions described can
also be conducted using other alkyl or aromatic side chain–
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Figure 3.5 Production of silicone in a reaction between hexamthyldisiloxane and ailanol oligomers. (From Ref. 63b.)

modified chlorosilanes such as ethylmethyldichlorosilane
or phenylmethyldichlorosilane as the feedstock and equili-
brating with the homologous end groups. These will pro-
duce polysiloxanes, with increased viscosity because of the
resistance of the more bulky pensile groups to slipping past
each other. Silicone gels produced by this procedure con-
sist of covalently crosslinked polysiloxane networks and
interpenetrating polymer networks swollen in a silicone
fluid. Commercial PDMS are not only produced as fluids
or oils and gels, but also as ‘‘gums,’’ or rubber elastomers.
The strength and elasticity of polysiloxane elastomers is a
function of the length of the polymer chain and the degree
of crosslinking. Elasticity occurs because polysiloxanes
(like other polymers) exist in highly coiled conformers.
As the material is stretched, the polymer unwinds. When
tension is released the polymer recoils. Elasticity relies on
the ability of adjacent polymer regions to slip past each
other and therefore will be influenced by the presence of
the bulky pendent groups. The physical rigidity of a silox-
ane polymer is increased by crosslinking the polymeric
chains. Highly crosslinked polymers will lose elasticity be-
cause uncoiling will be inhibited as a result of the inability
of the adjacent regions to slip past each other, but they
will not deform easily and hence are more rigid. A lightly
crosslinked polymer will deform easily but will have sig-
nificant elasticity, with the ability to return to its original
shape when stress is released.

The basic ingredient to make silicone elastomers, or si-
licone rubbers, is a clear and highly viscous PDMS with
minor amounts of other substituents, particularly vinyl
groups. Other radicals in the silicone rubber determine the
physical properties of the resultant elastomer. The most
common mechanism by which crosslinking occurs is by a
radical attack on the alkyl groups pensile from the Si initi-
ated by heat (heat vulcanization) or benzyl peroxide. The
reactive intermediates containing carbon free radicals then
combine to form the carbon–carbon covalent crosslinking
bonds. In some cases, crosslinking is facilitated by substi-
tuting vinyl groups for occasional methyl groups because
the double bond of this group is quite susceptible to free
radical attack. In order to increase its tear and tensile
strength, the prevulcanized silicone is usually mixed with
a filler. A common filler used for this purpose is the submi-
croscopic fumed silica, which has a surface area of approx-

imately 400 m2/g. By changing the amount of filler added
to a silicone elastomer, one can change its degree of hard-
ness. This same property can be modified by changing the
type of polymer used. Polydimethylsiloxane is used to pre-
pare the soft grade silicone elastomers, whereas polysilox-
ane is used to prepare medium and hard grade silicone elas-
tomers. Another type of silicone rubber is the room
temperature–vulcanizing (RTV) silicone rubber. These sil-
icones have much less tensile and tear strength than the
high temperature–vulcanized materials. Unlike the other
type of silicone elastomers, RTV silicones are provided as
intermediate components which require mixing before
their intended use (7,11).

III. BREAST AUGMENTATION IMPLANTS

Thomas Cronin and Frank Gerow, two plastic surgeons at
the University of Texas, were looking for an alternative to
the spongy breast implants commonly used for reconstruc-
tion of breasts among female patients undergoing mastec-
tomy. The problem encountered with the spongy implants
was that after a period of time they hardened and started
to look and feel less natural. Around the year 1960, the
two surgeons developed the first silicone breast implants
in collaboration with Dow Corning (28,93). This prototype
of silicone rubber sac filled with silicone gel was called a
mammary prosthesis and was later marketed by Dow
Corning after undergoing the first human trial. Soon after
Dow Corning introduced this new product to the market,
and to everybody’s surprise, the demand for mammary
prosthesis was much greater for breast augmentation pro-
cedures for cosmetic purposes (80%) rather than recon-
struction procedures following mastectomy. It was esti-
mated that by the year 1992, 1–2.5 million North
American women and 100,000–150,000 British women re-
ceived breast implants (62). During the 1960s and 1970s
Dow Corning introduced many improvements to enhance
the quality of the mammary prosthesis, which became a
multimillion dollar product. Other companies joined Dow
Corning to cash in on this rapidly growing market.

Silicone breast implants have been associated with
complications such as capsular contracture, enlargement
of lymph nodes draining the implant site, occasional rup-
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ture of the silicone gel sac, and bacterial contamination
(26). Capsular contracture, which may be triggered by
bleed of the silicone gel through the outer bag, is believed
to be due to the natural attempt by the body to engulf the
foreign material (18). The drying effect of silicone in the
surrounding soft wet tissue enhances the scar formation
and is another possible contributing factor to the formation
of the capsule. This pseudocapsule is composed of fibrous
tissue typically seen in the process of wound healing. Phys-
ical changes and alterations of the nature of the silicone
implants, as well as use of wetting agents such as provi-
done, have reduced the incidence of capsular contracture
(45).

It was not these complications but rather the possible
link of breast implants to a systemic connective tissue
disease that fueled the debate over the safety of this pro-
cedure. Several reports appeared in the literature suggest-
ing an association between breast implants and some ill-
characterized immunological disorders. Most of the reports
described cases of a poorly defined syndrome referred to
as ‘‘human adjuvant disease.’’ Some reports claimed an
association with systemic, probably autoimmune, connec-
tive tissue diseases (73,77). The first report of an associa-
tion between silicone breast implant and connective tissue
disease dates back to 1964, and the first documented cases
were those of three patients in 1982. It is estimated now
that the number of reported cases exceeds 290 patients
(62). Reported symptoms and signs include fatigue, joint
pain, bone pain, dry eyes, dry mouth, dry skin, cognitive
dysfunction, myalgia, weakness, hair loss, nail changes,
skin rashes, paresthesia, dysethesia, freckling, pigment
change, headache, dizziness, nausea, foul taste, weight
gain or weight loss, bruising, increased sensitivity to light,
fever, chills, infections, diarrhea, constipation, periodontal
disease, skin papules, muscle twitching, urinary symp-
toms, dysphagia, dysmenorrhea, blurred vision, tinnitus,
drug reactions, emotional lability, insomnia, edema, hem-
angiomas, delayed wound healing, vascular abnormalities,
partial hearing loss, reduced smell, tremor, mouth sores,
tight skin, shortness of breath, wheezing, palpitations, sei-
zures, parotid gland swelling, heat intolerance, and cancer.
The range of symptoms was very large and many of the
cases did not fulfill conventional clinical and laboratory
criteria for a particular connective tissue disease. Sclero-
derma was the most common specific diagnosis (10,15,
16,30,76,99, 100).

In 1991, an American jury found that silicone breast
implants were responsible for the plaintiffs’ symptoms of
a mixed connective tissue disease. The jury found that the
company was responsible as they misrepresented the safety
of their product. After this trial, public awareness of the

issue rose steeply and the Food and Drug Administration,
following the recommendations of two independent advi-
sory panels, requested a halt on the use of silicone breast
implants other than within clinical trials (27,94). In 1994,
while the battle between the litigants and the manufactur-
ers of the implants was raging inside the court and on the
media front, a Department of Health advisory group in
Great Britain reported that there was no evidence of an
increased risk of connective tissue disease in patients with
silicone breast implants (43). Analysis of published case
series as well as several case–control and cohort studies
suggested that the cumulative incidence of connective tis-
sue disorders among recipients of breast implants is no dif-
ferent from that expected in the general population (101).
Only one retrospective cohort study, by Hennekens et al.,
published in the Journal of the American Medical Associa-
tion in 1996, pointed to a weak association (52). The au-
thors of this study themselves concluded that an associa-
tion between silicone breast implants and increased risk of
major connective tissue disease is unlikely. Further, this
study was criticized for the lack of certain diagnostic valid-
ity with potential bias due to differential over-report-
ing.

IV. OPHTHALMOLOGY PROCEDURES
AND OPTIC DEVICES

Retinal detachment is a pathological process in which the
neuronal layers of the retina, including the layer of photo-
receptors (rods and cones), are separated from the pigment
epithelium. Melanin in the pigment epithelium, located in
the back of the neuronal retina, captures light that makes
it through the photoreceptors layer and therefore prevents
reflection of light off the sclera. In addition, the pigment
epithelium is essential for the proper metabolism of the
neuronal layer of the retina. It supplies the retina with nu-
trients and is involved in phagocytizing and clearing out
the debris generated by the constant turnover of the outer
segments of the photoreceptors containing the photopig-
ments. Retinal detachment can be caused by numerous dis-
ease conditions. Cytomegalovirus-induced retinitis is a
major cause of retinal detachment among patients with ac-
quired immunodeficiency syndrome (AIDS) (56,57). Pa-
tients with retinal detachment are at serious risk of total
blindness unless the problem is corrected. Traditionally,
retinal reapposition was achieved by suturing a sponge or
a band to the sclera to produce a ‘‘buckle’’ which closes
the hole by external tamponade. With this procedure the
retina resumes contact with the pigment epithelium. This
procedure works well in uncomplicated cases; however, in
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complex retinal detachment, which requires removal of the
preretinal membranes by vitrectomy, an external tampon-
ade must be supplemented with an internal tamponade in
order to successfully bring the retina and the pigment epi-
thelium together. Investigators felt the need for a substance
with stable surface properties at aqueous interfaces, that is
biologically inert, and is amenable to surgical procedures
to serve this purpose. Gases, such as air, sulfur, hexafluo-
ride, and perfluoropenthrane were tested and proved to be
effective in the short term. However, for longer-term main-
tenance of break closure and relief of retinal traction, a
material that is insoluble in tissue fluid seemed to be more
appropriate. Because of its long-term biotolerability and
optical clarity, silicone seemed to be the perfect substance
for this purpose. In 1962, Cibis was the first to report the
use of liquid silicone (silicone oil) as a ‘‘vitreous prosthe-
sis’’ in human eyes (23). Since then the use of silicone has
been extended to include providing temporary or perma-
nent internal tamponade, delaminating periretinal mem-
branes, manipulating the retinal edge in giant tears, closing
macular holes, and maintaining the surgeon’s view of the
back of the eye during surgery involving vascularized tis-
sue. The use of intraocular silicone is considered a major
breakthrough in the treatment of retinal detachment, which
when left untreated can lead to blindness. Complex retinal
detachments are now routinely repaired, and very few are
deemed to be inoperable. Side effects due to intraocular
silicone can be avoided or reduced by proper surgical tech-
nique. Foaming or emulsification is responsible for the
main long-term complications such as glaucoma and im-
paired vision. This can be avoided with a more complete
silicone fill (21,37,41,74,82,90,97).

In addition to the previous example, an experimental
procedure to restore accommodation in primate eyes by
refilling the lens capsule with injectable silicone com-
pounds is currently being investigated (87,88). Last but not
least, polysiloxane lenses coated with povidone are rou-
tinely used for patients after cataract surgery (58). Silicone
is also used in manufacturing soft contact lenses.

V. TREATMENT OF URINARY AND FECAL
INCONTINENCE AND GENITOURINARY
DEVICES

Until the introduction of silicone-based prosthesis, at-
tempts to replace any part of the urinary tract were plagued
by the problem of phosphatic encrustation. Whereas sili-
cone catheters may be left indwelling for 8 to 12 weeks
with minimal phosphatic deposition, latex or plastic cathe-
ters have to be replaced within 3 to 4 weeks (130).

Urinary incontinence is a common problem affecting
10–25% of women between the ages of 15 and 60 years
(64). Stress urinary incontinence, which is the involuntary
loss of urine during physical activities that increase intra-
abdominal pressure, is a common type. This condition
could result from loss of pelvic support, and hence hyper-
mobility of the vesicourethral junction (anatomic inconti-
nence) or intrinsic sphincter deficiency (type III stress in-
continence). The latter condition may be caused by
myelodysplasia, sympathetic nerve injury, and surgical in-
jury or trauma (75). Urinary incontinence may also occur
as a result of spinal cord injury or following prostatectomy
procedure in males (2,25,131).

As early as the year 1947, attempts to control urinary
incontinence by applying a constricting cuff around the
urethra via a cutaneous tunnel were reported. In 1973, Jo-
seph Kaufman described a procedure in which a silicone
balloon is implanted around the crura of the penis to con-
trol incontinence (59). Upon distention the balloon would
compress the urethra against the symphysis pubis. Follow-
ing implantation the balloon can be further enlarged by
injecting more fluid into it if necessary. That same year,
Brantley Scott and his colleagues developed an artificial
sphincter which consisted of a silicone rubber cuff, a small
pump, a balloon, and a stainless steel control assembly
(98). The cuff is surgically implanted around the neck of
the bladder, or sometimes around the bulbous urethra of
men. The balloon is positioned in the perivesical space
and, for easy access, the pump is placed under the skin
either in the scrotum in males or the labia minora in
women. The inflated cuff cuts off the flow of urine in a
manner similar to that of the natural sphincter muscle. By
squeezing the pump several times, forcing the fluid out of
the cuff and into the balloon, the patient could deflate the
cuff and allow urine to flow. Within minutes the cuff refills
automatically restoring continence. An overall success rate
of 70% for an average of 3.5 years was reported with this
device. Drawbacks of this procedure included cost and
complications, such as periurethral fibrosis, tissue erosion,
and infection.

Transurethral or periurethral injection of biomaterials
into the intrinsic sphincter was developed as a less invasive
technique for the treatment of incontinence (8). Various
forms of bioinjectable materials have been developed for
this purpose. Injection of polytetrafluoroethylene (Teflon)
paste has had relatively good results in the short term (24).
Long-term follow-up studies on patients treated with
Teflon paste injections revealed a low success rate of only
38% and the occurrence of local side effects, such as fi-
brosis in the urethra and bladder granuloma balls (17).
More recently, injection of autologous fat was tested and
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the results from this study were not impressive (6,20,95).
Collagen has a good (46–77%) long-term (2 years) success
rate and is currently the most widely used injectable (4).
The major problem encountered with collagen use is the
potential development of allergic reactions (3). Collagen,
as well as autologous fat, are absorbed rather rapidly,
which calls for repeated injections. Recently, reports on
use of silicone particles for treatment of urinary inconti-
nence appeared in the literature (61). According to these
reports, injection of polydimethylsiloxane is a simple, safe,
and effective procedure for the treatment of urinary incon-
tinence. Another possible application for this procedure is
in treating vesicoureteral reflux (61).

Soiling (fecal incontinence) is another distressing, de-
moralizing, and costly condition which may result from
various causes. Although the pathophysiologic mecha-
nisms are not fully understood, it is almost always associ-
ated with anorectal disorders that can deform the contour
of the anus and anal canal. The condition is usually cor-
rected by medical or surgical means; however, in certain
situations reconstruction of the contour deformity of the
anus is the only successful resort (86). Moderate success
with sublevatorial implantation of a silicone ring was re-
ported by Hansen in 1996 (47). Currently, perianal injec-
tion of PDMS paste is being investigated for treating
soiling.

Silicone is also used in the making of penile implants
used to treat male impotence. One model of these implants
is a solid polysiloxane component that is inserted subcuta-
neously in the penis. Another model consists of an inflat-
able silicone bag connected to a reservoir which is used
to pump fluid to the prosthesis when an erection is desired
(92).

VI. ORTHOPEDIC AND RECONSTRUCTIVE
SURGERY

Silicone prostheses play a major role in the treatment of
degenerative arthritis and rheumatoid arthritis in the hand
and wrist. Silicone devices are often used in orthopedic
surgery, especially in operations to reconstruct the hand
(45). Until the late 1950s, success rates were not impres-
sive in attempts to achieve pain-free, stable implant
arthroplasty with metacarpal cups or with soft tissue inter-
positions (8). The metal hinge implants for the metacarpo-
phalangeal joint introduced in 1959 were not well tolerated
due to bone resorption and metal corrosion (12,35). The
search for better techniques and new biocompatible ma-
terials continued until silicone rubber prostheses were in-
troduced in the late 1960s and early 1970s (13,84,85,

107,109–125). Niebauer and his colleagues introduced a
hinged silicone joint with a dacron mesh covering for in-
growth fixation. A hinge spacer originally intended to im-
prove the alignment and stability of resection and
arthroplasty was introduced by Swanson. Swanson, who
pioneered the field of silicone implant arthroplasty, intro-
duced other designs used in the treatment of arthritis in the
wrist, ulnar head, scaphoid, lunate, trapezium, and meta-
carpophalangeal and interphalangeal joints. Designs by
Swanson and Niebauer became very popular soon after
their introductions, but some of the problems encountered
were implant fracture, persistent weakness of grip and
pinch, and increasing deformity. This led to careful recon-
sideration of both prosthesis designs and materials. Today,
prostheses based on those original designs continue to be
widely used in arthroplasty. Another use for silicone in
hand orthopedic surgery is in tendon transplantation (19).
In this procedure, Hunter’s Silastic rods are used to form
a tunnel composed of a thin pseudocapsule in which tendon
transplants are inserted later on. The purpose of this tunnel
is to prevent the adhesion of the transplanted tendon to the
adjacent structures in the hand, which allows for the glid-
ing function of the tendon. Silicone is also used in recon-
structing the wrist using silicone joint prostheses or bone
prostheses made of silicone. Silicone can also be used to
reconstruct larger joints such as the elbow (71,111,117–
125). This may involve replacement of the head of the ulna
with silicone components. However, reconstruction of
large joints and long bones may require additional rein-
forcement.

The three major complications following silicone im-
plant arthroplasty are fracture, subluxation, and synovitis.
Fracture commonly occurs in the wrist and metacarpopha-
langeal implants, whereas subluxation occurs mainly with
the carpal implants (63). Silicone synovitis is an inflam-
matory response to small particulate debris of 10–100 µm
in diameter (5). This phenomenon is more commonly seen
in association with high performance (HP) silicone elasto-
mer than with the conventional silicone elastomer (125).
Small particles shed from HP elastomer implants are in-
gested by phagocytes which fail to clear these foreign par-
ticles away. Frustrated macrophages release proinflamma-
tory cytokines and attract more immune cells. This results
in a chronic inflammatory response characterized by the
presence of lymphocytes, eosinophils, and giant multinu-
cleated epithelial cells (42). In very few cases, silicone
lymphadenopathy has been reported following silicone im-
plant arthroplasty (22).

In addition to hand orthopedic surgery, silicone is com-
monly used in maxillofacial reconstructive surgery. Sili-
cone products are used to reconstruct the mandible, to aug-
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ment the chin of patients with microgenia and to
reconstruct the missing ear of patients with microtia
(45,69).

VII. LARYNGEAL, TRACHEAL, AND
ESOPHAGEAL PROSTHESES

A variety of devices used in the upper respiratory and di-
gestive system are made of silicone. The silicone Safe-T-
Tube is designed to maintain adequate tracheal airway and
to provide support in the stenotic trachea. It can be kept
in place for many years, if necessary. It is commonly used
in cases with acute tracheal injuries, a need to support a
reconstructed trachea or reconstituted trachea, as well as
many other procedures (78). In cases such as obstructive
sleep apnea, bilateral vocal cord paralysis, laryngeal carci-
noma with glottic insufficiency, and neurological disorders
with intermittent laryngeal insufficiency, a silicone device
called the Tracheal Cannula System is usually used (79).
By diverting the saliva into the distal esophagus, a silicone-
made salivary bypass tube greatly reduces the healing time
in cases with cervical esophageal and hypopharyngeal
strictures and fistulas resulting from a variety of causes
including malignancy, surgery, irradiation, trauma, and
caustic indigestion (80). Esophageal tube is used to bridge
the gap between the pharyngostome and esophagostome
following laryngoesophagectomy and reconstructive sur-
gery of the cervical esophagus (78,80,126,127). Silicone
laryngeal stent can be used alone or in combination with
the Safe-T-Tube to prevent and treat laryngeal stenosis,
when the glottic stenosis involves the midglottis, posterior
glottis, supraglottis, and subglottis (80). Laryngeal keel, an
umbrella-shaped silicone prosthesis, is used to prevent and
treat anterior laryngeal stenosis limited to the anterior com-
missure of the vocal cords (80). Silicone esophageal stents
are used as a palliative therapy for tracheoesophageal fis-
tula, a life-threatening late complication of carcinoma of
the esophagus and lung (83,108). This procedure prevents
food and gastric refluxate from entering the respiratory
tract and restores the ability to swallow so proper nutrition
intake can be maintained (54). Without treatment, most of
these patients succumb to respiratory problems and die in
a matter of few months (31,60).

Since the first laryngectomy was performed in 1866,
several methods to restore speech have been attempted
(1,44). This required an alternative vibratory source to re-
place the larynx in the reconstructed pharyngoesophageal
region. This goal can be achieved by means of an artificial
larynx that has an electric pharyngeal speech vibrator
which can be externally applied to the neck. However, of

all the speech restoration methods, the method of shunt
esophageal speech by means of silicone tracheoesophageal
valve prosthesis have the most consistently high success
rate (102,132).

The major risks associated with the silicone devices are
bacterial and fungal infections (55,72). The risk of infec-
tion can be greatly reduced by proper surgical techniques
and by patient education on how to properly use, maintain,
and clean their prostheses. Also, early intervention to dis-
infect or replace a contaminated device has been very effi-
cient in preventing major complications.

VIII. CARDIOVASCULAR PROCEDURES
AND DEVICES

With the advent of extracorporeal circulation in 1954 and
the introduction of heart–lung machine by Gibbon (40),
direct open treatment of valvular diseases became possible.
Deformed, calcified valves could not be completely fixed
by conservative procedures such as valvuloplasties and
calcium debridement. Such procedures represented a major
challenge to the cardiac surgeon (34). Early attempts to
use artificial valves were not very successful in the long
run due to the loss of flexibility of the material and to in-
growth of tissue (14). Charles Hufnagel was the first to
implant a valvular prosthesis (46,53). His design consisted
of a caged Lucite ball valve which he used to treat aortic
insufficiency. Hufnagel’s attempt set the stage for other
investigators to develop more biocompatible and safer
prostheses (33,49,106). Today, there are numerous heart
valves available from different manufacturers and many of
them consist of or contain silicone (34). Valvular endocar-
ditis is the most dreaded complication of valve replace-
ment (32). The source of bacteria in early nosocomial in-
fection is believed to be patients themselves or their
environment. Staphylococci and gram-negative bacilli are
the leading cause of prosthetic valve infections (103).
When the patient presents with symptoms of acute septice-
mia secondary to valvular endocarditis, death may ensue
within few days. The best approach to treat early valvular
endocarditis is the institution of appropriate antibiotics fol-
lowed by surgery (70). The prognosis for late valvular en-
docardtitis is less severe and may be responsive to antibiot-
ics alone.

The idea of externally stimulating the heart with an
electric current was first conceived in 1952 by Paul Zoll
(135). The first method of pacing was described in 1958
by Furman and Robinson (39). According to their method
a catheter electrode with a metal guide wire was inserted
into the right ventricle through a peripheral vein. The pace-
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maker itself was kept external to the body. Today, the
transvenous approach is the most commonly applied pro-
cedure (91). In this method, a permanent pacemaker is im-
planted near the site where the electrode enters the cephalic
vein just beneath the clavicle. In a pacemaker the only
metal exposed to the body fluids is the tip of the electrode
in contact with the heart muscle and the ground plate; all
other parts are insulated with silicone rubber. Complica-
tions related to pacing leads include lead fracture, throm-
bosis and embolism, infection, lead failure, migration of
epicardial leads, malposition, dislodgment, myocardial
penetration and perforation, electrode corrosion, insulation
failure, exit block, and silicone-induced endocarditis (128).

Other important silicone cardiovascular devices include
silicone-coated tubing for extracorporeal circulation. Such
tubing is important in open-heart surgery. The lower reac-
tivity of silicone with blood reduces the thrombogenic ef-
fect of the polyethylene tubing during cardiopulmonary
bypass, therefore making the use of silicones most advan-
tageous in these circumstances. Catheters for intra-arterial
and intravenous lines are encased in or coated with silicone
to minimize thrombogenic activity. The silicone mem-
brane in the artificial lining device allows the transport of
oxygen and carbon dioxide (45). Silicone antifoams are
essential in cardiopulmonary bypass procedures. They are
used in bubble oxygenators to prevent gas bubble emboli
(38).

IX. SILICONE FLUID LUBRICANTS

Silicone fluid lubricants facilitated the development of dis-
posable hypodermic syringes and needles. In 1950, Darling
and Spencer reported that silicone lubricant is chemically
stable and withstands autoclave sterilization, and they rec-
ommended its use for lubrication of hypodermic syringes
(29). Today, silicone remains an effective lubricant with
both sterilization and time. Being chemically nonreactive
and compatible with injectables, it is widely used in manu-
facturing disposable hypodermic needles and syringes.

X. MISCELLANEOUS DEVICES

Silicone is used in manufacturing dental impression mate-
rials, anti–gastric reflux devices, implantable drug-binding
matrices for drug-release capsules such as implantable
contraceptives, and peritoneal venous shunts. Silicone tub-
ing is used routinely in kidney dialysis. Silicone net dress-
ing is used on skin-grafted sites, and silicone cream occlu-

sive dressing is used in the treatment of hypertrophic scars
and keloid. Silicone is also used in manufacturing a variety
of many other useful devices (65).
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I. INTRODUCTION

Over the past decade the use of polymeric materials for
the administration of pharmaceuticals and as biomedical
devices has increased dramatically. The most important
biomedical applications of biodegradable polymers are in
the areas of controlled drug delivery systems (1–4) and in
the form of implants and devices for fracture repairs (5,6),
ligament reconstruction (7), surgical dressings (8), dental
repairs, artificial heart valves, contact lenses, cardiac pace-
makers, vascular grafts (9), tracheal replacements (10), and
organ regeneration (11). The purpose of this chapter is to
review the chemistry, properties, and formulation proce-
dures of the different biodegradable polymers actually
available and to describe some of their release kinetics,
safety, and biocompatibility considerations.

II. BIODEGRADABLE POLYMERS

A. Polyesters

1. Lactide and Glycolide Copolymers

Linear polyesters of lactide and glycolide have been used
for more than three decades for a variety of medical appli-
cations (5–8,12–14). Extensive research has been devoted
to the use of these polymers as carriers for controlled drug
delivery of a wide range of bioactive agents for human
and animal use (15). They have been used for the delivery
of steroids (16,17), anticancer agents (18), peptides and
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proteins (19), antibiotics (20), anesthetics (21,22), and
vaccines (23). Injectable formulations containing micro-
spheres of lactide/glicolide polymers have received the
most attention in recent years.

a. Synthesis

Linear lactide- and glycolide-based polymers are most
commonly synthesized by ring-opening melt polymeriza-
tion of lactide and glycolide at 140–180°C for 2–10 h us-
ing a catalyst (24,25). When polymerization temperature
is less than the melting point of polymer (�175°C), crys-
tallization of the polymerizing polymer occurs, resulting
in solid-state polymerization as with poly(glycolide) (PG).
Solid-state polymerization has been found useful for very
high molecular weight polymers, around 1000 kD (26).
The polymerization reaction was studied and several
mechanisms were proposed including cationic (27–30),
anionic (31–34), and coordination–insertion (35,36). The
common polymerization catalysts are tin derivatives such
as tin octoate or tin hexanoate. A hypothetical mechanism
of the ring-opening polymerization of lactide using a tin
catalyst was suggested by Kissel et al. (Scheme 1) (37).

In this mechanism, Lewis acid character of the tin cata-
lyst activates the ester carbonyl group in the dilactone (a,
in Scheme 1). The activated species reacts with the alcohol
initiator to form an unstable intermediate, which opens to
the ester alcohol (b, in Scheme 1). The propagation reac-
tion proceeds by tin catalyst activation of another dilactone
carbonyl group and reaction with the hydroxyl end group.
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Scheme 1 Hypothetical mechanism of ring-opening polymer-
ization using tin octoate as catalyst. (From Ref. 37).

Ring-opening rate for cyclic lactone can be increased by
activation of a Zn- or Sn-based catalyst with carbonyl es-
ter. Stannous octoate S″[CO2CH(″Bu)(Et)2]2 is commonly
used because it has FDA approval as a food stabilizer (38).
Alternatively, resorbable Fe(II) salts have been utilized as
initiators for lactide polymerization above 150°C (39).
Zinc powder and CaH2 have also been evaluated as poten-
tial nontoxic catalysts for copolymerization of poly(lactic
acid) (PLA) with poly(ethylene oxide) (PEG) (40). Lauryl
alcohol is generally added to control the molecular weight
of the polymer (24,25). Polymers with a molecular weight
as high as 500,000 can be obtained by the melt process
when high purity monomers (�99.9%) are used (37).
Since Sn(OCT)2

� promoted polymerizations are hardly
controlled, a variety of organometallic derivatives, particu-
larly metal alkoxides, are continuously tested as initiators
in the polymerization of lactides (41,42). The aluminum
alkoxide initiators are the most versatile and readily avail-
able. Both monoalkoxides (R2-AlOR′) and trialkoxides
(Al(OR)3) were applied by several groups (43,44). By us-
ing only one form of the trialkoxide isopropyloxide (Al(O-
iPr)3), namely, its trimer, a perfect control of polymeriza-
tion can be achieved.

Polymerization of L,L- and (L,L � D,D)-LA initiated
with Al(O-iPr)3 is claimed to be the first example of fully
controlled synthesis of high molecular weight PLA (45).
The aluminum trialkoxide–growing species belong to the
most selective ones, in comparison with other metal (e.g.,
K, Sm, La, Fe, Sn, Ti) alkoxides.

Low molecular weight poly(lactic acid) (�3000 kD)
can be synthesized by direct polycondensation of lactic or
glycolic acid using phosphoric acid, p-toluene sulfonic
acid, and antimony trifluoride as acid catalysts (46).

An interesting method of polymerization of α-hydroxy
acids was offered by Tighe and coworkers (47–49), which
did not receive much attention. In this method, the anhy-
drosulfite (I) and the anhydrocarboxylate (II) cyclic deriva-
tives of α-hydroxy acids are polymerized in refluxing diox-
ane or nitrobenzene for 18–52 h with alcohol catalysis
(Scheme 2).

The polymerization was preceded by thermal decompo-
sition of (I) to give the sulfur dioxide and α-lactone (III).
The α-lactone polymerizes by ring-opening polymeriza-
tion using an alcohol catalysis to give exclusively poly(α-
hydroxyalkanoic acid). The formation of (III) was rate con-
trolling, and the subsequent polymerization was so rapid
that sulfur dioxide and polymer were formed simulta-
neously. Pure polymers in �80% yield and molecular
weights of MN � 20,000 were reported (49).

Scheme 2 Polymerization of α-hydroxy acids using anhydro-
sulfite cyclic derivatives of α-hydroxy acids.
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Branched lactide polymers prepared from the polymer-
ization of lactide and pentaerithritol as branching agent
were reported. These branched polymers are degraded in
a monophasic character, and their degradation is in general
faster than for the linear polymers (50). Various polyol
molecules were used to prepare a range of branched struc-
tures with different properties (37,51).

Copolymers of LA/GA 55:45 branched with 0.2–1
wt% of small polyols like manitol, cyclodextrine, penta-
erithritol, and xylitol had a weight average molecular
weight of 15,000 to 46,000. The copolymers branched with
1 wt% of poly(vinyl alcohol) of 3,000 to 72,000 molecular
weight range resulted in a tenfold increase in molecular
weight of 182,000 to 676,000, respectively. Star poly(eth-
ylene oxide)-polylactide copolymers in a spherical form
were obtained from the block copolymerization of lactic
acid on the end groups of three or four arm poly(ethylene
oxide) molecules (51).

Blends of low and high molecular weight poly(DL-
lactide) were studied as carriers for drugs. As expected,
the addition of low molecular weight polymer accelerated
the release of drug from the blend formulation (52).

Different interactions are known to be involved in com-
plex formation between two polymer molecules. It was
found that PLA complex was formed in a solution of both
enantiomers in chloroform. The reaction proceeds very
slowly at room temperature (53). First, gel formation was
noticed which turned into a precipitate only after about 30
days. For high molecular weight PLA the reaction takes
even longer, up to 1 year. A quicker procedure was found
by precipitating D-PLA and L-PLA together. This can be
achieved by pouring a solution of D- and L-PLA in dichlo-
romethane into a nonsolvent like methanol or ether. When
a film is casted from a solution of low molecular weight
isotactic PLA enantiomers in dichloromethane or chloro-
form, preferably stereocomplex crystals are formed. With
PLA of higher molecular weight, less stereocomplex for-
mation was noticed. An easy procedure to obtain the ste-
reocomplex both for low and for height molecular weight
PLA consists of heating a mixture of both enantiomers at
60°C in acetonitrile. Poly(lactic acid) was soluble in aceto-
nitrile only at elevated temperatures (from 52°C upwards).
Within several hours the solution became turbid and a pre-
cipitate was obtained after 3 days. It is suggested that com-
plex formation takes place during precipitation from a sol-
vent. Neither L-PLA or D-PLA gives a reaction on its own
in various solvents under similar conditions (54,55). Dif-
ferential scanning calorimetry (DSC) shows a shift of the
melting temperature of about 50°C (from Tm � 180°C for
D- or L-PLA, MW � 100,000, to Tm � 230°C for PLA
stereocomplex of similar molecular weight) (54–56).

Scanning electron microscope (SEM) images revealed
the formation of particles whose shape was influenced by

the initial concentration of polymer. In concentrations
up to 10 mg/mL discs were formed either with or without
cavity in the middle (shape of a red blood cell). Polymers
of higher molecular weight formed spheres consisting of
a fiberlike structure. If polymer was used of 150,000 or
higher molecular weight, a three-dimensional network
could be noticed in which the previously mentioned
spheres were absorbed (55).

The PLA stereocomplex appears to be soluble in dichlo-
romethane or hexafluoroisopropanol (HFIP). By casting a
low-concentrated solution on mica crystals PLA stereo-
complexes were obtained. As opposed to isotactic PLA
several reports indicate the formation of triangle-shaped
crystals. There is a difference in opinion as to whether the
PLA stereocomplexes consist of 31-helixes (β-form) or
103-helixes (α-form). Brizollara et al. predicted 31-helix on
the basis of computer calculations. The D- and L-helixes
are intertwined forming ‘‘double strand’’ helices, which
are packed in a hexagonal cell forming triangle-shaped
crystals (57). On the other hand x-ray data suggested no
change in the 103-helical conformation. ‘‘Frustration’’ of
the packing of the L- and D-helixes was suggested to cause
the triangular shape (58). According to the latter view, the
helices are not intertwined, as was also suggested in earlier
reports for stereocomplexes of other polymers (59,60). Re-
cently it has been reported that both conformations exist
in the PLA stereocomplex: 103-helix with a minimum of
11 units and 31-helices with a minimum of 7 monomers
since only two helical turns are needed for complexation
reaction (61). Also, stereocomplexes of PLA containing
PEG have been synthesized and characterized by means
of DSC and various microscopic techniques (62).

b. Polymer Properties

Polyesters based on poly(lactic acid), poly(glycolic acid),
and poly(lactic-co-glycolic acid) are found as the best bio-
material with regard to design and performance. Among
them, lactic acid contains an asymmetric α-carbon atom
with three different isomers as D-, L-, and DL-lactic acid.
The physiochemical properties of optically active homo-
polymers poly(D-lactic acid) (PDLA) and poly(L-lactic
acid) (PLLA) are the same, whereas the racimic PLA
has very different characteristics (63). Racimic PLA and
PLLA have Tg of 57 and 56°C, respectively, but PLLA is
highly crystalline with a Tm of 170°C, and racemic PLA
is purely amorphous. The polymer characteristics are af-
fected by the comonomer composition, the polymer archi-
tecture, and molecular weight. The crystallinity of the
polymer is an important factor in polymer biodegradation
and varies with the stereoregularity of the polymer. Steril-
ization using γ-irradiation decreases the polymer molecular
weight by 30 to 40% (64). The irradiated polymers con-
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tinue to decrease in molecular weight during storage at
room temperature. This decline in molecular weight affects
the mechanical properties and the release rate from the
polymers. Poly(lactic acid) and its copolymers with less
than 50% glycolic acid content are soluble in common sol-
vents such as chlorinated hydrocarbons, tetrahydrofuran,
and ethyl acetate. Poly(glycolic acid) is insoluble in
common solvents, but soluble in hexafluoroisopropanol
and hexafluoroacetone sesquihydrate (HFASH). In its
highly crystalline form, PGA has a very high tensile
strength (10,000–20,000 psi) and modulus of elasticity
(�1,000,000 psi) (65).

The solubility parameters of several polymers were de-
termined by Siemann (66). The solubility parameters were
in the range of 16.2 and 16.8, which is comparable to those
of polystyrene and polyisoprene (67).

A comparison study on the physicomechanical proper-
ties of several biodegradable polyesters was reported (68).
The thermal properties, tensile properties, and the flexural
storage modulus as a function of temperature were deter-
mined. The following polymers were compared: poly(L-
lactic acid), poly(DL-lactic acid), poly(glycolic acid),
poly(e-caprolactone), poly(hydroxybutirate) and copoly-
mers with hydroxyvaleric acid, and poly(trimethylene car-
bonate). The thermal and mechanical properties of several
of the polymers tested are summarized in Table 1 (68).
A comprehensive review on the mechanical properties of
several biodegradable materials used in orthopedic devices

Table 4.1 Thermal and Mechanical Properties of Biodegradable Polyestersa

Tensile Tensile Elongation
strength modulus

Polymer MW Tg (°C) Tm (°C) (MPa) (MPa) Yield (%) Break (%)

Poly(lactic acid)
L-PLA 50,000 54 170 28 1,200 3.7 6.0
L-PLA 100,000 58 159 50 2,700 2.6 3.3
L-PLA 300,000 59 178 48 3,000 1.8 2.0
DL-PLA 107,000 51 — 29 1,900 4.0 5.0

Poly(glycolic acid)
PGA 50,000 35 210 NA NA NA NA

Poly(β-hydroxybutyrate)
PHB 370,000 1 171 36 2,500 2.2 2.5
P(HB-11%HV) 529,000 2 145 20 1,100 5.5 17

Poly(η-caprolactone)
PCL 44,000 �62 57 16 400 7.0 80

Poly(trimethylene carbonate)
PTC 48,000 �15 — 0.5 3 20 160

Poly(orthoesters)
t-CDM:1,6-HD 35:65 99,000 55 — 20 820 4.1 220
t-CDM:1,6-HD 70:30 101,000 84 — 19 800 4.1 180

Source: Ref. 68.

has been published (69). The tensile and flexural strength
and modulus, as well as the biodegradation of various
lactide/glycolide polymers, polyorthoester, and polycapro-
lactone have been summarized in a tabular or diagram
format.

c. Biodegradation

Lewis (70), Gopferich (71), Holland et al. (72), and Tracy
(73) reviewed the biodegradation behavior of lactide/
glycolide polymers. The molecular weight and polydisper-
sity as well as the crystallinity and morphology of the poly-
mers are important factors in polymer biodegradation.

The factors that may affect the polylactide degradation
include chemical and configurational structure, molecular
weight and distribution, fabrication conditions, site of im-
plantation, physical factors, and degradation conditions
(74,75). The degradation of semicrystalline polymers pro-
ceeds in two phases: in the first phase the amorphous re-
gions are hydrolyzed, and then the crystalline regions in
the second. The polymers degraded by bulk hydrolysis of
the ester bonds, which resulted in a decrease in molecular
weight with no weight loss.

A comprehensive investigation on the hydrolysis of lac-
tide polymers was described recently by Vert et al. (76).
In these studies, a standardized set of experiments was de-
signed. All specimens (2 � 10 � 15 mm) were prepared
in a similar way and allowed to hydrolyze at 37°C in dis-
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tilled water or isotonic phosphate buffer. The changes
in the polymer during hydrolysis were monitored by
weighing for water uptake and weight loss, gel permeation
chromatography (GPC) for molecular weight change, and
DSC and x-ray scattering for thermal properties and crys-
tallinity change, potentiometry and enzymatic assays for
pH change and lactic acid release, and dynamic mechanical
tests for changes in mechanical properties (76). The poly-
mer, semicrystalline PLA lost about 50% of its mechanical
strength after 18 weeks in buffer, with no weight loss until
about 30 weeks of hydrolysis. The degradation of branched
PLA was characterized as bulk erosion, like the linear
polymers (37).

Vert et al. (77) demonstrated the complexicity of PLA,
PGA, and PLGA degradation, and suggested that size de-
pendency exists for hydrolytic degradation of PLA sys-
tems. Other research efforts suggest that PLA-derived mi-
croparticles will degrade faster than nanoparticles derived
from PLA (78,79) and that this phenomenon is based on
a diffusion mechanism.

The biodegradation of branched PLA with glucose or
macromolecular polyol in rats is determined by weight loss
(37). In vitro degradation was essentially the same, indicat-
ing minimal involvement of enzymatic degradation. The
branched materials degraded much faster than the refer-
ence linear PLA. On the contrary, the linear PLA had a
higher water uptake than the branched polymers. For ex-
ample, after 36 weeks the linear PLA contained about 21
wt% water, while the corresponding branched PLA con-
tained only 2%. No adequate explanation was given for
this phenomenon.

The degradation of several aliphatic polyesters in the
form of microspheres in phosphate buffer solution at 37
and 85°C was reported (80). Lower molecular weight poly-
mers degraded faster than higher molecular weight poly-
mers. Degradation at 85°C resulted in a similar degradation
profile, but faster. The biodegradation of low molecular
weight PLA used in tablets for oral delivery of drugs was
also studied (81).

d. Other Copolymers of Lactic Acid

Low molecular weight homopolymers of D,L-mandelic
acid (MA) and its copolymers with lactic acid were re-
ported (82,83).

The polymers were prepared by direct condensation of
mandelic acid and lactic acid at 200°C under vacuum. The
copolymers containing 15 to 100% MA were amorphous,
and the degradation rate decreased with the increase in MA
content with no degradation observed for the MA homo-
polymer after 15 weeks in buffer at 37°C.

Low molecular weight α-hydroxy acid copolymers
composed of 70 mole% L-lactic acid and 30 mole% DL-
hydroxy acids of the structure

were synthesized by direct polycondensation in the ab-
sence of catalysts (82,84). The polymers had a molecular
weight of 5000 and Tg in the range of 20 to 37°C. These
polymers were evaluated in vivo for their capabilities as
biodegradable carriers for drug delivery systems. Small
cylinders (2 � 10 mm) implanted subcutaneously in rats
were 60 to 90% degraded in 15 weeks postimplantation.
The copolymer L-LA/DL-HBA degraded the least with
a lag time of no weight loss for 5 weeks. Polymer cylin-
ders containing luteinizing hormone releasing hormone
(LHRH) agonist were implanted in rats and released the
drug for 15 weeks, with poly(L-LA/DL-HICA) being the
most pharmacologically effective.

2. Polycaprolactones

The successful use of lactide and glycolide polymers in
absorbable drug delivery systems and medical devices and
absorbable sutures encouraged the evaluation of other
polyesters for this purpose. The most studied polymers in
this category are the polycaprolactones, polyhydroxybuty-
rates, and polymers of other α-hydroxy acids. These poly-
mers were developed originally as synthetic plastics to be
degraded by microorganisms in the environment (85,86).

a. Synthesis

Poly(ε-caprolactone) (PCL) has been synthesized from the
anionic, cationic, and coordination polymerization of ε-
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caprolactone. The synthesis of polycaprolactones has been
recently reviewed (87,88). A schematic description of cap-
rolactone polymerization using these three types of initia-
tors is shown in Scheme 3 (87).

Various initiators and polymerization conditions were
reported for each type of catalyst. Effective anionic reac-
tion systems are tertiary amines, alkali metal alkoxides,
and carboxylates in tetrahydrofuran, toluene, and benzene
(89). The anionic method of polymerization is most use-
ful for the synthesis of low molecular weight hydroxy-
terminated oligomers and polymers (90).

Known cationic catalysts in organic synthesis affect
cationic polymerization and include protic acids, Lewis
acids, acylating agents, and alkylating agents. The follow-
ing agents, FeCl3, BF3, Et2O, alkyl sulfonate, and trimethyl-
silyl triflate, have been used in 1,2-dichloroethane at 50°C
to yield polymers with a molecular weight range of 15,000
to 50,000. High molecular weight homopolymers and ran-
dom copolymers with lactides and other lactones were ob-
tained using coordination catalysts such as di-n-butyl zinc,
stannous octoate, and alkoxides and halids of Al, Sn, Mg,
and Ti. Polymerization occurs at 120°C under argon to
yield polymers with a narrow molecular weight distribu-
tion (MW/MN � 1.1) and molecular weights above 50,000
(91,92). Polycaprolactone was also obtained from the radi-
cal polymerization of 2-methylene-1,3-dioxepane (93).

In contrast to random copolymers, block and graft
multicomponent systems are most often multiphase mate-
rials with properties that are different from the homopoly-
mers or random copolymers (94). They are useful in im-
proving the phase morphology, the interfacial adhesion
and, accordingly, the ultimate mechanical properties of im-
miscible polymer blends. As an example, block copoly-

Scheme 3 Polymerization of ε-caprolactone using (A) anionic,
(B) cationic, and (C) coordination catalysts.

merization of ε-caprolactone (CL) and lactides (LA)
allows the permeability of the PCL to be combined with
the rapid biodegradation of PLA (95).

Block copolymers of CL and LA were synthesized by
ring-opening polymerization of lactides (D,L and L,L) and
ε-caprolactone using aluminum isopropoxide as initiator
(96). Block copolymerization of CL and LA was also re-
ported by Feng and Song using bimetallic (Al, Zn µ-oxo
alkoxides) initiators (97,98). Because of the difference in
reactivity, the sequential polymerization of these two mo-
nomers can only be achieved when CL is first polymerized
followed by the lactide (99). Formation of large amounts
of homo-PLA is observed and has been attributed to the
increase in the mean degree in association of aluminum
alkoxide in toluene from one to three in the presence of
CL and LA, respectively. The homopolymer formation can
be prevented by the addition of a small amount of an alco-
hol, like 2-propanol, or the use of Al derivative that bears
only one alkoxide group (99).

Degradable block copolymers with polyethylene glycol,
diglycolide, substituted caprolactones, and λ-valerolactone
were also reviewed (87).

b. Polymer Properties

Polycaprolactone is soluble in chlorinated and aromatic
hydrocarbons, cyclohexanone, and 2-nitropropane, and it
is insoluble in aliphatic hydrocarbons, diethyl ether, and
alcohols. The homopolymer melts at 59–64°C with a Tg

of �60°C. Copolymerization with lactide increases the Tg

with the increase in the lactide content in the polymer
(100). The crystallinity of the polymer decreases with the
increase in polymer molecular weight; polymer of 5000
is 80% crystalline, whereas the 60,000 polymer is 45%
crystalline (101).

c. Biodegradation

The biodegradation of PCL has been extensively studied
in the past 30 years and several reviews are available
(87,102). Like the lactide polymers, PCL and its copoly-
mers degrade both in vitro and in vivo by bulk hydrolysis
(101), with the degradation rate affected by the size and
shape of the device and additives.

The kinetic equivalency of the degradation of PCL in
buffer and in rabbit was demonstrated by measuring the
polymer intrinsic viscosity for 60 weeks (87). The poly-
mers degrade in two phases. In the first phase a random
hydrolytic chain scission occurs, which results in a reduc-
tion of the polymer molecular weight. In the second phase
the low molecular fragments and the small polymer parti-
cles are carried away from the site of implantation by solu-
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bilization in the body fluids or by phagocytosis, which
results in a weight loss. Complete degradation and elimina-
tion of PCL homopolymers may last for 2 to 4 years. The
degradation rate is significantly increased by copolymer-
ization or blending with lactide and glycolide. The rate of
degradation can be increased also by the addition of oleic
acid or tertiary amines to the polymer, which catalyzes the
chain hydrolysis (103,104).

3. Poly(β-hydroxybutyrate)

a. Synthesis

Poly(β-hydroxybutyrate) (PHB) is made by a controlled
bacterial fermentation. The producing organism occurs
naturally. An optically active copolymer of 3-hydroxybu-
tyrate (3HB) and 3-hydroxyvalerate (3HV) has been pro-
duced from propionic acid or pentanoic acid by Alcali-
genes eutrophus (105):

The copolymer compositions (0 to 95 mole% 3HV con-
tent) can be controlled by the composition of the carbon
sources. Random copolymers of 3HB and 4HV were pro-
duced from 4-hydroxybutyric acid and butyric acids by Al-
caligenes eutrophus (106,107):

b. Properties and Biodegradation.

The polymers are characterized as having a high molecular
weight (�100,000, [n] � 3 dL/g) with a narrow polydis-
persity and a crystallinity of around 50%. The melting
point depends on the polymer composition; P(3HB) homo-
polymer melts at 177°C with a Tg at 9°C, the 91:9 copoly-
mer with 4HB melts at 159°C, and the 1:1 copolymer with
3HV melts at 91°C. The PHB properties in the living cells
of Alcaligenes eutrophus were determined using x-ray and
variable-temperature 13C NMR relaxation studies (108).
Polyhydroxybutyrate is an amorphous elastomer with a Tg

around �40°C in its ‘‘native’’ state within the granules.
The biodegradation of these polymers in soil and activated
sludge show the rate of degradation to be in the following
order: P(3HB-co-9% 4HB) � P(3HB) � P(3HB-co-50%
3HV).

The hydrolytic degradation of HB polymers was studied
(109). Microspheres degraded slowly in phosphate buf-
fer at 85°C, and after 5 months 20 to 40% of the poly-
mer eroded under these conditions. Copolymers having a
higher fraction of 3HV and low molecular weight poly-
mers were more susceptible to hydrolysis.

4. Polycarbonates

Poly(ethylene carbonate) and poly(propylene carbonate)
have been tested as biodegradable carriers for the delivery
of 5-fluorouracil (5-FU) (110). They are linear thermoplas-
tic polyesters of carbonic acid with aliphatic dihydroxy
compounds.

a. Synthesis

The polymers are synthesized from the reaction of dihy-
droxy compounds with phosgene or with bischlorofor-
mates of aliphatic dihydroxy compounds by transesterifi-
cation and by polymerization of cyclic carbonates:

These polymers have been synthesized from carbon diox-
ide and the corresponding epoxides in the presence of or-
ganometallic compounds as initiators (111).

b. Biodegradation

Since the carbonate linkage may be labile to hydrolysis,
the biodegradability of polycarbonates has been stud-
ied (110,111). Pellets of poly(ethylene carbonate) and
poly(propylene carbonate) were implanted into the perito-
neal cavity of rats, and the toxicity and weight loss of poly-
mer pellets were determined. Poly(ethylene carbonate) was
completely eliminated 15 days postimplantation, while
poly(propylene carbonate) remained intact after 60 days.
When pellets of the polymers were incubated in phosphate
buffer pH 7.4 and 37°C, both polymers did not degrade
even after 40 days. These data indicate that poly(ethylene
carbonate) was degraded by enzymes. No visible inflam-
matory reaction was noted at the implantation sites. In vitro
release of 5-FU from poly(ethylene carbonate) pellets con-
taining 20% 5-FU was poor, 20% of the drug was released
in 2 h, and only an additional 15% of 5-FU were released
during the following 60 days. Better release profiles were
obtained when poly(propylene carbonate) was used.

Copolymers of aliphatic carbonates and lactide showed
excellent biocompatibility and mechanical properties.
Block copolymers of trimethylene carbonate (TMC) and
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lactide were synthesized from the reaction of the mono-
mers with stannous octoate as catalyst at 160°C for 16 h:

The polymers were soluble in common organic solvents
and had a weight average molecular weight of 90,000.
They completely degraded in vivo in 1 year (112).

5. Other Polyesters

Poly(dihydropyrans) were developed for contraceptive de-
livery. The in vivo and in vitro release of contraceptive
steroids and antimalarial agents from polymer matrices has
been studied (113).

Poly(p-dioxanone) is clinically used as an alternative to
poly(lactide) in absorbable sutures with similar properties
to poly(lactide) with the advantage of better irradiation sta-
bility during sterilization (114):

This polymer has not yet been developed as a carrier for
controlled drug delivery.

Biodegradable polymers derived from naturally occur-
ring, multifunctional hydroxy acids and amino acid have
been investigated by Lenz and Guerin (115). The mono-
mers, malic acid, and aspartic acid were polymerized into
a polyester or polyamide using a ring-opening polymeriza-
tion process as follows:

The molecular weights of the polymers were highly de-
pendent on the purity of the cyclic monomers. Polymers
of 50,000 were obtained in 93% polymerization yield when
very pure monomers were used. Both polymers are water
soluble; however, crystallinity and controlled number of

acid groups in the polymer chains can be used to alter wa-
ter swellability and solubility of the polymers. Biocompati-
bility evaluation in mice indicated that poly (β-malic acid)
is nontoxic (115).

A series of polyesters, poly(propylene fumarate) (PPF),
based on the reaction product of fumaric acid (116,117),
and tartaric acid (118,119) with different aliphatic diols
have also been evaluated as drug carriers. Poly(propylene
fumarate) with acrylate and epoxide terminal groups was
produced by Domb et al. (120). The polymers were cross-
linked in a ratio of 30 wt% PPF to 70 wt% calcium carbon-
ate–tricalcium phosphate mixture and were synthesized by
a direct melt condensation of the acids with the diols with
acid catalysis.

B. Poly(amides)

1. Synthesis and Biodegradation

The utilization of amide-based polymers, especially natu-
ral proteins, in the preparation of biodegradable matrices
has been extensively investigated in recent years (121).
Microcapsules and microspheres of crosslinked collagen,
gelatin, and albumin have been used for drug delivery
(122). The synthetic ability to manipulate amino acid se-
quences has seen its maturity over the last two decades,
with new techniques and strategies continually being intro-
duced. Poly(amides) such as poly(glutamic acid) and poly-
(lysine) and their copolymers with various amino acids
have also been studied as drug carriers (123,124). Re-
cently, Nathan and Kohn (125) have excellently reviewed
the history of amino acid–derived polymers.

Pseudopoly(amino acids), a new approach for biomate-
rials based on amino acids, were first suggested by Kohn
and Langer (126,127), who prepared a polyester from N-
protected trans-4-hydroxy-L-proline, and poly(iminocar-
bonate) from tyrosine dipeptide as monomeric starting ma-
terial. The structures of poly(N-acylhydroxyproline esters)
and a homologous series of tyrosine-derived polymers is
described in Scheme 4 (121).

The properties, biodegradability, drug release, and bio-
compatibility of this class of polymers have been reviewed
(121,122). Biodegradable polyamides for use in controlled
delivery of drugs were obtained from the reaction of 2,2′-
bis[5(4HO-oxazolones] and alkane diamines (128). Drug
release time from these polymers was short, less then 24 h.

Copolymers of glutamic acid and ethylglutamate were
used for the delivery of naltrexone (129). The poly-
mers were synthesized in three steps: (1) synthesis of N-
carboxyanhydrides of γ-benzyl-L-glutamate and γ-ethyl-
L-glutamate; (2) polyamidation of the benzyl blocked
monomers; and, (3) debenzylation of the intermediate.
Poly(amino acids) are generally hydrophilic, and their deg-
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Scheme 4 Molecular structure of pseudopoly(amino acids).
(A) Poly(N-acylhydroxyproline esters); (B) Tyrosine-derived
polyiminocarbonate, poly(CTTE), x � 1; poly(CTH), x � 4;
poly(CTTP), x � 15.

radation rates are dependent upon hydrophilicity of the
amino acids.

The degradation rate increases as the glutamic acid con-
tent increases. For example, copolymer containing 13
mole% glutamic acid remained intact for more than 79
days, while the 40% copolymer disintegrated in 7 days.
Tubular capsules of 18:82 glutamic acid/ethylglutamate
copolymer were used as a reservoir implant. The copoly-
mer was biocompatible and completely degraded in 90
days. The degradation process involves hydrolysis of the
ethyl esters followed by hydrolysis of the peptide bonds
to produce glutamic acid, which enters the metabolic cycle.
Amino acids are attractive due to their functionality by
which they provide a polymer. Recently, poly(lactic acid-
co-lysine) (PLAL) was synthesized using a stannous oc-
toate catalyst from lactide and a lysine-containing mono-
mer analogous to lactide (130). Inclusion of the amino acid
lysine provides an amino group that allows for further
modification of the PLAL system. In a recent report, Cook
and coworkers (131) have successfully attached a peptide
sequence which promotes cell adhesion to PLAL. The use
of N-carboxyanhydride–activated amino acids was the first
efficient method for production of amino acid homopoly-
mers. In a further study, they have exploited the PLAL
system by the reaction with lysine N-carboxyanhydride de-
rivatives to increase the system’s functionality with a poly-
(lysine) graft. Poly(lactic acid-co-lysine) has been formu-
lated into microspheres that exhibit deep lung delivery
from porous particles (132).

Copolymers of n-hydroxyalkyl-L-glutamine and γ-
methyl-L-glutamate were synthesized from the reaction of
poly(γ-methyl-L-glutamate) and 2-amino-1-ethanol or 5-
amino-1-pentanol as follows (133):

The in vitro enzymatic degradation using pronase E as
protease showed that these polymers degrade from the sur-
face, and the polymers were completely dissolved in from
several hours to several days as a function of polymer
structure and enzyme concentration. Negligible weight
loss was detected without the enzyme.

Random copolymers of the α-amino acids N-(3-hydro-
xypropyl)-L-glutamine and L-leucine were synthesized
and used as carriers for naltrexone (134). Naltrexone was
covalently bound through the 3-phenolic or the 14-tertiary
hydroxyls to the polymer hydroxyl side chains via a car-
bonate bond. Naltrexone was released from the polymer
in a relatively constant way for 30 days, in both in vitro
and in vivo experiments in rats (134). Tyrosine-derived
poly(carbonates) are readily processible polymers that sup-
port the growth and attachment of the cells and have also
shown a high degree of tissue biocompatibility (135,136).
In vitro degradation of these compounds occurs due to hy-
drolysis of the pandent ester bonds and the imino–carbon-
ate bonds of the backbone (136). Degradation goes over a
period of months and rates are comparable to the degrada-
tion time of poly(L-lactic acid).

C. Poly(phosphate Esters)

Poly(phosphoester) has been studied as a potential biode-
gradable matrix for drug delivery (137,138). The polymers
were synthesized from the reaction of ethyl or phenyl phos-
phorodichloridates and various dialcohols including bis-
phenol A and poly(ethylene glycol) of various molecular
weights:

Interfacial condensation using a phase transfer catalyst
and bisphenol A as comonomer yielded polymers with a
weight average molecular weight around 36,000. Leong et
al. have incorporated phosphoester groups into poly(ure-
thanes) (139). Poly(urethanes) have been used as blood
contacting biomaterials due to having a broad range of
physical properties that can be obtained, from hard and
brittle to soft and tacky. Leong et al. designed inert bioma-
terial for controlled release applications by introducing
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Scheme 5 Synthesis of poly(phosphoester-urethanes).

phosphoester linkage in poly(urethane). Introduction of
phosphoester linkage does not change the mechanical
properties inherent in the poly(urethanes) and provides an
excellent biodegradable material.

Poly(phosphoester-urethanes) are obtained by the reac-
tion of polydiols and di-isocyanates with phosphates as
chain extenders as shown in Scheme 5.

Phosphoester bonds are readily cleaved under physio-
logical conditions, and hydrolysis of poly(phosphoester-
urethanes) leads to phosphates, alcohols, amines, and car-
bon dioxide, which makes it an excellent biomaterial for
drug delivery applications. Leong et al. observed that the
release kinetics of poly(phosphoester-urethanes) were in-
fluenced by the side chains attached via the phosphoester
of the polymer backbone and thus pentavalency of the
phosphorus contributes a site for future functionalization
(140). The release mechanism was dependent combinedly
on diffusion, swelling, and degradation of polymer.

The polymers based on bisphenol A release drug for a
long period of time; 8 to 20% cortisone was released after
75 days in buffer solution. The degradation rate depends
on the nature of the polymer side chain; polymers with
phenyl side chains degrade much slower than those con-
taining ethyl or ethoxyethyl side chains (138). The in vivo
degradation of these polymers in rabbits was faster than
in vitro.

D. Polyphosphazenes

The uniqueness of the polyphosphazenes stems from the
inorganic backbone (N C P), which with certain organic
side groups can be hydrolyzed to phosphate and ammonia.
Several polymer structures have been used as matrix carri-
ers for drugs (141,142) or as a hydrolyzable polymeric
drug, where the drug is covalently bound to the polymer
backbone and released from the polymer by hydrolysis
(143). A comprehensive review on the synthesis, charac-

terization, and medical applications of polyphosphazenes
was published by Allcock (144).

1. Synthesis and Biodegradation

The polymers are most commonly synthesized by a substi-
tution reaction of the reactive poly(dichlorophosphazene)
with a wide range of reactive nucleophiles such as amines,
alkoxides, and organometallic molecules (Scheme 6). The
reaction is carried out in general at room temperature in
tetrahydrofuran or aromatic hydrocarbone solutions. Poly-
mers containing mixed substituent can be obtained from
the sequential or simultaneous reaction with several nu-
cleophiles (Scheme 6) (145).

The properties of the polymers depend on the nature of
the side groups. Hydrolytically degradable polyphospha-
zene was obtained when amino acid and imidazole de-
rivatives were used as substituents (142,146). The first
bioerodible polymer was the ethylglycinato derivative
(R C NHCH2COOEt), which hydrolytically degrades to
ethanol, glycine, phosphate, and ammonia (146). In vitro
degradation studies on poly(phosphazenes) with different
amino acid derivatives show that it takes several months to
degrade the material depending on the amino acid present
(147). Allcock et al. (148,149) synthesized three differ-
ent poly[(amino acid ester)phosphazenes]: poly[di(ethyl-
glycinato)phosphazene], poly[di(ethylalanato)phophazene],
and poly[di(benzylalano)phosphazene]. According to the
order of polymers, they show a tendency to decrease the
molecular weight and mass loss with release of small mole-
cules. The release of small molecules occurred through dif-
fusion and decomposition of polymer.

Biodegradable poly(phosphazenes) that are insoluble in
water prior to hydrolysis have been employed in the tem-
poral controlled release of many drug classes including
nonsteroidal anti-inflammatory agents and peptides (150–
153). Amino acid ester–substituted polyphosphazenes
have been used for controlled release of the covalently

Scheme 6 Synthesis and hydrolysis of polyphospazenes.
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bonded anti-inflammatory agent naproxen. Steroids having
a hydroxyl group were bound to the polymer chain through
the hydroxyl group (154).

Poly(organophosphazenes) have been synthesized that
possess amino acid side groups. The mechanical properties
and rates of degradation have been controlled by appro-
priate selection of amino acid side chain groups (155). The
versatility of these polymers has been demonstrated by the
formation of 200-nm diameter poly(organophosphazene)
nanoparticles that present covalently coupled poly(ethyl-
ene glycol) at their surface (156).

Imidazolyl-substituted polyphosphazenes are hydrolyti-
cally unstable and hydrolyze in room moisture (142). The
rate of hydrolysis can be slowed by the incorporation of
hydrophobic side groups such as phenoxy or methylphe-
noxy groups (141). The in vivo and in vitro release of
progesterone and bovine serum albumin (BSA) from
imidazole, 4-methylphenoxy–substituted polyphospha-
zene matrices were reported (141). Almost 90% of the
loaded progesterone was released in 30 days with about
60% released in 8 days when placed in phosphate buffer
pH 7.4 at 37°C. An in vivo release study in rats using radio-
labelled progesterone demonstrated a zero-order release
for 30 days. Various hydrophilic and hydrophobic poly-
mers, hydrogels, water-soluble polymers, bioactive poly-
mers, and various drug–polyphosphazene conjugates have
been reviewed (144).

A number of approaches have been proposed to gener-
ate crosslinked polyphosphazene for temporal controlled
release. Andianov and coworkers have synthesized poly
[bis(carboxylatophenoxy)-phosphazene] crosslinked with
Ca2� ions for an ionically stabilized system (157). This
polymer allowed drug molecules to be encapsulated into
poly(phosphazene) microspheres under mild environmen-
tal conditions. Recently, pH-sensitive hydrogels have been
synthesized by the formation of poly(phosphazenes) with
oxybenzoate and methoxyethoxy side group. Swelling at
different pH values was controlled by varying the ratios
of the two side groups (158).

E. Poly(orthoesters)

Poly(orthoesters) were invented during the pursuit of de-
veloping a bioerodible polymer, subdermally implantable,
that would release contraceptive steroids by close to zero-
order kinetics for at least 6 months (159). An additional
objective was that the polymer erosion and drug release
should be concomitant so that no polymer remnants are
present in the tissue after all the drug has been released.
These objectives could only be met if the polymer were
truly surface eroding. For a surface-eroding polymer, the
erosion process at the surface of the polymer should be

much faster than in the interior of the device. To exhibit
such a phenomenon, the polymer has to be extremely hy-
drophobic with very labile linkages. Hence, it was envi-
sioned that polymeric devices with an orthoester linkage
in the backbone, which is an acid-sensitive linkage, could
provide a surface-eroding polymer if the interior of the ma-
trix is buffered with basic salts.

1. Synthesis

The first poly(orthoesters) were reported in a series of pat-
ents by Choi and Heller (160–163), assigned to Alza Cor-
poration. These proprietary polymers were first designated
as Chronomer and later as Alzamer. They were prepared
by a transesterification reaction, as follows (164):

The general synthesis involved the heating of the reaction
mixture to 110 to 115°C for about 1.5 to 2 h and then
further heated at 180°C and 0.01 torr for 24 h. The synthe-
sis of such polymers, with a minimal amount of cross-
linkage, requires an orthoester starting material in which
one alkoxy group has a greatly reduced reactivity. This can
be achieved by using a cyclic structure as shown in the
reaction.

Hydrolysis of these polymers regenerates the diol and
v-butyrolactone (165). The γ-butyrolactone rapidly hydro-
lyzes to -hydroxybutyric acid. The production of -hydroxy-
butyric acid would further catalyze the breakdown of
orthoester linkages leading to bulk erosion of the matrix.
Thus it was decided to incorporate basic salts into the poly-
mer matrix to neutralize the generated acid and keep the
hydrolysis process under control. These Alzamer materials
were investigated as bioerodible implants for the release
of naltrexone and contraceptive steroids. Human clinical
trials of the steroidal implant revealed local tissue irri-
tation, and thus further work was discontinued (166).
Recently the use of these polymers for the release of
indomethacin in the prevention of reossification of experi-
mental bone defects was reported (167).

Subsequently, another family of poly(orthoesters) was
developed not related to Alzamer (168). These polymers
are prepared by the addition of polyols to diketene acetals.
The general reaction can be schematically represented as
follows:
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Initial work was conducted with the monomer, diketene
acetal, derived form pentaerythritol, and 1,6-hexanediol.
The reaction is exothermic and proceeds to completion vir-
tually instantaneously. The reaction is as follows:

where R � H, for 3,9-bis(methylene 2,4,8,10-tetra ox-
aspiro [5,5] undecane). The diols investigated were 1,6-
hexanediol trans-1,4-cyclohexane dimethanol, 1,6-cyclo-
hexanediol, ethylene glycol, and biophenol A.

2. Polymer Properties

The molecular weight of poly(orthoesters) were signifi-
cantly dependent on the type of diol and catalyst used for
synthesis. A linear, flexible diol like 1,6-hexanediol gave
molecular weights greater than 200 K, whereas bisphenol
A in the presence of catalyst gave molecular weight only
around 10,000 (169).

Mechanical properties of the linear poly(orthesters) can
be varied over a large range by selecting various composi-
tions of diols. It was shown that the glass transition temper-
ature of the polymer prepared from DETOSU can be varied
from 25 to 110°C by simply changing the amount of 1,6-
hexanediol in trans-1,4-cyclohexane dimethanol from 100
to 0% (170). There seems to be a linearly decreasing rela-
tionship between the Tg and percentage of 1,6-hexanediol.
One could take advantage of this relationship in selecting
the polymer for in vivo applications because in vivo the
Tg of the polymer would drop due to inbibition of water.
This can result in the loss of stiffness and rigidity of the
polymer.

3. Crosslinked Poly(orthoesters)

To prepare a crosslinked polymer, there should be at least
one monomer which has a functionality greater than 2. In
case of poly(orthoesters), it is possible for a ketene acetal
or an alcohol to have a functionality greater than 2. Due
to the difficulty in preparing trifunctional ketene acetals,
triols were used to prepare the crosslinked polymer.

Scheme 7 Synthesis of crosslinked polyorthoesters.

The general method used for the synthesis of cross-
linked polymers was by reacting prepolymer with the triols
or a mixture of diols and triols (Scheme 7) (171).

The prepolymer is an acetal with a diol and is a viscous
liquid at room temperature. Thus, the compound of interest
could be incorporated into the prepolymer along with the
triol, and the mixture can be crosslinked at temperatures as
low as 40°C. This can be a good method for incorporating
thermolabile drugs. However, one should be cautious with
using compounds with hydroxyl functionality.

In a series of experiments, Heller et al. (172) have re-
ported the family of poly(orthoesters) which can be pre-
pared by reacting a triol with two vicinal hydroxyl groups
and one removed by at least three methylene groups with
an alkyl orthoacetate as shown:

The use of flexible triols such as 1,2,6-hexanetriol pro-
duces highly flexible polymers that have ointmentlike
properties even at relatively high molecular weights. How-
ever, properties such as viscosity, and hydrophobicity can
be readily varied by controlling molecular weight and the
size of the alkyl group R′. This polymer has an oint-
mentlike consistency at room temperature and is applicable
where sensitive therapeutic agents such as proteins are in-
corporated into the polymer without use of solvent.

In another experiment, Heller et al. replaced the flexible
triol to a rigid one such as 1,1,4-cyclohexanetrimethanol
to obtain a solid poly(orthoester), as shown:
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4. Polymer Hydrolysis

The primary mechanism for the degradation of poly
(orthoesters) is via hydrolysis. Depending on the reactants
used during the synthesis of the polymer, the hydrolysis
products are diol, or a mixture of diols, and pentaerythritol
dipropronate or diacetate if 3,9-bis(methylene-2,4,8,10-tet-
raoxaspiro [5,5]undecane) was used (144). The pentaeryth-
ritol esters hydrolyze at a slower rate to pentaerythritol and
the corresponding acetic or propionic acid. The sequence
of reaction is as follows:

The difference in the sensitivity of the hydrolysis of
orthoester linkages in an acid versus alkaline medium has
been used to advantage in designing the orthoester-based
delivery systems. Incorporating acid anhydrides into the
matrix to accelerate the rate of hydrolysis uses this prefer-
ential sensitivity. While, on the other hand, a base is used
to stabilize the interior of the matrix.

Acid-catalyzed hydrolysis of these polymers can be
controlled by introducing acidic and basic excipients into
the matrices. Rate of hydrolysis can be increased by the
addition of acidic excipients, e.g., suberic acid, as demon-
strated by the zero-order release of 5-fluorouracil over a
15-day period (173). Alternatively, basic excipients stabi-
lize the bulk of the matrix but diffuse out of the surface
region. This approach has been used in the temporal con-
trolled release of tetracycline over a period of weeks in the
treatment of periodontal disease (174). Ng et al. described
the synthesis of self-catalyzed poly(orthoesters) that con-
tain glycolide sequences and can be degraded hydrolyti-
cally without excipient catalysis (175).

Wuthrich et al. (176) proposed the hydrolysis of poly
(orthoesters) derived from 1,2,6-hexanetriol as follows:

This initial hydrolysis is proceeded at a slow rate to pro-
duce a carboxylic acid and a triol, thus no autocatalysis is
observed.

5. Polymer Processing

The orthoester linkage is inherently unstable in the pres-
ence of water. However, because of the polymer’s highly
hydrophobic nature, they can be stored without careful ex-
clusion of moisture.

Even though the polymer is relatively stable in trace
amounts of moisture, it is unstable to heat and undergoes
disproportionation to an alcohol and ketene acetal. The
combination of moisture and heat can be fatal for the pro-
cessing of poly(orthoesters), which are designed to erode
within days (177). Thus, if injection molding is necessary
to fabricate the device, then moisture must be rigorously
excluded during fabrication. One should also consider the
interaction between the incorporated anhydride as cata-
lysts, the polymer, and the drug during the thermal pro-
cessing.

In one of the studies it was shown that phthalic anhy-
dride reacted with the free hydroxyl end groups of the
polymers. Using high-performance liquid chromatography
and infrared spectroscopy the formation of half phthalate
esters of 1,6-hexanediol and trans-cyclohexane dimethanol
was confirmed (178). The reaction led to the decrease in
concentration of phthalic anhydride, leading to increased
time for erosion of the matrix. The preferred method for
fabricating the devices would be under low thermal and
shear stresses (179). This would include solution mixing
or powder blending followed by compression molding of
the devices.

F. Polyanhydrides

A large number of biodegradable polymers have been in-
vestigated as carriers in the design of controlled drug deliv-
ery systems. It has been generally recognized that the
matrix should undergo heterogeneous degradation to max-
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imize the control over release process. In the early 1980s,
Rosen et al. (180) envisioned the use of hydrophobic poly-
anhydrides in designing the surface-eroding matrix for ap-
plications in controlled drug delivery. However, the inven-
tion and development of polyanhydrides dates as far back
as the early 1900s.

In 1909, Bucher and Slade (181) reported the develop-
ment of aromatic polyanhydrides composed of isophthalic
acid and terephthalic acid. Subsequently, Hill and Caroth-
ers (182,183) reported a series of aliphatic polyanhydrides.
Systematic development of polyanhydrides as substitutes
for polyesters in textile applications was undertaken ini-
tially by Conix (184,185) and then followed by Yoda and
Miyake (186,187). They prepared and studied a number of
aromatic and heterocyclic polyanhydrides. These polymers
were not suitable for textile applications because of the
extreme reactivity of anhydride linkage toward water. The
fact that they are extremely hydrophobic and hydrolyti-
cally unstable renders them useful in drug delivery applica-
tions (187–189).

a. Synthesis

Melt polycondensation. The majority of the polyan-
hydrides are prepared by melt polycondensation. The se-
quence of reaction involves first the conversion of a dicar-
boxylic acid monomer into a prepolymer consisting of a
mixed anhydride of the diacid with acetic anhydride. This
is achieved by simply refluxing the diacid monomer with
acetic anhydride for a specified length of time. The poly-
mer is obtained subsequently by heating the prepolymer
under vacuo to eliminate the acetic anhydride (190):

This procedure was used by most of the early investigators.
The polyanhydride thus obtained was of low molecular
weight. For most practical applications high molecular
weight polyanhydrides are desirable. Hence, a systematic
study was undertaken to determine the factors that affected
the polymer molecular weight (191). It was found that the
critical factors were monomer purity, reaction time and

temperature, and an efficient system to remove the byprod-
uct, acetic anhydride. The highest molecular weight poly-
mers were obtained using pure isolated prepolymers and
heating them at 180°C for 90 min with a vacuum of 10�4

mmHg, using a dry ice/acetone trap. Molecular weights in
excess of 125,000 were obtained.

Significantly higher molecular weights were obtained
in shorter times by using coordination catalysts such as
cadmium acetate, earth metal oxides, and ZnEt2⋅H2O (159).
The weight average molecular weight varied from 90,000
to 240,000 when the concentration of cadmium acetate was
changed from 0.5 to 3 mole%, with the reaction time of
less than 1 h. Other catalysts, such as titanium and iron,
inhibited the polymerization reaction and the polymers
were dark brown in color. Acidic catalysts, such as p-tolu-
ene sulfonic acid, did not show any effect on polymer mo-
lecular weight, while the basic catalyst 4-dimethyl amino
pyridine caused a decrease in molecular weight.

Solution polymerization. Syntheses of polyanhydrides
using melt polycondensation is useful to obtain high mo-
lecular weight polymers but is not useful if the monomers
are thermolabile. Hence, methods were developed to syn-
thesize polyanhydrides under ambient conditions for heat-
sensitive monomers such as dipeptides and therapeutically
active diacids.

The solution polymerization is carried out by the Scot-
ten–Baumann technique. In this method the solution of di-
acid chloride is added dropwise into an ice-cooled solution
of a dicarboxylic acid. The reaction is facilitated by using
an acid acceptor such as triethylamine. Polymerization
takes place instantly on contact of the monomers and is
essentially complete within 1 h. The solvents employed
can be a single solvent or a mixture of solvents like dichlo-
romethane, chloroform, benzene, and ethyl ether. It was
found that the order of addition is very important in ob-
taining relatively high molecular weight polyanhydrides.
Addition of a diacid solution dropwise to the diacid chlo-
ride solution consistently produced high molecular weight
polymers (192):

The drawback of this homogeneous Schotten–Bau-
mann condensation reaction in solution is that the diacid
chloride monomer should be of very high purity. An alter-
native approach was the conversion of dicarboxylic acid
monomer into the polyanhydride using a dehydrative cou-
pling agent under ambient conditions. The dehydrative
coupling agent, N′N-bis[2-oxo-3-oxazolidinyl]phosphonic
chloride was the most effective in forming polyanhydrides
with the degree of polymerization around 20 (193). It is
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essential that the catalyst be ground into fine particles be-
fore use and should be freshly prepared. A disadvantage
of this method is that the final product contains polymer-
ization byproducts which have to be removed by washing
with protic solvents such as methanol or cold dilute hydro-
chloric acid. The washing by protic solvents may evoke
some hydrolysis of the polymer.

Coupling agents such as phosgene and diphosgene
could also be used for the polyanhydride formation. Poly-
merization of sebacic acid using either phosgene or diphos-
gene as coupling agents with the amine based hetero-
geneous acid acceptor poly(4-vinyl pyridine) produced
higher molecular weights in comparison to nonamine het-
erogeneous base K2CO3 (194).

Ring-opening polymerization. Ring-opening poly-
merization (ROP) takes place in two steps; the first step
is preparation of the cyclic monomer and the second is
polymerization of the cyclic monomers. Albertsson and
coworkers prepared adipic acid polyanhydride from cyclic
adipic anhydride (Oxepane-2,7-dione) using cationic [e.g.,
AlCl3 and BF3⋅(C2H5)2O] anionic (e.g., CH3COO�K� and
NaH) and coordination-type inhibitors such as stannous-
2-ethylhexanoate and dibutyltinoxide (195–197).

b. Polymer Properties

Almost all polyanhydrides show some degree of crystallin-
ity as manifested by their crystalline melting points. An in
depth x-ray diffraction analysis was conducted with the ho-
mopolymers of sebacic acid (SA); bis(carboxyphenoxy)
propane (CPP); bis(carboxyphenoxy)hexane (CPH) and
fumaric acid; and the copolymers of SA with CPP, CPH,
and fumaric acid. The results indicated that the homopoly-
mers were highly crystalline and the crystallinity of the
copolymers was determined, in most cases, by the mono-
mer of highest concentration. Copolymers with a composi-
tion close to 1:1 were essentially amorphous (198).

The melting point, as determined by differential scan-
ning calorimetry, of aromatic polyanhydrides are much
higher than the aliphatic polyanhydrides. The melting
point of the aliphatic aromatic copolyanhydrides is propor-
tional to the aromatic content. For this type of copolymer
there is characteristically a minimum Tm between 5 to 20
mole% of the lower melting component (191).

The majority of polyanhydrides dissolves in solvents
such as dichloromethane and chloroform. However, the ar-
omatic polyanhydrides display much lower solubility than
the aliphatic polyanhydrides. In an attempt to improve the
solubility and decrease the Tm, copolymers of two different
aromatic monomers were prepared. These copolymers dis-
played a substantial decrease in Tm and an increase in solu-

bility compared to the corresponding homopolymers of ar-
omatic diacids (199).

The data on mechanical properties of polyanhydrides
are very limited. The fibers of poly[1,2-bis(p-carboxyphe-
noxy) ethane anhydride] showed a tensile strength of 40
kg/mm2 with an elongation of 17.2% and a Young’s mod-
ulus of 505 kg/mm2. A systematic study on the tensile
strength of the copolymers of CPP and SA showed that
increasing the CPP content in the copolymer or the mo-
lecular weight of the copolymer increased the tensile
strength (177). Unsaturated polyanhydrides of the structure
[E(OOCECHCCHECO)xE(OOCERECO)y]n were
developed to improve the mechanical properties of the
polymers. The advantage of the unsaturated polyanhy-
drides is that they can undergo secondary polymerization
of the double bonds to create a crosslinked matrix (200)

c. Polymer Hydrolysis

Anhydride linkage is extremely susceptible to hydrolysis
in presence of moisture to generate the dicarboxylic acids
(201). Hydrolysis of monomeric anhydrides is catalyzed
by both acid and base, the hydrolytic degradation rate of
polyanhydrides increases with increase in pH. It is believed
that the poor solubility of the oligomeric products, under
low pH conditions, formed at the surface of the matrix im-
pedes the degradation of the core. In general, the hy-
drophobic polymers such as P(CPP) and P(CPH) display
constant erosion kinetics. The degradation rates of the
polyanhydrides can be altered in a number of ways. The
degradation rates can be enchanced by incorporating the
aliphatic monomer, such as sebacic acid, into the polymer.
The degradation can be slowed by increasing the methy-
lene groups into the backbone of the polymer. For exam-
ple, in the case of the poly[bis(p-carboxyphenoxy)alkane]
series, increasing the methylene groups from one to six
increased the hydrophobicity of the polymer, and the ero-
sion rates underwent a decrease of three orders of magni-
tude.

To achieve a variety of degradation rates, aliphatic aro-
matic homopolyanhydrides of the structure E(OOCE

C6H4EO(CH2)xECOE)n were prepared with x varying
from 1 to 10. Increasing the value of x decreases the ero-
sion rates (202). Increased erosion rates were also observed
when poly(sebacic acid) was branched with either 1,3,5-
tricarboxylic acid or low molecular weight poly(acrylic
acid) (203).

Apart from the reactivity of anhydride linkage toward
water, aliphatic polyanhydrides and their copolymers are
found to undergo self-depolymerization under anhydrous
conditions in the solid state and in solution (204). The de-
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polymerization reaction mainly affects the high molecular
weight fraction of the polymer. Aromatic homopolymers
show no sign of depolymerization when stored under anhy-
drous conditions. The depolymerization rate is found to
follow a first-order kinetics, accelerate with temperature,
and increase with polarity of the solvent (204). The depoly-
merized polymer can be repolymerized to yield the original
polymer, suggesting that inter- or intramolecular anhydride
interchange takes place during depolymerization.

d. Polymer Processing

Drug-incorporated matrices can be formulated either by
compression or injection molding. The polymer and drug
can be ground in a Micro Mill grinder, sieved into a parti-
cle size range of 90–120 µm and can be pressed into circu-
lar discs using a Carver press. Alternatively, the drug can
be mixed into the molten polymer to form small chips of
drug–polymer conjugate. These chips are fed into the in-
jection molder to mold the drug–polymer matrix into the
desired shaped device. One must consider the thermal sta-
bility of the polymer and potential chemical interaction be-
tween drug and polymer at the high temperatures of injec-
tion molding.

The preferred method of drug delivery, in many in-
stances, is by injection. This requires the development of
microcapsules or microspheres of the drug. Several differ-
ent techniques have been developed for the preparation of
microspheres from polyanhydrides, including hot-melt
microencapsulation (205) and solvent removal technique
(206).

e. Other Polyanhydrides

In addition to the previously discussed aliphatic aromatic
and the copolyanhydrides of the respective diacids, several
other modifications of the backbone of the polyanhydrides
have been reported. These new polyanhydrides were devel-
oped to improve their physicochemical, mechanical, ther-
mal, and hydrolytic properties.

One of these new polyanhydrides is polyanhydride-
imides, also referred to as copolyimides (207). They
showed good thermal resistance but were essentially insol-
uble in most organic solvents (208). In an attempt to im-
prove the solubility in more polar solvents, polyanhydrides
were synthesized using imide-diacids containing aliphatic
aromatic characteristics. A systemic study was reported in
which the starting monomers, imide-diacids, were pre-
pared from aromatic acid anhydrides and x-amino acids.
Varying the number of methylenic units in the α-amino
acids provided the variability in the aliphatic character of
the aromatic aliphatic monomer.

A typical example of such an aromatic aliphatic mono-
mer is the one obtained by the reaction of trimellitic anhy-
dride with glycine:

For the synthesis of polyanhydride, the aliphatic aro-
matic diacid is first converted to the diacetyl derivative
by refluxing the diacid in the presence of excess acetic
anhydride. The diacetyl derivative is polymerized either by
melt polycondensation or in solution. The polyanhydride-
imides thus obtained are very soluble in polar organic sol-
vents. However, they showed melt transitions at tempera-
tures of 245°C and above (209). Along with that, insuffi-
cient data are available on the hydrolytic stability of these
materials rendering them questionable materials as a car-
rier in drug delivery systems.

On similar lines, another research group has developed
polyanhydrides containing amido groups. The polyanhy-
drides thus synthesized were of relatively low molecular
weight, low melting points, and a glass transition higher
than the room temperature (210). The same group also de-
veloped polyanhydrides containing ester groups (211).
These polymers are in the early stages of development and
have not been characterized with respect to their suitability
in drug delivery systems.

Another class of polyanhydrides are based on natural
fatty acids. The dimers of oleic acid and eurucic acid are
liquid oils containing two carboxylic acids available for
anhydride polymerization. The homopolymers are viscous
liquids. Copolymerization with increasing amounts of se-
bacic acid forms solid polymers with increasing melting
points as a function of SA content. The polymers are solu-
ble in chlorinated hydrocarbones, tetrahydrofuran, 2-buta-
none, and acetone (212).

Polyanhydrides synthesized from nonlinear hydropho-
bic fatty acid esters based on ricinoleic, maleic, and sebacic
acid possessed desired physicochemical properties such as
low melting point, hydrophobicity, and flexibility to the
polymer formed in addition to biocompatibility and biode-
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gradability. The polymers were synthesized by melt con-
densation to yield film-forming polymers with molecular
weights exceeding 100,000 (213).

The properties of polyanhydrides were modified by the
incorporation on long chain fatty acid terminals such as
stearic acid in the polymer composition, which alters its
hydrophobicity and decreases its degradation rate (214).
Since natural fatty acids are monofunctional, they would
act as polymerization chain terminators and control the
molecular weight. A detailed analysis of the polymeriza-
tion reaction shows that up to about 10 mole% content of
stearic acid, the final product is essentially a stearic acid–
terminated polymer. Whereas higher amounts of acetyl
stearate in the reaction mixture resulted in the formation
of increasing amounts of stearic anhydride byproduct with
minimal effect on the polymer molecular weight, which
remains in the range of 5000. Physical mixtures of polyan-
hydrides with triglycerides and fatty acids or alcohols did
not form uniform blends.

III. BIOCOMPATIBILITY AND TOXICITY

In all the potential uses of polymeric material, a direct con-
tact between the polymer and biological tissues is evident.
Therefore, for the eventual human application of these bio-
medical implants and devices, an adequate testing for
safety and biocompatibility of the specific polymer matrix
used in each case is essential.

Whenever a synthetic polymer material is to be utilized
in vivo, the possible tissue–implant interactions must be
taken into consideration. In the case of biodegradable ma-
trices, not only the possible toxicity of the polymer have
to be evaluated, but also the potential toxicity of its degra-
dation products.

The last section of this chapter reviews existing data
about the biocompatibility and toxicity of the different
polymers actually available for biomedical applications.

A. Polyesters

1. Lactide/Glycolide Copolymers

Biocompatibility of monomer is considered as the founda-
tion for biocompatibility of degradable polymer systems,
not the polymer itself. Thus, PLLA is found as an excellent
biomaterial and safe for in vivo use because its degradation
product L-lactic acid is a natural metabolite of the body.
Even though PLGA is extensively used and represents the
gold standard of degradable polymers, increased local
acidity due to its degradation can lead to irritation at the
site of polymer implant. Agrawal and Athanasiou have in-
troduced a technique in which basic salts are used to con-
trol the pH in local environment of PLGA implant (215).
The feasibility of lactide/glycolide polymers as excipients
for the controlled release of bioactive agents is well
proven, and they are the most widely investigated biode-
gradable polymers for drug delivery.

Most of the research work on the use of lactide/
glycolide polymers as matrices for delivery systems has
focused on the development of injectable microsphere for-
mulations, although implantable rod and pellet devices are
also being investigated.

The lactide/glycolide copolymers have been subjected
to extensive animal and human trials without any signifi-
cant harmful side effects (211). No evidence of inflamma-
tory response, irritation, or other adverse effects have been
reported upon implantation of lactide/glycolide polymer
devices. However some limited incompatibility of certain
macromolecules with lactide/glycolide was observed.

Lam and coworkers (216,217) studied the particles of
PLA with particles of polytetrafluoroethylene (PTFE) as
control. They injected intraperitoneally in mice as well as
in rats. After up to 7 days, cells were harvested from the
abdominal cavity. Microscopic examinations of cell mor-
phology revealed the evidence of cell damage and death
caused by phagocytosed PTFE particles. It was observed
that there was more pronounced inflammatory response
with PLA films than with PTFE films in subcutaneous tis-
sues of rats.

Many conventional pharmaceutical agents formulated
in lactide/glycolide polymer matrices were widely studied
almost two decades ago, especially as injectable micro-
sphere dosage forms (16–23). One of the most successful
lactide/glycolide drug delivery formulations, in terms of
clinical results obtained, is the steroid-loaded injectable
microspheres for the controlled release of contraceptives
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(218–221). Many animal and clinical trials with these sys-
tems were performed showing very good biocompatibility.
For example a 90-day female contraceptive based on nor-
ethisterone as the active hormone and 85:15 DL-
lactide/glycolide as the excipient has undergone successful
Phase I and Phase II clinical trials in various geographic
areas, demonstrating safety and efficacy of the formulation
in about 300 subjects (222).

The success of the steroid microsphere system based on
lactide/glycolide matrices is probably due to the combina-
tion of several factors: the reproducibility of the microen-
capsulation process, the in vivo drug-release performance,
reliability in the treatment procedure, and the safety of the
polymer (223).

Lactide/glycolide implants containing naltrexone and
other narcotic antagonist agents have also been extensively
studied (224–227). In one of these studies describing the
clinical evaluation of a bead preparation containing 70%
naltrexone and 30% of a 90:10 lactide/glycolide copoly-
mer, a local inflammatory reaction at the site of implanta-
tion was reported in two of three subjects after subcutane-
ous implantation of the beads containing the drug (226).
This finding prevented further clinical testing of that par-
ticular formulation. No similar problems were reported
with other lactide/glycolide polymer preparations, and that
incident was related to some unique aspect of that product
(226).

Bergshma et al. (228) reported the use of a copolymer
made of 96% L- and 4% D-lactic acid in subcutaneous
tissues of rats for up to 52 weeks. Prior to implantation,
discs made from the copolymer and homopolymer PLA
were predegraded in vitro (229). The degradation of co-
polymer was faster than the homopolymer while inflam-
mation was observed with both (230).

Good biocompatibility data were also reported with
lactide/glycolide copolymer matrices containing antineo-
plastic drugs, antibiotics, and anti-inflammatory com-
pounds (211).

The delivery of therapeutic molecules to the brain has
been limited in part due to the presence of the blood–brain
barrier. The biocompatibility of lactide/glycolide copoly-
mer in the brain was examined regarding the gliotic re-
sponse following implants of lactide/glycolide copolymer
into the brains of rats. It was found that lactide/glycolide
copolymer is well tolerated following implantation into the
CNS and that the astrocytic response to lactide/glycolide
copolymer is largely a consequence of the mechanical
trauma that occurs during surgery (231).

Regarding the encapsulation of bioactive macromole-
cules as proteins, peptides, and antigens, the studies carried
out so far show mixed biocompatibility results. Serious

problems in achieving long-term release have been re-
ported in several cases where the macromolecules lost
bioactivity in vivo after a few days, as in the case of
lactide/glycolide copolymer containing growth hormone.
A complex interaction apparently occurs in vivo between
the acidic polymer and the hormone. In vitro release stud-
ies have shown that growth hormone can become insoluble
when incorporated in poly(lactide) films. Similar problems
in maintaining biological activity for longer than 5–10
days were also observed with interferon–lactide/glycolide
polymer formulation (211). On the other hand, promising
results were obtained with luteinizing hormone–releasing
hormone (LHRH) incorporated in lactide/glycolide poly-
mer showing long-term delivery of the macromolecule
(232,233). In general, hydrophilic polypeptides of low mo-
lecular weight (�5000) are considered quite stable in the
presence of lactide/glycolide excipients and their acidic bi-
oerosion byproducts.

Lactide/glycolide polymer implants, in the form of mi-
crobeads and pellets, containing insulin were reported to
be effective in lowering blood glucose levels in diabetic
rats for about 2 weeks, and no adverse effects, including
inflammation at the implant site or deactivation of the mac-
romolecule, were observed (234).

Toljan and Orthner (235) published details of the clini-
cal use of an interference screw made from PGL copoly-
mer. After 6 months, MRI data show the presence of local
reactions at the implant site and a ‘‘liquidization’’ of the
screw in 41% of the patients. Clinically, no febrile epi-
sodes or sterile effusions were observed.

Bezwada et al. (13) studied in vitro and in vivo biocom-
patibility and efficacy of block coplymer of poly(glyco-
lide) and PCL in the form of MONOCRYLR sutures. Using
the size 2/0 monofilament sutures implanted subdermally
in rats, MONOCRYL sutures retain 50% of their original
strength after about 1 week, whereas homopolymeric PCL
monofilament size 2/0 sutures retain 50% of their strength
after about 52 weeks.

2. Poly(caprolactone)

The biocompatibility and toxicity of poly(caprolactone)
have mostly been tested in conjuction with evaluations of
Capronor, which is an implantable 1-year contraceptive
delivery system composed of a levonorgestrel-ethyl oleate
slurry within a poly(caprolactone) capsule. In a prelimi-
nary 90-day toxicology study of Capronor in female rats
and guinea pigs, except for a bland response at the implant
site and a minimal tissue-encapsulating reaction, no toxic
effects were observed (236).

The lack of an inflammatory response was confirmed
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by implanting polyvinyl alcohol sponges impregnated with
the powdered polymer in rats. In the Ames mutagenicity
assay polycaprolactone was negatively tested (87).

The Capronor–polycaprolactone contraceptive delivery
system was also tested implanted in rats and monkeys in
a 2-year period (87). The results of this second, more ex-
tensive study, based on animal clinical and physical data
such as blood and urine analysis, ophthalmoscopic tests,
and histopathology after necropsy, showed no significant
differences between the test and control groups.

Phase I and II clinical trials with Capronor were re-
cently carried out in different medical centers (87).

B. Poly(amides)

1. Natural Polymers

The use of natural biodegradable polymers to deliver drugs
continues to be an area of active research despite the ad-
vent of synthetic biodegradable polymers (237–239). Nat-
ural polymers remain attractive primarily because they are
natural products of living organisms, readily available, rel-
atively inexpensive, and capable of a multitude of chemical
modifications (240).

Most of the investigations of natural polymers as matri-
ces in drug delivery systems have focused on the use of
proteins (polypeptides or polyamides) as gelatin, collagen,
and albumin. Collagen is a major structural protein found
in animal tissues where it is normally present in the form of
aligned fibers. Because of its unique structural properties,
collagen has been used in many biomedical applications
such as absorbable sutures, sponge wound dressings, com-
posite tissue–tendon allografts, injectables for facial re-
constructive surgery, and as drug delivery systems espe-
cially in the form of microspheres (241).

Besides the collagen’s biocompatibility and nontoxicity
for most tissues (242), several factors such as the possible
occurrence of antigenic responses, tissue irritation due to
residual aldehyde crosslinking agents, and poor patient tol-
erance of ocular inserts have adversely influenced its use
as a drug delivery vehicle (241). For example, 5-fluoro-
uracil and bleomycin crosslinked sponges made from puri-
fied bovine skin collagen were implanted in rabbit eyes to
test their possible use in preventing fibroblast proliferation
following ophthalmic surgery, resulting in a chronic in-
flammatory reaction elicited by the sponges even in the
absence of drug (243).

Noncollagenous proteins, particularly albumin and to a
lesser extent gelatin, continue to be developed as drug de-
livery vehicles. The exploitable features of albumin in-
clude its reported biodegradation into natural products, its
lack of toxicity, and its nonimmunogenicity (244,245).

Although many examples on the use of albumin micro-
spheres were reported in the literature, there are only a few
studies describing gelatin systems. Despite this, compared
with albumin, gelatin offers the advantages of a good his-
tory in parenteral formulations and lower antigenicity. A
biocompatibility study with gelatin microspheres reported
no untoward effects when injected intravenously into mice
over a 12-week period (246).

In a second study, when albumin microspheres were
injected repeatedly into the knee joints of rabbits, pro-
nounced rapid joint swelling occurred after the second and
subsequent injections, compared to no swelling when gela-
tin microspheres were injected in the same way (247).

2. Pseudopoly(amino Acids)

The pseudopoly(amino acids), belonging to the poly(am-
ides) group, represent one of the latest and therefore less
advanced biodegradable polymers for medical use. Only a
few of them have been synthesized and characterized, and
no clinical tests have thus far been conducted. However,
preliminary promising results were obtained showing no
gross toxicity or tissue incompatibility upon subcutaneous
implantation for the presently available pseudopoly(amino
acids), and they are now being actively investigated in sev-
eral laboratories for medical applications ranging from bio-
degradable bone nails to implantable adjuvants (121).

In an initial evaluation of hydroxyproline-derived poly-
esters, poly(N-palmitoyl hydroxyproline ester) was tested
in a seriers of biocompatibility tests (248).

In the rabbit cornea bioassay, implantation of four
small pieces of the polymer into four rabbit corneas elic-
ited a pathological response in three of them and a very
mild inflammatory response in one cornea. Histological
examination of the corneas 4 weeks after implantation
showed no invading blood vessels or migrating inflamma-
tory cells in the area around the implants (249).

In a second biocompatibility study, 10-mg implants of
poly(N-palmitoyl hydroxyproline ester) were inserted sub-
cutaneously in mice in the dorsal area of the animals be-
tween the dermis and the adipose tissue layer. The mice
responses were examined up to 1 year postimplantation
(248).

No inflammatory reaction at the implantation site was
observed in any of the mice during the first 7 weeks. A
thin but distinct layer of fibrous connective tissue appeared
around the implant by week 14 and, occasionally, a few
multinucleated giant cells were associated with the fibrous
connective tissue. Animal necropsies performed at 16 and
56 weeks postimplantation showed no histopathological
abnormalities (248).
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These preliminary biocompatibility results from two an-
imal models, rabbit and mouse, indicate that the poly(N-
palmitoyl hydroxyproline ester) elicits a very mild, local
tissue reaction typical of a foreign body response, resulting
in encapsulation of the foreign biomaterial without evi-
dence for any significant pathological abnormalities. How-
ever, additional safety and toxicity tests need to be per-
formed to evaluate possible systemic toxic effects, allergic
reactions, or any mutagenic, teratogenic, and carcinogenic
activities.

Pseudopoly(amino acids) containing aromatic side
chains of tyrosine in their backbone structure were also
developed recently to investigate whether biodegradable
polymers that incorporate aromatic components would
combine a high degree of biocompatibility with a high de-
gree of mechanical strength (121).

In order to test the tissue compatibility of tyrosine-
derived poly(iminocarbonates), solvent cast films of
poly(CTTH) were subcutaneously implanted into the back
of mice. In this study, conventional poly(L-tyrosine)
served as a control (250). The data obtained from this bio-
compatibility assay were very similar to those observed
with poly(N-palmitoyl hydroxyproline ester), showing no
gross pathological changes from visual inspection of the
implantation sites over a 1 year period.

Silver et al. (135) reported a comparative study on bio-
compatibility of solvent cast films of poly(desaminotyro-
syl–tyrosine hexylester–iminocarbonate), or poly(DTH-
iminocarbonate), in a subcutaneous rat model. In this
study, high-density polyethylene (HDPE) and medical
grade poly(D,L-lactic acid) served as controls. Consider-
ing the significantly faster degradation rate of poly(DTH-
iminocarbonate), one would expect a different response
from this material. After 7 days of postimplantation, a
greater cell density and inflammatory response was noted
for poly(DTH-iminocarbonate). However, at a later time
point, the biological response observed for poly(DTH-
iminocarbonate) was almost similar with the response
observed for poly(DTH-iminocarbonate). The tissue re-
sponse was characterized by a thin tissue capsule, absence
of gaint cells, and a low inflammatory cell count and was
not statistically different from the response observed for
polyethylene and poly(lactic acid).

In vitro attachment and proliferation of fibroblasts on
tyrosine-derived polycarbonates was a function of the pen-
dent chain length. Ertal and Kohn fabricated poly(DTH-
carbonate) pins and compared them to commercially avail-
able orthosorbR pins made of polydioxanone (136). The
pins were implanted transcortically in the distal femur and
proximal tibia of New Zealand white rabbit for up to 26
weeks. In addition to routine histological evaluation of the
implant sites, bone activity at the implant–tissue interface

was visualized by UV illumination of sections labeled with
fluorescent marker, and the degree of calcification around
the implants was ascertained by backscattered electron mi-
croscopy. The bone tissue response was characterized by
active bond remodeling at the surface of the degrading im-
plant, the lack of fibrous capsule formation, and an unusu-
ally low number of inflammatory cells at the bone–implant
interface. Poly(DTH-carbonate) exhibited very close bone
apposition throughout the 26-week period of the initial
study. A roughened interface was observed which was pen-
etrated by new bone as early as 2 weeks postimplantation.
Bone growth into the periphery of the implant material was
visible at the 26-week time point.

C. Polyphosphazenes

Two different types of polyphosphazenes are of interest as
bioinert materials: those with strongly hydrophobic surface
characteristics and those with hydrophilic surfaces. Poly-
phosphazenes bearing fluoroalkoxy side groups are some
of the most hydrophobic synthetic polymers known (251,
252). Such polymers are as hydrophobic as poly(tetrafluo-
roethylene) (Teflon), but unlike Teflon polyphosphazenes
of this type are flexible or elastomeric, easy to prepare,
and can be used as coatings for other materials.

Graft polymerization with dimethylaminoethylmetha-
crylate (DMAEM) onto the poly(phosphazene) surfaces
highly enhances their biocompatibility. Surface modifica-
tion of poly(trifluoroethoxy-phosphazenes) (PTFP) with
polyethylene glycols was heading to materials with en-
hanced biocompatibility in comparision to nonmodified
polymers (253). In the next study, the PTFP was grafted
with hydrophilic monomers like dimethylacrylamide
(DMAA) and acrylamide (AAm) (254). Large differences
in the biocompatibility of these materials were found. Bio-
compatibility of AAm-grafted samples was greatly en-
hanced while an opposite behavior for DMAA-grafted
samples was observed. All studies with these samples were
done by intraperitoneal implantation of thin films in adult
male wistar rats. Tissue around the implantation site was
evaluated by histological examination after 25 days.

Biocompatibility and safety testings of these polymers
by subcutaneous implantation in animals have shown mini-
mal tissue response, similar in fact to the response reported
with Teflon (255). The connection between hydrophobicity
and tissue compatibility has been noted for classical or-
ganic polymers (256). Thus, these hydrophobic polyphos-
phazenes have been mentioned as good candidates for use
in heart valves, heart pumps, blood vessel prostheses, and
as coating materials for pacemakers or other implantable
devices. However, more in vivo testing and clinical trials
are needed (144).
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In their bioerosion reactions polyphosphazenes display
a uniqueness that stems from the presence of the inorganic
backbone, which in the presence of appropriate side groups
is capable of undergoing facile hydrolysis to phosphate and
ammonia. The phosphate can be metabolized and the am-
monia excreted. Theoretically, if side groups attached to
the polymer are released by the same process being excre-
table or metabolizable, then the polymer can be eroded
under hydrolitic conditions without the danger of a toxic
response. Polyphosphazenes of this type are potential can-
didates as erodible biostructural materials for sutures or as
matrices for controlled delivery of drugs (144).

Polyphosphazenes containing amino acid ester side
groups were the first bioerodible polyphosphazenes syn-
thesized (146). They are solid materials which erode hy-
drolitically to ethanol, glycine, phosphate, and ammonia.
These polymers were tested in subcutaneous tissue re-
sponse experiments showing no evidence of irritation, cell
toxicity, giant cell formation, or tissue inflammation
(143,255).

Imidazoyl groups linked to polyphosphazene chains
are also hydrolized very easily, showing good biocom-
patibility tests (141,154). Langone et al. (257) studied
poly[(ethyl-alanate)-co-(imidazole) phosphazene] deriva-
tives for in vivo evaluation. Polymer films were subcutane-
ously implanted in rats. The animals were killed after 30
or 60 days. Biopsy samples of the implant zone were histo-
logically examined. In both cases, animals were healthy
and biological material surrounding to the polymers was
found to correspond to fibroplast collagen with only a few
monocytes in the internal site.

D. Polyorthoesters

As mentioned previously, the Chronomer polyorthoester
material from Alza Corporation, or Alzamer, has been in-
vestigated as bioerodible inserts for the delivery of the nar-
cotic antagonist naltrexone, and for the delivery of the con-
traceptive steroid norethisterone (258,259). The steroidal
implant was tested in two separate human clinical trials
causing local tissue irritation, and therefore further work
with this formulation was discontinued (166,167). The rea-
sons for the local irritation were never properly elucidated.
New types of poly(orthoesters) were developed, but no
data on the biocompatibility and safety of these materials
were reported.

In vitro studies have shown that good control over re-
lease of tetracycline could be achieved and very good in
vitro adhesion to bovine teeth was demonstrated (173).
However, studies in beagle dogs with naturally occurring
periodontitis were not successful because ointmentlike
polymers with a relatively low viscosity are squeezed out

of the pocket within about 1 day, despite good adhesive-
ness.

E. Polyanhydrides

Polyanhydrides are a novel class of biodegradable poly-
mers under development as vehicles for the release of bio-
active molecules including drug peptides and proteins (1).
The polyanhydrides constitute so far the only class of
surface-eroding polymers approved for clinical trials by
the Food and Drug Administration.

A series of biocompatibility studies reported on several
polyanhydrides have shown them to be nonmutagenic and
nontoxic (189). In vitro tests measuring teratogenic poten-
tial were also negative. Growth of two types of mammalian
cells in tissue culture was also not affected by the polyan-
hydride polymers (189); both the cellular doubling time
and cellular morphology were unchanged when either bo-
vine aorta endothelial cells or smooth muscle cells were
grown directly on the polymeric substrate.

Subcutaneous implantation in rats of high doses of the
20:80 copolymer of bis-(p-carboxyphenoxy) propane and
sebacic acid for up to 8 weeks indicated relatively minimal
tissue irritation with no evidence of local or systemic toxic-
ity (260). Since this polymer was designed to be used clini-
cally to deliver an anticancer agent directly into the brain
for the treatment of brain neoplasms, its biocompatibility
in rat brain was also studied (261). The tissue reaction of
the polymer was compared to the reaction observed with
two control materials used in surgery, oxidized cellulose
absorbable hemostat (Surgicel, Johnson and Johnson) and
absorbable gelatin sponge (Gelfoam, Upjohn). The in-
flammatory reaction of the polymer was intermediate be-
tween the controls (261). A closely related polyanhydride
copolymer poly(CPP)–SA 50:50 was also implanted in
rabbit brains and was found to be essentially equivalent to
Gelfoam in terms of biocompatibility evaluations (262). In
a similar study conducted in monkey brains, no abnormali-
ties were noted in the CT scans and magnetic resonance
image, nor in the blood chemistry or hematology evalua-
tions (263). No systemic effects of the implants were ob-
served on histological examinations of any of the tissues
tested (264).

New classes of polyanhydrides have been recently syn-
thesized and are undergoing extensive preclinical testing,
including a wide range of biocompatibility studies. Exam-
ples of these new materials are polymers of sebacic acid,
poly(SA), and copolymers 1:1 of SA with fatty acid dimer
(FAD) [poly(FAD:SA)], fumaric acid (FA) [poly(FA:
SA)], and isophthalic acid [poly(ISO:SA)]. These materi-
als were implanted in rabbits intramuscularly, subcutane-
ously, and in the cornea. Ocular and muscle irritation stud-
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ies were performed compared to the material controls
Gelfoam, Surgicel, and Vycryl, a synthetic absorbable
suture (Ethicon) (265). Detailed observations of toxicity,
bleeding, swelling, or infection of the implantation site
were conducted daily. At the end of the study the animals
were sacrificed and a gross necropsy examination of the
tissues surrounding the implant site was performed. No
significant clinical signs or abnormalities of the incision
sites were observed during the study period (4 weeks). No
meaningful differences could be seen in reaction between
the various polymer implants tested and the control materi-
als (265).

In the rabbit cornea bioassay, no evidence of inflamma-
tory response was observed with any of the implants at any
time. On an average, the bulk of the polymers disappeared
completely between 7 and 14 days after the implantation
(265). The cornea is a very sensitive indicator of inflam-
matory reactions (266,267). The rabbit cornea possesses
clear advantages over other implant sites for studying
implant–host interactions due to the easy accessibility for
frequent observations without having to gain surgical ac-
cess to the implantation site. The transparency and avascu-
larity of the cornea also enable the observer to distinguish
among the different inflammatory characteristics such as
edema, cellular infiltration, and ingrowth of blood vessels
from the perifery of the cornea or neovascularization,
which are strong indications that the biomaterial under
testing is unsuitable for implantation (268).

In similar animal experiments in which polyanhydride
matrices containing tumor angiogenic factor (TAF) were
implanted in rabbit cornea, a significant vascularization re-
sponse was observed without edema or white cells. More-
over, and most importantly from the biocompatibility
standpoint, polymer matrices without incorporated TAF
showed no adverse vascular response (268,269).

The biocompatibility of a new class of polyanhydrides
based on ricinoleic acid as compared to Vycryl surgical
suture and sham surgery was tested in rats (213). No evi-
dence for tissue necrosis was detected in any of the treated
animals upon evaluation of the tissues 21 days postimplan-
tation. No indication for postimplantation test site contami-
nation was noted.

Generally, in all tested groups there was a clear indica-
tion of a time-related healing process (i.e., there was a
time-related reduction in the incidence and severity of ne-
crosis and acute to subacute inflammatory reaction associ-
ated with increased fibroplasia).

The tissue reaction in the different treatment groups
showed a clear trend of healing with time. In particular,
comparison of the tissue reactivity along the three different
time periods (3,7, and 21 days) indicated that the only
noted remnants of tissue reaction at the 21-day time period

were minimal subacute inflammation and mild fibrosis. In
comparison, under the same conditions, Vycryl implant in-
duced minimal fibrosis associated with the presence of
minimal quantity of giant cells and encapsulated foreign
material.

Based on the biocompatibility and safety preclinical
studies carried out in rats (260,261), rabbits (262,266), and
monkeys (263,264) reviewed here showing acceptability
of the polyanhydrides for human use, a Phase I and II clini-
cal protocol was instituted (270). In these clinical trials, a
polyanhydride dosage form (Gliadel), consisting of wa-
fer polymer implants of poly(CPP-SA) 20:80 and con-
taining the chemotherapeutic agent Carmustine (BCNU),
was used for the treatment of glioblastoma multiforme, a
universally fatal form of brain cancer. In these studies, up
to eight of these wafer implants were placed to line the
surgical cavity created during the surgical debulking of the
brain tumor in patients undergoing a second operation for
surgical debulking of either a grade III or IV anaplastic
astrocytoma. In keeping with the results of the earlier pre-
clinical studies suggesting a lack of toxicity, no central or
systemic toxicity of the treatment was observed during the
course of treating 21 patients under this protocol. Phase III
human clinical trials have demonstrated that site-specific
delivery of BCNU from a poly(CPP-SA) 20:80 wafer (Gli-
adel) in patients with recurring brain cancer (glioblastoma
multiforme) significantly prolongs patient survival (271).
Gliadel has finally won approval from the FDA as therapy
for the treatment of brain tumors.
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Biodegradable Biomaterials Having Nitric Oxide
Biological Activity

C. C. Chu
Cornell University, Ithaca, New York

I. INTRODUCTION

The chemical incorporation of biologically active com-
pounds into synthetic biodegradable biomaterials was suc-
cessfully synthesized by using nitric oxide derivatives
(e.g., 4-amino-2,2,6,6-tetramethylpiperidine-1-oxy) as the
biochemical agents and synthetic aliphatic polyesters like
polyglycolide as the biodegradable biomaterials. The re-
sulting new biomaterial was characterized and its in vitro
hydrolytic degradation property was studied to examine
the release profiles of the chemically incorporated nitric
oxide derivative from polyglycolide. The biological activ-
ity of this new class of biodegradable biomaterial was
tested by examining its ability to retard the proliferation
of human smooth muscle cell in vitro. It was found that
this new class of biologically active biodegradable bioma-
terial has indeed one of the well-known biological func-
tions of nitric oxide: retardation of the proliferation of
smooth muscle cells. The potential biomedical applications
of this new biomaterial include the treatment of hyperpla-
sia in cardiovascular disorders, promoting wound healing
in healing-impaired patients, and nitric oxide–related dis-
eases.

The interests in biodegradable polymeric biomaterials
for biomedical engineering use have increased dramati-
cally during the past decade. This is because this class of
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biomaterials has two major advantages that nonbiodegrad-
able biomaterials do not have. First, they do not elicit per-
manent chronic foreign body reaction due to the fact that
they would be gradually absorbed by human body and do
not permanently retain trace of residual in the implantation
sites. Second, some of them have recently been found to be
able to regenerate tissues, via so-called tissue engineering,
through the interaction of their biodegradation with immu-
nologic cells like macrophages. Hence, surgical implants
made from biodegradable biomaterials could be used as
temporary scaffold for tissue regeneration. This approach
toward the reconstruction of injured, diseased, or aged tis-
sues is one of the most promising fields in the future medi-
cine.

Although the earliest and most commercially significant
biodegradable polymeric biomaterials are originated from
linear aliphatic polyesters like polyglycolide and polylac-
tide from poly(-hydroxyacetic acids), recent introduction
of several new synthetic and natural biodegradable poly-
meric biomaterials extends the domain beyond this fam-
ily of simple polyesters. These new commercially signifi-
cant biodegradable polymeric biomaterials include poly
(orthoesters), polyanhydrides, polysaccharides, poly(ester-
amides), tyrosine-based polyarylates or polyiminocarbo-
nates or polycarbonates, poly(D,L-lactide-urethane),
poly(-hydroxybutyrate), poly(-caprolactone), poly[bis(car-
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boxylatophenoxy) phosphazene], poly(amino acids), pseu-
dopoly(amino acids), and copolymers derived from amino
acids and non–amino acids.

The earliest and most successful and frequent biomedi-
cal application of biodegradable polymeric biomaterials
has been in wound closure (1). All biodegradable wound
closure biomaterials are based upon glycolide and lactide
family. For example, polyglycolide (Dexon from Ameri-
can Cyanamid), poly(glycolide-L-lactide) random copoly-
mer with 90-to-10 molar ratio (Vicryl from Ethicon),
poly(ester-ether) (PDS from Ethicon), poly(glycolide-
trimethylene carbonate) random block copolymer (Maxon
from American Cyanamid), and poly(glycolide-caprolac-
tone) copolymer (Monocryl from Ethicon). Some of these
materials like Vicryl have been commercially used as sur-
gical meshes for hernia and body wall repair. Besides
wound closure application, biodegradable polymeric bio-
materials that are commercially satisfactory include those
for drug control/release devices. Some well-known exam-
ples in this application are polyanhydrides and poly
(orthoester). Biodegradable polymeric biomaterials, partic-
ularly totally resorbable composites, have also been experi-
mentally used in the field of orthopedics, mainly as compo-
nents for internal bone fracture fixation like PDS pins.
However, their wide acceptance in other parts of orthope-
dic implants may be limited due to their inherent mechani-
cal properties and their biodegradation rate. Biodegradable
polymeric biomaterials have been experimented as vascu-
lar grafts, vascular stents, vascular coupler for vessel anas-
tomosis, nerve growth conduits, augmentation of defected
bone, ligament/tendon prostheses, intramedullary plug
during total hip replacement, anastomosis ring for intesti-
nal surgery, and stents in ureteroureterostomies for accu-
rate suture placement. The details of the biomedical appli-
cations of biodegradable polymeric biomaterials and their
chemical, physical, mechanical biological, and biodegra-
dation properties can be found in other recent reviews (1–
7).

There is one common characteristic among all these
biodegradable biomaterials: they do not ‘‘actively’’ partic-
ipate in the process of wound healing, tissue regeneration
and engineering. In other words, these biomaterials are not
‘‘alive’’ and cannot remodel and/or release cytokines upon
stimulation like normal tissues. These biomaterials, how-
ever, elicit inflammatory and foreign body reactions and
play a ‘‘passive’’ role in wound healing. It would be ideal
if these synthetic biomaterials could be engineered so that
they could become alive after implantation and hence ac-
tively participate in the biological functions with the sur-
rounding tissues, such as the ability to modulate inflam-
matory reactions, to facilitate wound healing, or to mediate
host defense system to combat diseases. In this chapter, we

would describe the new biodegradable biomaterials having
nitric oxide function.

II. BIODEGRADABLE BIOMATERIALS
HAVING NITRIC OXIDE FUNCTION

Nitric oxide (NO⋅) is a very small but highly reactive and
unstable free radical biomolecule with expanding known
biological functions. This small biomolecule and its bio-
logical functions have recently become one of the most
studied and intriguing subjects as recently reviewed by
several investigators (8–18). Nitric oxide is extremely la-
bile and short lived (about 6 to 10 s).

Nitric oxide and its radical derivatives have been known
to play a very important role in a host of expanding biolog-
ical functions, such as inflammation, neurotransmission,
blood clotting, blood pressure, cardiovascular disorders,
rheumatic and autoimmune diseases, antitumor activity
with a high therapeutic index, antimicrobial property, sen-
sitization or protection of cells and tissues against irradia-
tion, oxidative stress, respiratory distress syndrome, and
cytoprotective property in reperfusion injury, to name a
few (8–30). Nitric oxide acts both as an essential regula-
tory agent to normal physiological activities and as cyto-
toxic species in diseases and their treatments. Nathan et
al. reported that nitric oxide is a potent antiviral compound
against two disfiguring poxvirus and herpes simplex virus
type 1, which causes cold sores in humans (12). Levi et
al. also found that nitric oxide could protect human heart
against low oxygen supply, a condition known as myocar-
dial ischemia, by widening blood vessels so that more oxy-
gen-rich blood reaches the heart (14). Elliott et al. reported
that a new NO⋅-releasing nonsteroidal anti-inflammatory
drug has the benefits of accelerating gastric ulcer healing
(31,32). It is important to know, however, that excessive
introduction of NO⋅ into body may have adverse effects
like microvascular leakage, tissue damage in cystic fibro-
sis, septic shock, B cell destruction, and possible muta-
genic risk, to name a few (18,19,27,33–35).

Nitric oxide and NO⋅-derived radicals are not normal
biological messengers whose trafficking depend on spe-
cific transporters or channels. Instead, nitric oxide radicals
released by cells like macrophage and endothelial cells
would diffuse randomly in all directions from the site of
release. Because of this unusual property, the only way to
control the biological functions of nitric oxide is to control
its site of synthesis. This suggests that the only way to
deliver the desirable biological functions of nitric oxide is
through nature. Existing science and technology are not
able to modulate the release of nitric oxide according to
our wish for a variety of therapeutic purposes.
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A. Synthesis and Characterization

We recently used a patented chemical method to incorpo-
rate nitric oxide derivatives into a series of synthetic biode-
gradable biomaterials (36,37). Upon the hydrolytic degra-
dation of the host biomaterials, nitric oxide derivatives
could be released to the surrounding and the rate of release
could be controlled by the nature of the biodegradable bio-
materials. The amounts of the nitric oxide derivatives that
can be incorporated into biodegradable biomaterials would
depend on the molecular weight of the biomaterials. Figure
1 illustrates the chemical scheme of this patented method
of incorporating 4-amino-2,2,6,6-tetramethylpiperidine-1-
oxy (TAM) as the source of nitroxyl radicals nitric oxide
into synthetic biodegradable polyesters like polyglycolide
or polylactide.

Due to the free radical characteristic of Tempamine ni-
troxyl radicals, the radical incorporated polyglycolide
(PGA) must exhibit an electron paramagnetic resonance
(EPR) spectrum that has the characteristic of nitroxide.
Figure 2 is such an EPR spectrum of TAM-PGA. This EPR
spectrum shows a considerable broadening of linewidth
when compared with an EPR spectrum of free TAM nitric
oxide. An EPR characterization of nitroxyl radicals is
based on the measurement of the signal intensity of an EPR
spectrum. This measurement can provide fundamental in-
formation of free radicals, such as linewidth, which bears
a relationship to the tumbling motion of free radicals; g
value, which largely depends on the immediate environ-
ments of the free radicals; and hyperfine splitting con-
stants, which describe the classical multiplicity of EPR
spectram due to the interaction of the unpaired electron
spins with nuclear spins.

Figure 5.1 Chemical scheme for incorporating 4-amino-
2,2,6,6-tetramethylpiperidine-1-oxy into the carboxyl chain ends
of linear aliphatic polyesters like polyglycolide.

Figure 5.2 Electron paramagnetic resonance spectra of TAM
radical (A) in conjugation with polyglycolide and (B) in free
form.

The considerable broadening of the EPR spectrum of
the TAM-PGA biomaterial (Fig. 2A) when compared with
free TAM nitroxyl radical (Fig. 2B) is attributed to the
viscous macromolecular environment surrounding TAM
nitroxyl radicals that were chemically bound to PGA chain
ends. These nitroxyl radicals cannot move as freely as free
nitric oxide due to the restricted PGA chain segmental mo-
tion. This relationship between free radical motion and the
characteristic of its immediate environment would provide
a useful means to study the release pattern of nitroxyl radi-
cals that were chemically bound to biodegradable sub-
strates.

Because TAM nitroxyl radicals were incorporated only
into the carboxylic chain ends of PGA macromolecules,
their physical, thermal, and mechanical properties are in-
significantly different from the parent PGA macromole-
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Figure 5.3 The kinetics of in vitro release of TAM nitroxyl
radicals from TAM-PGA biomaterials in buffer media of original
pH 7.44 at 37°C.

cules, such as similar melting temperature and heat of fu-
sion. This lack of change in fundamental properties
between TAM-PGA and parent PGA biomaterials should
be beneficial because the similar processing conditions that
have been used to fabricate PGA for a variety of clinical
applications could also be used to fabricate the new TAM-
PGA. In addition, the knowledge of the well-known bio-
degradation properties of PGA could be applied to estimate
the release pattern of TAM nitroxyl radicals from PGA
upon its biodegradation. The main difference between the
parent and TAM-PGA, however, is their degradation prod-
ucts and their subsequent biological properties.

B. In Vitro Hydrolytic Degradation

Since the expected biological functions of the TAM-PGA
must come from the nitroxyl radicals that would be re-

Figure 5.4 The reversible one-electron reduction and oxidation
reactions of nitroxyl free radicals.

Figure 5.5 The effect of pH of the media on the EPR spectra
intensity of TAM nitroxyl radical at 10 g/mL. The media was
glycolic acid: (a) pH 7.44, (b) pH 4.0, (c) pH 3.5, (d) pH 3.0.

leased into the surrounding environment upon hydrolytic
degradation of PGA, the amount and the rate of release of
TAM nitroxyl radicals should have a direct impact on the
applicability of the newly synthesized TAM-PGA bioma-
terials to medicine. Figure 3 illustrates such an in vitro
release pattern of TAM radicals from PGA. The release of
Tempamine nitroxyl radicals upon PGA hydrolysis fol-

Figure 5.6 The change in pH of the buffer medium used for
the in vitro release study of TAM-PGA at 37°C.
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(A)

(B)

(C)

Figure 5.7 The hydrolytic release mechanism of TAM radicals
from TAM-PGA biomaterials via alkaline and acid hydrolytic
degradation. (A) Initial alkaline hydrolytic degradation of the es-
ter linkages in polyglycolide backbone during the early stage of
immersion. (B) Acidic hydrolytic degradation of the ester link-
ages in polyglycolide backbone during the middle stage of im-
mersion. (C) Acidic hydrolytic degradation of the amide linkage
to free TAM radical from the polyglycolide substrate during the
late stage of immersion.

lowed a double exponential behavior in which significant
amounts of nitroxyl radicals were released before 20 days
followed by a gradual release thereafter.

It was well known that the nitroxyl free radicals could
participate in one-electron reduction reaction in an acidic
medium to yield relatively stable diamagnetic products,
hydroxypiperidines structure (NOH), and oxo-piperidi-
nium cations (NO�). Figure 4 shows such one-electron re-
duction and oxidation reaction of free nitric oxide deriva-
tives.

Because the conversion of TAM nitroxyl radical (i.e.,
chemical reduction of nitroxyl radical) to hydroxypiperine



128 Chu

structure in an acidic environment would remove the free
radical characteristic of TAM, EPR could not detect the
presence of hydroxypiperine, and the spin numbers of
TAM would continue decrease with time. The extent of
this conversion and hence the number of spins of TAM
would depend on the strength of acidity of the medium.
Figure 5 illustrates such an effect of pH on the peak inten-
sity of EPR spectra of TAM nitroxyl radicals in glycolic
acid media. As the pH of the media decreased from 7.44
to 4.0 (EPR spectrum b in Fig. 5) and 3.0 (EPR spectrum
d in Fig. 5), the EPR spectra peak intensities were reduced
accordingly. This would suggest that more TAM nitroxyl
radicals would be reduced to hydroxypiperine at a lower
pH, and fewer TAM nitroxyl radicals would be remained
in an acidic medium and exhibit weaker EPR signal.

In addition, the nitroxyl group could also be easily po-
larizable by acids toward its ionic resonance form resulting
in an increased electron–nuclear coupling constant (hyper-
fine splitting constant) since the spin density of the nitroxyl
bond has been influenced by the proton activity in the
acidic media.

The acidifying of the degradation media can be demon-
strated by the decrease in pH as shown in Fig. 6. The result
indicated a similar double exponential reduction [y(x) �
3.83 e�0.39x � 3.57 e�0.0018x] in pH as for the number of spins
versus time in Fig. 3. The pH of the medium was reduced
from the initial 7.4 at day 0 to 3.5 during the first 14 days
of hydrolysis, and there was a very little reduction in pH
thereafter. A comparison between Figs. 3 and 6 showed a
remarkable similarity between the release pattern of TAM
nitroxyl radicals and the profile of the reduction in pH of
the degradation media.

The observed in vitro release pattern of TAM nitroxyl
radicals from the TAM-PGA biomaterial and the close
similarity between the TAM release pattern and the media
pH reduction profiles suggested that pH must play a major
role. Based on the well-known hydrolytic degradation
mechanism of PGA biomaterial, we postulated the hy-
drolytic degradation mechanism of TAM-PGA biomaterial
as illustrated in Fig. 7. TAM-PGA biomaterials experi-
enced both alkaline and acid catalyzed hydrolytic degrada-
tion as evident in the change of pH of the media (Fig. 3).

Alkaline hydrolysis would occur during the very early
stage (within a few days) because of the initial pH of the
buffer (7.4). The possible products of this early stage alka-
line hydrolysis of TAM-PGA were expected to be carbox-
ylic fragments of PGA segments (II in Fig. 7A) and the
TAM-PGA fragments (Ia in Fig. 7A). As hydrolysis time
proceeded further, the PGA fragments would eventually
be degraded into glycolic acid or/and its cyclic dimers
(glycolide) as the pH of the media became more acidic.
The length of the PGA segment of the TAM-PGA frag-

Figure 5.8 Electron paramagnetic resonance spectra of the deg-
radation products from the in vitro hydrolytic degradation of
TAM-PGA in buffer media over a period of 55 days at 37°C.
(A) 3 days, (B) 23 days, (C) 55 days. Note the presence of split
peaks in A and B that are not there in C.
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ments (Ia) would also be reduced via ester hydrolysis in
both alkaline and acidic media till all the ester linkages
were scissioned (III or/and IIIa in Fig. 7B). Because the
amide linkages where the TAM nitroxyl radicals were
attached to PGA were far more hydrolytic resistant than
ester linkages, we did not expect the formation of free
TAM nitroxyl radicals via the scission of the amide linkage
(VII in Fig. 7C) until at the late stage of hydrolysis.

Based on the proposed hydrolytic degradation mecha-
nism of TAM-PGA biomaterials shown in Fig. 7, one
should expect only one type of TAM nitroxyl radical (I
or Ia in Fig. 7A) in the very early stage of hydrolysis, as
hydrolysis proceeded further, a mixture of TAM nitroxyl
radicals with different PGA chain length (i.e., different m
in I or Ia, would be the predominant products in the degra-
dation media). At the late stage of hydrolysis, all PGA seg-
ments of the TAM-PGA fragments were hydrolyzed and
eventually the amide linkages where the TAM radicals
were attached would be hydrolyzed to free TAM radicals
(VII in Fig. 7C).

These different types of TAM radicals due to different
PGA chain lengths attached might be evident in the EPR
spectra shown in Fig. 8, which was a series of EPR spectra
from three different stages of hydrolysis time.

At 3 days of hydrolysis, its EPR spectrum had a unique
character on its first peak (i.e., a spectral feature with
splitted peaks) that was characteristically different from
the typical 3 EPR peaks of homogeneous nitroxyl radicals
in solution. This spectral feature could imply that there
was a mixture of TAM-PGA nitroxyl radicals with various
PGA chain lengths (heterogeneity). In other words, there

Figure 5.9 The effect of TAM-PGA on the proliferation of human smooth muscle. The cell density at day 0 was 5.0 � 104/2 mL.

might be at least two different segmental lengths with dif-
ferent tumbling rate of TAM nitroxyl radicals (i.e., two
different A tensor and g factors). The largest EPR spectral
feature of the first peak was observed at 23 days hydroly-
sis. This EPR spectral feature persisted for a long period
up to 40 days of hydrolysis. At the late stage of hydrolysis
(55 days), however, this spectral feature of TAM radicals
disappeared and the typical 3 EPR spectrum of nitroxyl
radicals reappeared. This suggested that a more homoge-
neous type of nitroxyl radical, like VII or IIIa shown in Fig.
7, were present in the media. Due to the lack of restriction
imposed by the PGA long chain segments, the tumbling
motion of free TAM nitroxyl radicals in aqueous solution
was easier than their polymeric counterparts and was re-
flected in the typical nitroxyl radical hyperfine spectrum.

C. In Vitro Biological Activity on Human
Smooth Muscle Cells

The biological activity of TAM-PGA can best be illus-
trated by the level of retardation of smooth muscle cell
(SMC) in cell culture. This is because NO has been theo-
rized to be able to retard SMC proliferation in humans. As
shown in Fig. 9, TAM-PGA showed profound retardation
of the proliferation of SMC in vitro. There was virtually no
change in the number of live SMCs in the culture medium
having TAM-PGA over the entire period of cell culture,
while the number of live SMCs in the culture medium con-
trol had been more than double (134% increase) during the
same culture period. This level of SMC retardation of
TAM-PGA biomaterial was found to be similar with free
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TAM nitroxyl radicals at 1 µg/mL. Figure 9 also shows
that any higher concentrations of TAM nitroxyl radicals
in the culture media (�1 µg/mL) would appear toxic to
SMC as evident in the reduction in SMC population from
the initial number (0 day), particularly at 100 g/mL.

The preliminary in vitro SMC culture data suggest that
the newly synthesized TAM-PGA biomaterials have the
same biological function as free nitric oxide in terms of
the retardation of SMC proliferation. Although the inter-
mediate and final degradation products from the hydrolysis
of TAM-PGA biomaterials (I/Ia, III/IIIa, and VII) are
chemically different from pure nitric oxide they exhibited
the same retardation of SMC proliferation as free TAM
nitroxyl radicals. Thus, it appears that both the free TAM
and the TAM-PGA nitroxyl radicals would have the same
biological function as pure nitric oxide. The long PGA
chain segments where the TAM nitroxyl radicals were
attached appeared not to interfere with the biological func-
tions of the nitric oxide portion of the TAM-PGA mole-
cules. Since the level of retardation of SMC proliferation
by TAM-PGA biomaterials at a concentration of 1 mg/mL
was found to be similar to the pure TAM nitroxyl radicals
at 1 µ/mL over the entire culture period, it appears that
the amounts of TAM that were incorporated into PGA
chain ends based on the stipulated chemical reaction condi-
tions were adequate for this particular purpose.

III. POTENTIAL BIOMEDICAL
APPLICATIONS

Some examples of the potential use of this new generation
of biologically active biodegradable polymers are the treat-
ment of intimal hyperplasia after balloon angioplastic pro-
cedures, anticancer drugs, wound closure materials with
improved healing and antimicrobial capability, and syn-
thetic vascular grafts that would not clot. In the anticancer
drug area, the nitroxyl radical–incorporated biodegradable
biomaterials could be used as the vehicles to precisely de-
liver the antitumor property of nitroxyl radicals to tumor
sites via the biodegradation release of the incorporated ni-
troxyl radicals. The nitroxyl radical–incorporated biomate-
rials could also be used to improve the efficacy of radiation
therapy in cancer because nitroxyl radicals are known to
be able to considerably sensitize tumor cells toward radia-
tion. The benefit will be lessened side effects of radiation
therapy because a lower dosage of radiation could be used
without compromising the therapeutic effect. In addition
to the therapeutic effect and reconstruction of injured or
diseased tissues, the nitroxyl radical–incorporated bioma-
terials may also be used as a useful tool for a fundamental
study of a host of biochemical reactions involving free rad-

icals and superoxide anions because these nitroxyl radical–
labelled biomaterials could react with any reactive free
radicals and neutralize them. These modified biomaterials
could also be used to mimic the functions of superoxide
dismutase, a naturally occurring enzyme to neutralize su-
peroxide anions and other reactive radicals. Thus, the mod-
ified biomaterials may be used to control local inflamma-
tory reaction induced by wounds or/and surgical implants.
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I. INTRODUCTION

Hydrogels are a three-dimensional network of hydrophilic
polymers held together by association bonds such as cova-
lent bonds and weaker cohesive forces such as hydrogen
and ionic bonds and intermolecular hydrophobic associa-
tion. These networks are able to retain a large quantity of
water within their structure without dissolving. Due to their
superior chemical and physical properties, hydrogels have
received much attention for preparing biomedical materi-
als. The elastic nature of the hydrated hydrogels when used
as implants has been found to minimize irritation to sur-
rounding tissue. The low interfacial tension between the
hydrogel surface and the aqueous solution has been found
to minimize protein adsorption and cell adhesion. The re-
search for an ideal biocompatible material was pioneered
by Wichterle and Lim (1). They developed the first syn-
thetic hydrogel and the subsequent development of thera-
peutic soft contact lenses. Since then the research for hy-
drogels increased year by year. There are some reviews
and textbooks for historical and detailed information of
hydrogels (2–4). In this chapter, we deal with a brief
overview of hydrogels and focus on the ongoing re-
searches.
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II. FUNDAMENTALS

A. Classification

Hydrogels are classified in several ways (Table 1). The
most simple classification is hydrogels obtained from natu-
ral products and hydrogels made of synthetic materials.
Peppas classified hydrogels in three ways: method of prep-
aration, ionic charge, and physical structure features (5).
Based on the method of preparation, hydrogels are classi-
fied further into four groups: homopolymer hydrogels, co-
polymer hydrogels, multipolymer hydrogels, and interpen-
etrating polymeric hydrogels. Based on ionic charges,
hydrogels are classified as neutral, cationic, anionic, or am-
pholytic hydrogels. Based on physical structural features,
they are classified as amorphous hydrogels, semicrystalline
hydrogels, or hydrogen-bonded structures.

Another classification is based on the crosslinking
method. It basically involves two types of gel preparation.
One is the chemical crosslinking, and the other is the phys-
ical crosslinking. In the former case, functional groups on
polymer chains are bound with crosslinking agent or radia-
tion to form insoluble gels. On the other hand, the physical
method introduces physical crosslinks between polymer
chains through intermolecular force such as van der Waals
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Table 6.1 Classification of Hydrogels

Classification Contents

Source Natural
Synthetic

Component Homopolymer
Copolymer
Multipolymer

Preparation method Simultaneous polymerization
Crosslink of polymer

Electric charge Nonion
Anion
Cation
Zwitter ion

Physical structure Amorphous
Semicrystaline
Hydrogen bonded

Crosslink Covalent bond
Intermolecular force

Functions Biodegradable
Stimuli responsive
Superabsorbent
Etc.

force and hydrophobic association, for example. Classifi-
cation by function of hydrogel is also useful. A wide vari-
ety of functional hydrogels have been proposed such as
biodegradable, stimuli-responsible, and superporous hy-
drogels.

B. Preparation

Hydrogels are prepared by various methods. In many situa-
tions, water may be present during the initial formation
of the crosslinked structure. Typical methods of preparing
hydrogels are irradiation, chemical reactions, and physical
association. The radiation method utilizes electron beams,
gamma rays, x-rays, or ultraviolet light to excite polymer
chains to produce a crosslinking point (6). Chemical cross-
linking requires a di- or trifunctional crosslinking agent
and polymers with reactive functional groups in the side
chain or the chain ends. Another chemical crosslinking
method is a simultaneous copolymerization–crosslinking
reaction between one or more monomers using polymeri-
zable crosslinking agent. Physical crosslink association in-
troduces physical crosslinks between polymer chains
through intermolecular force.

A wide variety of synthetic hydrogels can be manufac-
tured by selecting an appropriate polymer or monomer
source. There are three basic types of monomers and poly-
mers used to create hydrogels: neutral, acidic or anionic,
and basic or cationic. Among the neutral monomers and

polymers, hydrophilic or hydrophobic groups may be
available. Most of the monomers and the polymer are hy-
drophilic because the water-soluble groups contribute to
swelling. In order to improve the mechanical strength of
hydrogels, hydrophobic portion is incorporated. For in-
stance, when 2-hydroxyethyl methacrylate (HEMA) is co-
polymerized with hydrophobic monomers, hydrogels with
superior tensile strength and machinability are obtained
(7). To incorporate water into hydrogels, various hydro-
philic groups can be applied, such as hydroxyl, amide, and
ether group. Monomers with acidic groups are thought to
minimize calcification when the hydrogels is implanted
(8,9). Cationic hydrogels acquire positive charge, which
has a favorable effect on the permeability of anions such
as phosphate, a property important in hemodialysis (10).

C. Properties

1. Water Content and Swelling Ratio

The polymer chains of hydrogels interact with the solvent
molecule and tend to expand to the fully solvated state. On
the other hand, the crosslink structure works as the re-
tractive force to pull back the polymer chain inside. This
retractive force is described by the Flory rubber elasticity
theory (11). The counterbalance of the expanding and re-
tracting force attains to equilibrium in a particular solvent
at particular temperature.

To describe the swelling behavior of hydrogels, their
swelling ratio or water content is currently used in most
cases. The water content of a hydrogel is expressed in
terms of percentage of water by weight:

water content �

weight of water
weight of water � weight of dry gel

� 100

For instance, most of hydrogel contact lenses have water
content between 38 and 75%. When the water content of
the hydrogel is over 90%, the hydrogel is called superad-
sorbent hydrogel. Another index which characterizes hy-
drogels is the swelling ratio, expressed by the ratio of the
weight of swollen sample over that of the dry sample:

swelling ratio �
weight of swollen gel

weight of dry gel

Peppas suggested that the swelling characteristic of hy-
drogels is a key for the use of hydrogels in biomedical and
pharmaceutical applications, since the equilibrium swell-
ing ratio influences the solute diffusion coefficient, surface
wettability and mobility, and optical and mechanical prop-
erties of hydrogels.
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2. Permeability

The permeability of target molecules is of utmost impor-
tance for medical application of hydrogels. For instance,
oxygen permeation for contact lens, nutrient and immuno-
logical biosubstance transport for immunoisolation, and re-
leasing drugs and proteins for drug delivery systems are
core characteristics for each application.

III. MEDICAL APPLICATIONS
OF HYDROGELS

Because of their extraordinary biocompatibility, hydrogels
have been successfully used in a wide range of biomedical
applications that include lubrication for surgical gloves,
urinary catheters and surgical drainage systems, contact
lenses, wound dressings, and drug delivery systems.

A. Lubricant

Hydrogels have been used extensively for lubricating the
surfaces of biomaterials. As the dry surface of latex gloves
and catheters exhibits a high faction coefficient, hydrogels
were applied to provide a low friction surface (12). Simi-
larly, drainage tubes used to evacuate collections of fluid
within body cavities require surface lubricity to facilitate
insertion and removal.

The mechanical friction between a catheter and the mu-
cosa tissue may injure the urethra and may cause micro-
hematuria (13). Because of this side effect, hydrogel coat-
ings have been applied to catheters to protect the urethra
and form a hydrophilic lubricious surface. Hydrogels swell
on contact with water and retain a significant proportion
of water, so that the hydrogel surface becomes slippery,
providing a less frictional interface between the mucosa.
Then the hydrogel-coated catheter provides protection to
the contacting urethral epithelium during the catheter use.

Jackson and Fleming proposed five prerequisites for the
optimal performance of a surgical drain: a slippery surface,
antithrombogenicity, softness, radiopacity, and sterilizabil-
ity (14). One example of this hydrogel formation is to react
poly(vinylpyrrolidone) with an isocyanate prepolymer on
a silicone drain (15).

B. Contact Lens

Contact lenses are used to correct the optical function of
the eye with intimate contact to the eye (16,17). Contact
lenses are classified into two groups: soft (flexible) and
hard contact lenses. Hydrogel contact lenses are a member
of soft contact lens group. The hydrogel lenses are made of
slightly crosslinked hydrophilic polymers and copolymers.

The original material for hydrogel contact lens was poly
(2-hydroxyethyl methacrylate) (polyHEMA) (1); at the
equilibrium swelling in physiological saline solution, it
contains about 40% water of hydration.

Hydrogel contact lenses are more comfortable than
other types and are easier to fit. On the other hand, they
are more easily damaged and require more hygienic care
than rubber or plastic lenses. The hydrogel contact lens is
only comfortable when it has a large diameter, thin edges,
and when they move on a limited region. Another factor
to be considered in the comfort of a hydrogel contact lens
is the surface quality. There has been little study about this
problem; however, less interaction of eyelid with hydrogel
contact lens is one of the possible reasons for the com-
fortability of this type of contact lens.

Wide varieties of hydrogel contact lenses have been de-
veloped, while the ‘‘traditional’’ material, HEMA, is still
the most frequently used material for contact lenses. As
the oxygen permeability of the original, rather thick poly-
HEMA hydrogel contact lenses was found to be insuffi-
cient for the corneal metabolism, improved hydrogel con-
tact lenses were developed to enhance oxygen transport.
One method was to increase the water content by copoly-
merizing with a more hydrophilic monomer, and the other
method was to fabricate ultrathin lenses. The oxygen per-
meability coefficient of hydrogel materials increases expo-
nentially with the water content. Ultrathin fabrication is
applicable to any lens type. Generally, the oxygen flux
through the lens will double when the thickness is halved.

Other hydrogel contact lens materials are methacrylic
acid, 1-vinyl-2-pyrrolidone (NVP), dimethylacrylamide,
glyceryl methacrylate, and so on. A variety of other mono-
mers as well as a variety of crosslinking agents are used
as minor ingredients in hydrogel contact lenses (Table 2)
(18). Hydrogel lenses have been classified by the U.S.
Food and Drug Administration (FDA) into four general
groups (Table 2): low water (�50% H2O) nonionic; high
water (�50% H2O) nonionic; low water ionic; and high
water ionic. The ionic character is mainly due to the pres-
ence of methacrylic acid. This ionic character contributes
to high water content, while it is responsible for higher
surface protein binding to the contact lenses. High hydra-
tion is a desirable property for good oxygen permeability,
but there are some disadvantages, such as low tear toler-
ance and protein penetration into the hydrogel. For daily-
wear lenses, ultrathin low-water-content contact lenses are
currently recommended.

Of all the studies for permeability, oxygen permeation
through hydrogel has been investigated in detail for a long
time. Most of the available contact lenses were developed
with the important property of oxygen permeability in
mind. The oxygen permeability coefficient, Dk, is a prop-
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Table 6.2 Classification of Contact Lens by U.S. FDA

U.S. adopted name Polymer % H2O Dk

Group 1: low water (�50% H2O), nonionic
Polymacon HEMA 38 9
Tetrafilcon HEMA/MMA/VP 43 9
Crofilcon DHPMMA/MMA 38 12

Group 2: high water (�50% H2O), nonionic
Lidofilcon A VP/MMA 70 31
Lidofilcon B VP/MMA 79 38

Group 3: low water, ionic
Ocufilcon HEMA/MAA 44 16
Bufilcon A HEMA/NDOAAm 45 12

Group 4: high water, ionic
Etafilcon HEMA/MAA 58 28
Bufilcon B HEMA/NDOAAm 55 16
Vifilcon MAA/HEMA/VP 55 16

Note: HEMA: 2-hydroxyethyl methacrylate; MAA: methacrylic acid; VP:
1-vinyl-2-pyrrolidone; NDOAAm: N-(1,1-dimethyl-3-oxobutyl) acryl-
amide; DHPMMA: 2,3-dihydroxypropyl methacrylate.

erty characteristic of a material, where D is the diffusion
coefficient and k is Henry’s law solubility coefficient. The
dimension of Dk is generally written in �10�11 (cm2/s)(mL
O2/mL mmHg). For a given contact lens, oxygen transmis-
sibility (Dk/L) is defined as the oxygen permeability coef-
ficient of the material divided by the average thickness of
the lens (L, in cm) (19).

C. Dressing

Historically, gauze or nonwovens of cotton or wool have
been used in medicine for a long time. Nowadays, there
exist a plenty of polymeric wound covering materials.
They are subdivided into polymer films, polymer foams,
hydrogels, hydrocolloids, and alginates. The prerequisites
for a successful wound covering material are flexibility,
strength, nonantigenicity, and permeability of water and
metabolites (20). As a barrier effect, a secure wound cov-
ering is also necessary to prevent infection (21). Hydrogels
possess all of these characteristics except high mechanical
strength. The swelling capacity of hydrogels in water,
which gives them advantageous permeability and flexibil-
ity, reduces the tensile strength (21). In order to solve this
contradiction, composite blends of hydrogels and other
polymers have been created.

There are many successful examples of hydrogel com-
posite wound dressings (22). The Hydron (23,24) (Na-
tional Patent Hydro Med Science Division) was the first
hydrogel developed for use as a wound covering material.
Vigilon (25) (Bard Home Health), Gelperm (26) (Geist-
lich), Intrasite (Smith & Nephew), and Biolex (Catalina

Biomedical) are currently available. All these hydrogel
wound dressings are composed of hydrophilic monomers,
such as HEMA, and other ingredients, such as poly(ethyl-
ene glycol), acrylamide, or agar. Some of these dressings
have a multiple layer structure. The success of various hy-
drogel composites for wound covering depends on their
ability to protect against infection and to promote wound
healing by keeping a moist atmosphere.

IV. PHARMACEUTICAL APPLICATIONS
OF HYDROGELS

A. Drug Delivery System

Hydrogels are currently being studied as controlled release
carriers of drugs and proteins because of their good tissue
compatibility, easy manipulation under swelling condition,
and solute permeability (27,28). There are two general
methods for loading drugs into hydrogels as drug carriers.
In one method, a hydrogel monomer is mixed with drug,
initiator, and crosslinker and is polymerized to entrap the
drug within the matrix. In another method, a preformed
hydrogel (in most cases lyophilized) is allowed to swell to
equilibrium in a suitable drug solution. The release of these
drugs from the hydrogel delivery system involves absorp-
tion of water into the polymer matrix and subsequent diffu-
sion of the drugs as determined by Fick’s Law. Kim et al.
(27) reviewed the detailed consideration of swelling, drug
loading, and drug release. They reported that factors that
affect the drug release from hydrogels include the drug
loading method, the local partition of drugs, the overall
hydrophilic/hydrophobic balance, the osmotic effect of
dissolved drugs, and the polymer chain elasticity. The
preparation of hydrogel matrix for a specific drug carrier
should be tailored considering the aforementioned effects
as well as the physical properties of drugs, loading level,
and release kinetics.

Due to an enormous number of drugs and proteins, the
number of tailored hydrogels for specific drugs is also
countless. Some typical examples are reviewed herein.

Pluronic polyols or polyoxamers are block copolymers
of poly(ethylene oxide) and poly(propylene oxide). Some
grades of pluronics have a unique character of reversible
thermal gelation and good nondenaturing effects on pro-
teins. Pluronic gels have been used as delivery systems
for several proteins including IL-2 (29,30), urease (30),
rat intestinal natrituretic factor (31). Poly(vinyl alcohol)
(PVA) is used for releasing bovine serum albumin in vitro
(32). The initial release of the drug was attributed to diffu-
sion of drug through water-filled pores near the surface of
the polymer matrix. Physically crosslinked PVA gels have
been prepared by a freeze–thawing process, which causes
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structural densification of the hydrogel, and have been
studied as protein-releasing matrices (33,34). One of the
pioneer studies on the use of a chemically crosslinked hy-
drogel as a protein-delivery system were done with incor-
poration of chymotrypsin in poly(NVP) (PVP) hydrogels
(35). Because of their high porosity, the protein underwent
a rapid diffusional release within a time of 2–3 days, and
the kinetics were reported to be difficult to control. Beck
et al. used 3% methylcellulose gels to deliver transforming
growth factor β1 (TGF-β1) both to topical skin wounds
(36,37) and to bone defects (38). In both cases, the protein
in the gel showed a significant enhancement in the healing
of skin wounds or bone defects when compared to protein
that was applied to the site in a saline buffer solution. It
means that the incorporated TGF-β1 was not denatured
and worked appropriately.

Hydrogels from natural products are also used as drug
carriers, similar to synthetic polymer hydrogels. Alginate
is one of most popular natural hydrogel matrices for drug
release. Ionically crosslinked alginate hydrogels have been
used to incorporate several different proteins for controlled
release applications including TGF-β1 (39), basic fibro-
blast growth factor (bFGF) (39), tumor necrosis factor re-
ceptor (40), epidermal growth factor (EGF), and urogas-
trone (41). Most of these proteins are incorporated into
alginate hydrogels via ionic bonding to the polymer, but
sometimes the bioactivity of incorporated proteins was
reduced by such ionic interaction. The addition of poly
(acrylic acid) to the alginate hydrogel was shown to pre-
vent the inactivation of proteins by alginate. Another
method is preincorporation with other polymers. Basic
FGF adsorbed to heparin-sepharose beads can keep its ac-
tivity after incorporation into the alginate matrix (41).

Hyaluronic acid derivatives are a good example of natu-
rally occurring polymers that have been modified to con-
trol the degradation and release rates. Hyaluronic acid has
a high molecular weight (MW � 5 to 6 � 106) and exhibits
excellent biocompatibility. In most cases, hyaluronic acid
was applied after modification by chemical crosslinking
and derivatization for enhancement of the rheological
properties or for control of the degradation time (42–44).
The controlled releases of insulin (45) and nerve growth
factor (NGF) (46) from hyaluronic acid esters were re-
ported.

Several groups have demonstrated the release of pro-
teins from collagen matrices. Fujiwara et al. reported in-
corporation of IL-2 into a collagen pellet (47,48). A similar
collagen system was used to release NGF (49). Collagen
gels have been also reported to effectively deliver EGF
(50) and TGF-β1 (51) to experimentally induced wounds
in a mouse model. In both cases, the growth factors were
shown to accelerate wound healing. The protein release

from collagen gel is thought to be a diffusion-controlled
system because the in vitro release rates were linear with
the square root of time in many cases. Gelatin is a dena-
tured substance of collagen and is soluble in water under
the physiological condition. An appropriate crosslinking is
necessary to obtain gelatin–hydrogel. Tabata et al. re-
ported a gelatin microsphere delivery system containing
IFN-α. The gelatin was often crosslinked with glutaralde-
hyde (52). Gelatin-based matrices are studied in many as-
pects, such as the release of insulin (53), and granulocyte
macrophage colony stimulating factor (GM-CSF) (54,55),
bFGF (56), and TGF-β1 (57). The gelatin system was
shown to be a useful delivering matrix, but glutaraldehyde
crosslinking still remains as a potential problem in clinical
application if gelatin is crosslinked in the presence of pro-
tein pharmaceuticals.

V. FUTURE PERSPECTIVES

A. Immunoisolation

The basic concept of immunoisolation is very simple: to
capsulate living cells with a semipermeable barrier which
permits bidirectional passage of small molecules (nutri-
ents, oxygen, and bioactive cell secretions) while re-
stricting transport of larger molecules and host immuno-
cytes. Several different approaches to immunoisolation
have been proposed and evaluated (58). The current types
of the system are cylindrical or planar diffusion chambers
(macrocapsules) and dispersions of spherical beads (micro-
capsules). The objective cells may be allowed to float
freely within a capsule but are mostly supported on a three-
dimensional hydrogel matrix. In many studies, the immu-
noisolative barrier was made of hydrogels prepared from
naturally occurring polysaccharides (alginate, agar, or chi-
tosan). Modified hydrogel membrane barriers are fabri-
cated either from weak polyelectrolytes, typically poly
(lysine)-alginate, or from engineering thermoplastics, such
as polysulfone, poly(acrylonitrile-vinyl chloride), or poly-
olefins (59–64).

Among the many requirements to these matrices, their
permeability may be the most important issue. Oxygen and
nutrients should be supplied at a sufficiently high rate
through the membrane, though passage of components of
the host immune system should be prevented by the semi-
permeability of the membrane. The properties required for
the semipermeable membrane used in cell transplantation
highly depend on the source of cells, whether allo- or xeno-
geneic.

An allograft is a graft between different individuals
from the same species. It is believed that the predominant
cause of allograft rejection is activation of cellular immu-
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nity by interactions of host T cells with a graft, while hu-
moral immunity including antibodies and complement pro-
teins is thought to play a major role in the rejection of
xenografts. For the allograft applied to a recipient without
preformed antibodies, a membrane which can physically
inhibit the contact of host immune cells with the graft is
expected to effectively protect the graft from rejection. For
xenografts, the semipermeable membrane must be de-
signed to be highly permeable to low molecular weight
molecules, but be able to prevent permeation of high mo-
lecular weight biomolecules, such as antibodies and com-
plement proteins for a long time. The development of im-
munoisolative membranes applicable to xenografts is
challenging because of shortage of allogeneic donors. Al-
though various membranes which allow xenotransplanta-
tion have been reported, there is still ambiguity in their
long-term effectiveness.

A hydrogel membrane does not have a distinct molecu-
lar weight cutoff and its selectivity is characterized by the
diffusion coefficient of solutes. Iwata et al. (65) employed
a 5% agarose hydrogel to immunoisolate islets of Langer-
hans. Most xenogeneic recipients with microencapsulated
hamster islets in 5% agarose hydrogel could not demon-
strate normoglycemia for more than 10 days. The agarose
gel cannot effectively protect xenogeneic cells from the
humoral immunity. To solve this problem, they tried to
control the complement cytolytic activities by using poly
(styrene sulfonic acid) (65).

B. Tissue Engineering

Tissue engineering has been extensively studied by many
researchers in a wide area. Tissue engineering, as well as
cell transplantation, has been the most widely investigated
strategy in the recent biomaterials field. Tissue engineering
aims at restoring a tissue defect by inducing endogenous
tissue regeneration and manipulating the cascades of cellu-
lar events during the healing process. Tissue engineering
uses polymer devices with controlled macro- and micro-
structures and chemical properties to achieve organ regen-
eration. Combination of cells and an immunoisolative
membrane forms biohybrid organs, which become a per-
manent part of the host organ by acting as the functional
analog of the original organ by continuously supporting
the organ.

Polymers play an important role in tissue engineering,
providing a scaffold for cell adhesion and a space for cell
proliferation. The interest in hydrogel as a biomaterial for
soft tissue replacement existed in their ability to retain wa-
ter within the polymer network and also in the possibility
to retain the bioactive proteins such as growth factors with-
out inactivating. The swelling characteristics of hydrogels
provide the maintenance of a chemical balance with the

surrounding tissue and allow the exchange between water
in the hydrogel and ions and metabolites of tissue fluids.
In addition, the viscoelastic behavior, low interfacial ten-
sion with biological fluids, and structural stability make
hydrogels suitable for scaffold for tissue engineering
(66–68).

In particular, the use of porous hydrogels to assist tissue
repair and axonal regeneration in the brain (69–71) and
the spinal cord (72–75) has been investigated. Hydrogels
with a three-dimensional network of hydrophilic copoly-
mers are well tolerated by living tissues and may serve as
a substrate for tissue formation.

It has been widely recognized that growth factors
greatly contribute to tissue regeneration at different stages
of cell proliferation and differentiation. However, success-
ful tissue regeneration by the use of growth factors has not
always been achieved. One of the reasons for this is the
very short half-life periods of growth factors in the body
to sustain biological activities. Thus, it is highly necessary
to contrive the dosage of growth factors for enhancing the
in vivo efficacy.

Tabata et al. reported a series of growth factor release
by using gelatin as a basic material (56,57,76–81). The
skull bone regeneration induced by TGF-β1–containing
gelatin hydrogels (TGF-β1–hydrogels) is significant (57).
Gelatin hydrogels with a water content of 95 wt% that in-
corporated at least 0.1 µg of TGF-β1 induced significant
bone regeneration at the rabbit skull defect site 6 weeks
after treatment, whereas TGF-β1 in solution form was inef-
fective, regardless of the dose. The in vivo degradability of
the hydrogels, which varied according to the water content,
played an important role in skull bone regeneration in-
duced by TGF-β1–hydrogels. In their hydrogel system,
TGF-β1 is released from the hydrogels as a result of hy-
drogel degradation. When the hydrogel degrades too
quickly, it does not retain TGF-β1 or prevent ingrowth of
soft tissues at the skull defect site and does not induce bone
regeneration at the skull defect. It is likely that hydrogel
that degrades too slowly physically impedes formation of
new bone at the skull defect. Following the treatment with
0.1 µg TGF-β1–hydrogel (95 wt%), newly formed bone
remained at the defect site without being resorbed 6 and
12 months later. The histological structure of the newly
formed bone was similar to that of the normal skull bone.
Overgrowth of regenerated bone and tissue reaction were
not observed after treatment with TGF-β1–hydrogels.

Tabata et al. also reported the sustained release of TGF-
β1 by using a biodegradable hydrogel based on polyion
complexation for the enhancement of bone regeneration
activity (77). The TGF-β1 was adsorbed onto the biode-
gradable hydrogel of acidic gelatin with an isoelectric
point of 5.0 by electrostatic interaction. The TGF-β1 could
not be adsorbed onto the basic gelatin. When acidic gelatin
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hydrogels incorporating 125I-labelled TGF-β1 were im-
planted into the back of mice, the radioactivity decreased
with time and the in vivo retention of TGF-β1 was pro-
longed with a decrease in the water content of hydrogels.
The higher the water content of hydrogels, the faster their
biodegradation. The in vivo retention of TGF-β1 was cor-
related well with that of gelatin hydrogels, indicating that
TGF-β1 was released from the gelatin hydrogel as a result
of hydrogel biodegradation. The ability of TGF-β1 incor-
porated into acidic gelatin hydrogels to induce bone regen-
eration was evaluated in a rabbit calvarial defect model.
Eight weeks after treatment, the gelatin hydrogels with wa-
ter contents of 90 and 95 wt% induced significantly high
bone regeneration compared with those with lower and
higher water contents and free TGF-β1. This indicates that
the sustained release of TGF-β1 from the hydrogel with
suitable in vivo degradability is necessary to effectively
enhance its osteoinductive function. Rapid hydrogel degra-
dation will result in too short retention of TGF-β1 to in-
duce bone regeneration. It is possible that the slow degra-
dation of the hydrogel physically blocked TGF-β1–
induced bone regeneration at the skull defect.

The polyion complexation is applicable for release of
other growth factors. Acidic gelatin hydrogel was used as
a biodegradable vehicle for bFGF release (78). This growth
factor was incorporated by polyion complexation into a
biodegradable hydrogel prepared by crosslinking acidic
gelatin with the isoelectric point of 4.9. The dried hydrogel
was hydrated with bFGF aqueous solution including differ-
ent doses of bFGF (20, 50, 125, 250, and 500 ng) and im-
planted into a rabbit corneal pocket. Corneal angiogenesis
was evaluated by biomicroscopy, corneal fluorescein angi-
ography, and histology for 21 days. The hydrogel degraded
with time after its implantation into the corneal pocket.
Experimental eyes receiving the hydrogel containing more
than 50 ng of bFGF demonstrated significant corneal angi-
ogenesis. Control eyes and eyes receiving the hydrogel
containing 20 ng of bFGF showed no corneal angiogenesis.
Corneal angiogenesis, which occurred on the third or
fourth day after implantation, reached maximal growth on
about day 7 and regressed from day 10 after implantation.
The area of angiogenesis showed a dose dependency on
bFGF. The gelatin hydrogel itself induced neither angio-
genesis nor inflammation. These results suggest that acidic
gelatin hydrogel releases bioactive bFGF with its biodegra-
dation, resulting in corneal neovascularization.

In vivo release of bFGF from a biodegradable gelatin
hydrogel carrier was compared with the in vivo degrada-
tion of hydrogel (79). When gelatin hydrogels incorporat-
ing 125I-labelled bFGF were implanted into the back of
mice, the bFGF radioactivity remaining decreased with
time, and the retention period was prolonged with a de-
crease in the water content of the hydrogels. The lower the

water content of 125I-labelled gelatin hydrogels, the faster
both the weight of the hydrogels and the gelatin radioactiv-
ity remaining decreased with time. The decrement profile
of bFGF remaining in hydrogels was correlated with that
of the hydrogel weight and gelatin radioactivity, irrespec-
tive of the water content. Subcutaneous implantation of
bFGF-incorporating gelatin hydrogels into the mice in-
duced significant neovascularization. The retention period
of neovascularization became longer as the water content
of the hydrogels decreased. To study the decrease of activ-
ity of bFGF when implanted, bFGF-incorporating hy-
drogels were placed in a diffusion chamber and implanted
in the mouse subcutis for certain periods of time. When
hydrogels explanted from the mice were again implanted
significant neovascularization was still observed, indicat-
ing that most of the biological activity of bFGF was re-
tained in the hydrogels. It was concluded that biologically
active bFGF was released as a result of in vivo degradation
of the hydrogel. The release profile was controllable by
changing the water content of hydrogels.

Other approaches for releasing growth factors from hy-
drogels were also reported. Among cytokines, bFGF is a
well-known heparin-binding growth factor which has mi-
togenic activity for many cell types (82). It has been re-
ported that heparin protects bFGF from proteolytic degra-
dation and thermal inactivation (83), strongly potentiates
its activity (84), and stabilizes its molecular conformation.
Heparan sulfate and other sulfated glycosaminoglycans,
which are functional analogs of heparin, are also present
in the extracellular matrix and work as stabilizers for
bFGF. In order to prepare the bFGF-reserving and -activat-
ing matrix on the inner surface of porous materials, the use
of sulfated polysaccharide seems to be promising. Glu-
cosyloxyethyl methacrylate (GEMA) is a novel metha-
cryloyl monomer, and radical polymerization of GEMA
gives highly water-soluble polymers [poly(GEMA)] and
hydrogels with a crosslinking agent (85–87). The sulfation
of poly(GEMA) provided poly(GEMA) with a heparinlike
activity (88). Hence, poly(GEMA) was considered as one
of polysaccharide model compounds. The reserving and
activating ability of poly(GEMA)–sulfate, and its hydrogel
for bFGF was investigated. It was revealed that poly
(GEMA)–sulfate hydrogel has activity for activating
bFGF and enhances the cell proliferative activity of bFGF.

C. Hydrogels of Stimuli-Responsive Polymers

1. Overview

Some polymers undergo strong conformational changes
when only small changes occur in the environment, such
as temperature, pH, and ionic strength. These polymers are
called stimulus-responsive polymers. Nonlinear responses
by the polymer systems have mainly been observed in wa-
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ter. An appropriate balance of hydrophobicity and hydro-
philicity in the molecular structure of the polymer is re-
quired for the phase transition to occur. There have been
a lot of reviews of this field (89–93).

2. Immobilized Biocatalysts

When an enzyme is incorporated in a hydrogel, phase tran-
sition of stimuli-responsive polymer can significantly af-
fect the enzyme activity and substrate access to the enzyme
molecule. A wide range of stimuli-responsive polymers
have been used for the development of reversibly soluble
biocatalysts whose solubility is controlled by pH (94) or
temperature (95–99). A biocatalyst preparation sensitive
to magnetic fields has been produced by immobilizing
invertase and γ-Fe2O3 in a poly(N-isopropylacrylamide
(NIPAAm)-co-acrylamide) hydrogel. The heat generated
by the exposure of γ-Fe2O3 to a magnetic field causes the
hydrogel to collapse, followed by a sharp decrease in the
rate of sucrose hydrolysis.

3. Drug Delivery

The swelling or shrinking of stimuli-responsive hydrogel
in response to small changes in pH or temperature can be
used to control drug release (92). The development of a
glucose-sensitive insulin releasing system for diabetes
therapy was developed by using pH-responsive polymer,
poly[(N,N-dimethylamino) ethyl methacrylate-co-ethyla-
crylamide]. The polymer was mixed and compressed with
glucose oxidase, bovine serum albumin, and insulin. When
the matrix was exposed to glucose, it was oxidized to form
gluconic acid. As the hydration state was changed by a
decrease in the pH, then insulin was released. A variety
of designs for an insulin-delivery system that responds to
glucose were also developed using glucose oxidase.

4. Biomimetic Actuators

Biomimetic actuators, which mimic the conversion of
chemical energy into mechanical energy in living organ-
isms, have become of major interest lately (100). Ionic hy-
drogels are known to show a discontinuous volumetric
change above a certain threshold of an external stimulus
such as pH, temperature, ionic strength, or concentration
of organic solvent. The volume change of several hundred
times over and under the threshold is utilized to exert a
significant force. As a stimulus that induces a volumetric
change in a hydrogel, an electric field is utilized. For exam-
ple, a crosslinked hydrogel of poly(vinyl alcohol) chains
entangled with poly(acrylic acid) chains has good mechan-
ical properties and shows rapid electric field–associated
bending deformation. Hydrogels capable of mechanical re-
sponse to electric field have also been developed using the

cooperative binding of positively charged surfactant mole-
cules to the polyanionic polymer poly(2-acrylamido-2-
methyl-1-propanesulfonic acid).

Copolymer gels consisting of NIPAAm and acrylic acid
were studied for constructing biomimetic actuators. A pH-
induced change in the -COOH ionization of acrylic acid
alters the repulsive force. NIPAAm produced the attractive
force by hydrophobic interactions over lower critical solu-
tion temperature (32°C). Glucose dehydrogenase was used
here again for converting neutral glucose into gluconic
acid. When this reaction occurs inside the gel, the repulsive
force is eliminated owing to protonation of COO- groups.
As a result, the attractive force dominates, followed by col-
lapse of the gel. The problem of this system is extremely
slow response to the stimuli.

D. Novel Hydrogels

Hubbell et al. have been studying applications of a novel
hydrogel prepared by poly(ethylene glycol) (PEG) diacry-
late derivatives (101–105). The hydrogel obtained by pho-
topolymerization of poly(ethylene glycol) diacrylate was
derivatized with Arg-Gly-Asp (RGD)–containing peptide
sequences (101). Incorporation was achieved by function-
alizing the amine terminus of the peptide with an acrylate
moiety, thereby enabling the adhesion peptide to copoly-
merize rapidly with the PEG diacrylate upon photoinitia-
tion. Hydrogels incorporated the peptide with a PEG
spacer arm and incorporation of RGD-promoted fibroblast
spreading. Water-soluble macromers based on block co-
polymers of PEG and poly(lactic acid) or poly(glycolic
acid) with terminal acrylate groups were used for a nonad-
hesive barrier at the free surface on the treated wound site.
These materials, photopolymerized in vivo in direct con-
tact with tissues, appear to form an adherent hydrogel bar-
rier that is highly effective in reducing postoperative adhe-
sions in the models used.

Yui and coworkers have proposed new drug release sys-
tems: dual stimuli–responsive release (106,107) and pulsa-
tile release systems (108). For the dual stimuli–responsive
system, interpenetrating polymer network (IPN) –struc-
tured hydrogels of gelatin and dextran were prepared with
lipid microspheres as a drug microreservoir. The IPN-
structured hydrogel prepared below the transition tempera-
ture of gelatin exhibited a specific degradation-controlled
lipid microsphere release behavior: lipid microsphere re-
lease from the hydrogel in the presence of either α-chymo-
trypsin or dextranase alone was completely hindered,
whereas lipid microsphere release was observed in the
presence of both enzymes. For the pulsatile release system,
multilayered hydrogels consisting of PEG-grafted dextran
(PEG-g-Dex) and ungrafted dextran were prepared. In
these formulations, it is expected that the grafted PEG do-
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mains act as a drug reservoir dispersed in the dextran ma-
trix based on aqueous polymer two-phase systems. The
formulations exhibited surface-controlled degradation by
dextranase, and insulin release was observed in a pulsatile
manner because of the multilayered structure in which
PEG-g-Dex hydrogel layers contained insulin, and dextran
hydrogel layers did not.

E. Other Hydrogels

Some hydrogels are currently used for biomedical applica-
tions, but the use of hydrogels under physiological condi-
tions is sometimes limited by calcification. The calcifica-
tion of biomaterials is an important pathologic process, and
has been observed not only in hydrogels but also in many
kinds of biomaterials, for example, in devices (109), arti-
ficial blood pumps (artificial hearts) (110), heart valves
(111,112), and soft contact lenses (113), as well as in poly-
urethane (109) and silicone rubber (114). As calcification
lowered the performance of the materials by changing the
bulk properties or causing thrombosis, a great deal of re-
search has been done to make clear the calcification mech-
anism (115–118). On the other hand, calcification is useful
as a biomedical material which requires bone bonding. Hy-
droxyapatite [HAp: Ca10(PO4)6(OH)2], which is one of the
main components of calcified materials, is a biofunctional
inorganic material. In some orthopedic and tissue adhesive
applications, many researchers have attempted to create
polymer–HAp composites by mixing (119), plasma spray
(120,121), and coating (122,123); they reported that forma-
tion of composite was good. However, there have been few
studies about hydrogel–HAp composites. If hydrogel–HAp
composites can be formed, the use of hydrogels as im-
plantable materials will increase. However, the calcification
mechanism (HAp formation) has not yet been clarified.

Many possible factors, such as animal species, age, hor-
mone level, type of materials, shear stress, surface defect,
protein adsorption, hydrophilicity, and thrombus, may con-
tribute to calcification of biomedical materials in vivo
(124,125). In regard to studying calcification, the main ob-
stacle was the lack of an adequate in vitro experimental
system. Most studies of calcification have been done in
vivo (118) because it is assumed that devitalized cells and
cellular debris are keys to calcification. Recent research
has revealed that the physicochemical aspect of materials
is another essential factor for calcium phosphate deposition
in the initial stage of calcification. Animal models can pro-
vide useful data, but it takes a long period of time to study
calcification. In 1990, Kokubo et al. developed a biomi-
metic process and noted that a HAp layer with the desired
thickness was formed on ceramic, metal, and polymer
films at a normal temperature and pressure in vitro (126).
Using this experimental procedure, some research (127) in

regard to creating polymer–HAp composites has been
done (122,128). Assuming the biomimetic process as an
in vitro calcification model, HAp formation (which is a
type of calcification) on/in hydrogels was analyzed. There
are many kinds of hydrogels and many factors to study,
including chemical formula, functional group, swelling ra-
tio, and so on. Imai et al., who used PHEMA copolymer
hydrogels, found that the amount of calcified deposits de-
pends on the HEMA content in the hydrogels and that their
chemical structure was a more important factor in calcifi-
cation than hydrophilicity. Using various hydrogels that
carried hydroxyl groups, the relationship between hydrogel
characteristics and HAp formation was studied (115). It
was revealed that there were two factors (the bound water
content and the swelling ratio of a hydrogel) that affect
HAp formation. The higher bound water content will pro-
vide a large number of nucleation sites for HAp on/in a
hydrogel. On the other hand, the higher the swelling ratio
becomes, the larger amount of ions is supplied into a hy-
drogel matrix from a solution in order to grow HAp nuclei
on/in a hydrogel.

VI. SUMMARY

Hydrogels have been studied as biomaterials in the medical
field, but the clinical applications are very limited. The
continuous advances in biology and medicine will produce
further demand for biomaterials, and hydrogels could be
a practical answer, especially in the field of tissue engi-
neering and drug delivery systems.
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I. INTRODUCTION

In the early 1980s, academic research groups pioneered the
concept of mucoadhesion as a new strategy to improve the
therapeutic effect of various drugs. Mucoadhesive poly-
mers are able to adhere on the mucus gel layer that covers
various tissues of the body. These mucoadhesive proper-
ties are in many cases advantageous rendering such poly-
mers interesting tools for various pharmaceutical reasons:

1. Mediated by mucoadhesive polymers, the resi-
dence time of dosage forms on the mucosa can be
prolonged, which allows a sustained drug release
at a given target site in order to maximize the thera-
peutic effect. Robinson and Bologna, for instance,
have reported that a polycarbophil gel is capable of
remaining on the vaginal tissue for 3 to 4 days and
thus provides an excellent vehicle for the delivery
of drugs such as progesterone and nonoxynol-9 (1).

2. Furthermore, drug delivery systems can be local-
ized on a certain surface area for purpose of local
therapy or for drug liberation at the ‘‘absorption
window,’’ e.g., the absorption of riboflavin, which
has its absorption window in the stomach as well
as the small intestine, could be strongly improved
in human volunteers by oral administration of mu-
coadhesive microspheres versus nonadhesive mi-
crospheres (2).

3. In addition, mucoadhesive polymers can guarantee
an intimate contact with the absorption membrane
providing the basis for a high concentration gradi-
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ent as driving force of drug absorption; for the ex-
clusion of a presystemic metabolism such as the
degradation of orally given (poly)peptide drugs by
luminally secreted intestinal enzymes (3,4); and for
interactions of the polymer with the epithelium,
such as a permeation enhancing effect (5,6) or the
inhibition of brush border membrane-bound en-
zymes (7,8).

Because of all these benefits, research work in the field of
mucoadhesive polymers has strongly increased within the
last two decades resulting in numerous promising ideas,
strategies, systems, and techniques based on a more and
more profound basic knowledge. An overview reflecting
the status quo as well as future trends concerning mucoad-
hesive polymers should provide a good platform for ongo-
ing research and development in this field.

II. MUCUS GEL COMPOSITION

As mucoadhesive macromolecules adhere to the mucus gel
layer, it is important to characterize first this polymeric
network representing the target structure for mucoadhesive
polymers. The most important component building up the
mucus structure are glycoproteins with a relative molecular
mass range of 1–40 � 106 Da. These so-called mucins
possess a linear protein core, typically of high serine and
threonine content that is glycosilated by oligosaccharide
side chains that contain blood group structures. The protein
core of many mucins exhibits furthermore N and/or C ter-
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Figure 7.1 Schematic presentation of the three-dimensional
network of the mucus gel layer; protein core; ; glycosidic side
chains, .

minally located cysteine-rich subdomains, which are con-
nected with each other via intra- and/or intermolecular di-
sulfide bonds. This presumptive structure of the mucus is
illustrated in Fig. 1. The water content of the mucus gel
has been determined to be 83% (9). Generally, mucins may
be classified into two classes, secretory and membrane-
bound forms. Secretory mucins are secreted from mucosal
absorptive epithelial cells as well as specialized goblet

Table 7.1 Synopsis of Human Mucins

Cysteine-rich
Mucin Characteristics High-level expression subdomains Reference

MUC1 Membrane-bound Breast, pancreas 12
epithelial mucin

MUC2 Secreted intestinal Intestine, tracheobronchus Yes 13
mucin

MUC3 Secreted intestinal Intestine, gallbladder, pancreas Yes 14
mucin

MUC4 Tracheobronchial, Tracheobronchus, colon, uter- 15
secretory mucin ine endocervix

MUC5A/C Secretory mucin Tracheobronchus, stomach, Yes 16
ocular, Uterine endocervix

MUC5B Secretory mucin Tracheobronchus, salivary Yes 17
MUC6 Major secretory Stomach, gallbladder Yes 18

mucin of the
stomach

MUC7 Salivary 19
MUC8 Tracheobronchus, reproductive 20

tract

Source: Ref. 11.

cells. They constitute the major component of mucus gels
of the gastrointestinal, respiratory, ocular, and urogenital
surface. The mucus layer based on secretory mucins repre-
sents not only a physical barrier but also a protective diffu-
sion barrier (9,10). Membrane-bound mucins possess a hy-
drophilic membrane-spanning domain and are attached to
cell surfaces. Up to now, eight different types of human
mucins have been discovered and characterized, which are
listed in Table 1.

Secreted mucins are continuously released from cells
as well as glands undergoing immediately thereafter a
polymerization process mainly based on an intermolecular
disulfide bond formation. This so-formed mucus layer, on
the other hand, is continuously eroded by enzymatic and
mechanical challenges on the luminal surface. Although
the turnover time of the mucus gel layer seems to be crucial
in order to estimate how long a mucoadhesive delivery sys-
tem can remain on the mucosa in maximum, there is no
accurate information on this time scale available. A clue
was given by Lehr et al., who determined the turnover time
of the mucus gel layer of chronically isolated intestinal
loops in rats to be in the order of approximately 1–4 h
(21). Both mucus secretion and mucus erosion, however,
are influenced by so many factors, such as mucus secreta-
gogues, mechanical stimuli, stress, calcium concentration,
and the enzymatic activity of luminal proteases leading to
a highly variable turnover time a time scale is therefore
quite complex and difficult to evaluate.
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III. PRINCIPLES OF MUCOADHESION

Since the concept of mucoadhesion was introduced into
the scientific literature, considerably many attempts have
been undertaken in order to explain this phenomenon. So
far, however, no generally accepted theory has been found.
A reason for this situation can be seen in the fact that many
parameters seem to have an impact on mucoadhesion (Fig.
2), which makes a unique explanation impossible. Al-
though there are many controversies over which theories
should be favored, at least two basic steps are generally
accepted. In step I, the contact stage, an intimate contact
between the mucoadhesive and the mucus gel layer is
formed. In step II, the consolidation stage, the adhesive
joint is strengthened and consolidated, providing a pro-
longed adhesion.

A. Chemical Principles

1. Formation of Noncovalent Bonds

Noncovalent chemical bonds include hydrogen bonding,
which is based on hydrophilic functional groups such as
hydroxylic groups, carboxylic groups, amino groups, and
sulfate groups; ionic interactions, such as the interaction
of the cationic polymer chitosan with anionic sialic acid
moieties of the mucus; and van der Waals forces, based
on various dipole–dipole interactions.

2. Formation of Covalent Bonds

In contrast to secondary bonds, covalent bonds are much
stronger and are not any more influenced by parameters
such as ionic strength and pH value. Functional groups that
are able to form covalent bonds to the mucus layer are over

Figure 7.2 Schematic presentation of effects influencing mu-
coadhesion. (From Ref. 22.)

Figure 7.3 Thiolated polymers forming covalent bonds with
the mucus layer.

all thiol groups. The way such functional groups can form
covalent bonds with mucus glycoproteins is illustrated in
Fig. 3. Thiolated polymers are able to mimic the naturally
occurring mechanism whereby mucus glycoproteins are
immobilized in the mucus.

B. Physical Principles

1. Interpenetration

One theory explaining the phenomenon of mucoadhesion
is based on a macromolecular interpenetration effect. The
mucoadhesive macromolecules interpenetrate with mucus
glycoproteins as illustrated in Fig. 4. The resulting conso-
lidation provides the formation of a strong stable muco-
adhesive joint. The theory can be substantiated by the ob-
servation that chain flexibility favoring a polymeric

Figure 7.4 Interpenetration of a mucoadhesive matrix tablet
(⋅⋅⋅⋅⋅⋅) and the mucus gel layer (—).
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interpenetration is a crucial parameter for mucoadhesion.
The crosslinking of various polymers or the covalent at-
tachment of large sized ligands (23) leading to a reduction
in chain flexibility results in a strong decrease in mucoad-
hesive properties.

Rheological approaches (discussed in detail later on)
demonstrate a synergistic increase in the resistance to elas-
tic deformation by mixing mucus with mucoadhesive poly-
mer. Attenuated total reflection Fourier transform infrared
(ATR-FTIR) studies showing changes in the spectrum of
a poly(acrylic acid) film because of interpenetrating mucin
molecules within 6 min (24) provide further evidence for
this theory.

Objections to the interpenetration theory, however, are
provided mainly by electron microscopy studies giving no
evidence of interpenetration in the micrometer range (25)
and the strong adhesion of mucoadhesive polymers to
plane solid surfaces where the opportunity for macro-
molecular interpenetration is obviously marginal.

2. Mucus Dehydration

Dehydration of a mucus gel layer increases its cohesive
nature, which was shown by Mortazavi and Smart (26).
Dehydration essentially alters the physicochemical proper-
ties of a mucus gel layer, making it locally more cohesive
and promoting the retention of a delivery system. The the-
ory can be substantiated by studies with dialysis tubings.
Bringing dry mucoadhesive polymers wrapped in dialysis
tubings into contact with a mucus layer leads to its dehy-
dration rapidly (26). Dehydrating a mucus gel increases its
cohesive nature and subsequently its adhesive behavior,
which could be shown by tensile studies (26). An objection
to the theory that no interpenetration but exclusively mu-
cus dehydration occurs is given by various rheological
studies and tensile studies carried out by Caramella et al.
(27), who observed a significant increase in the total work
of adhesion (TWA) by mixing the polymer directly with
mucin before tensile measurements. It is therefore likely
that glycoproteins of the mucus are carried with the flow
of water into the mucoadhesive polymer which leads to the
already described interpenetration, an explanation which
allows the combination of both the interpenetration and
mucus dehydration theory.

3. Entanglements of Polymer Chains

The mucoadhesive as well as cohesive properties of poly-
mers can also be explained by physical entanglements of
polymer chains. The difference in cohesive as well as mu-
coadhesive properties of lyophilized and precipitated mu-
coadhesive polymers gives strong evidence for this theory.
Whereas precipitated polymers display high cohesive as
well as mucoadhesive properties with a likely high number

of polymer chain entanglements, these properties are com-
paratively lower for the corresponding lyophilized poly-
mers, which do not exhibit such a high extent of entangle-
ments (28).

IV. METHODS TO EVALUATE
MUCOADHESIVE PROPERTIES

A. In Vitro Methods

The selection of the mucoadhesive material is the first step
in developing a mucoadhesive drug delivery system. A
screening of the adhesive properties of polymeric materials
can be done by various in vitro methods such as visual
tests, tensile studies, and rheological methods, which are
often accompanied by additional spectroscopic techniques.
Apart from these well-established methods, which are de-
scribed in detail in this section, some novel methods such
as magnetic (29) and direct force measurement techniques
(30) have been introduced into the literature as well.

1. Visual Tests

a. Rotating Cylinder

In order to evaluate the duration of binding to the mu-
cosa as well as the cohesiveness of mucoadhesive poly-
mers, rotating cylinder seems to be an appropriate method.
In particular, tablets consisting of the test polymer can be
brought into contact with freshly excised intestinal mucosa
(e.g., porcine) that has been spanned on a stainless steel
cylinder (diameter, 4.4 cm; height, 5.1 cm; apparatus, 4-
cylinder, USP XXII). Thereafter, the cylinder is placed in
the dissolution apparatus according to the USP containing
an artificial gastric or intestinal fluid at 37°C. The experi-
mental set-up is illustrated in Fig. 5. The fully immersed
cylinder is agitated at 250 rpm. The time needed for de-

Figure 7.5 Schematic presentation of the test system used to
evaluate the mucoadhesive properties of tablets based on various
polymers. c � cylinder; if � intestinal fluid; m � porcine mu-
cosa; t � tablet.
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tachment, disintegration, and/or erosion of test tablets can
be determined visually (22).

b. Rinsed Channel

At this method, freshly excised mucosa is spread out
on a lopsided channel with the mucus gel layer facing up-
wards and placed in a thermostatic chamber, which is kept
at 37°C. After applying the test material on the mucosa,
the rinse is flushed with an artificial gastric or intestinal
fluid at a constant flow rate, and the residence time of the
mucoadhesive polymer is determined visually. The experi-
mental set-up is illustrated in Fig. 6 (31,32).

2. Tensile Tests

a. Tensile Studies with Dry Polymer Compacts

Test polymers are thereby compressed to flat-faced
discs. Tensiometer studies with these test discs are carried
out on freshly excised mucosa. Test discs are therefore
attached to the mucosa. After a certain contact time be-
tween test disc and mucosa, the mucosa is pulled at a cer-
tain rate (mm/s) from the disc. The total work of adhesion
representing the area under the force–distance curve and
the maximum detachment force (MDF) are determined.
The experimental set-up is illustrated in Fig. 7. It repre-
sents one of the best established in vitro test systems used
by numerous research groups (23,33,34).

b. Tensile Studies with Hydrated Polymers

In order to minimize the influence of an ‘‘adhesion by
hydration,’’ tensile studies can also be carried out with hy-
drated polymers, as described by Ch’ng and coworkers
(35). Hydrated test polymers are thereby spread in a uni-
form monolayer over excised mucosa which has been fixed
on a flat surface. In an artificial gastric or intestinal fluid

Figure 7.6 Experimental set-up in order to evaluate the mu-
coadhesive properties of test formulations on a freshly excised
mucosa spread out on a lopsided channel.

Figure 7.7 Experimental set-up for tensile studies with dry
polymer compacts.

at 37°C, the hydrated polymer is brought in contact with
the mucus layer of a second mucosa, which is fixed on a
flat surface of a weight hanging on a balance. The TWA
and MDF are then determined as already described.

c. Tensile Studies with Microspheres

Tensile studies as described are not designed for mea-
suring microscopic interactions such as those that may oc-
cur between microparticles and the mucus gel layer.
Hence, a method was developed for measuring mucoadhe-
sive properties of microspheres. In vivo interactions are
thereby mimicked utilizing a miniature tissue chamber,
which is heated by a water jacket. Thermoplastic micro-
spheres are mounted to the tips of fine iron wires using a
melting technique. The nonloaded ends of the wires are
then attached to a sample clip and suspended in the micro-
balance enclosure. The freshly excised section of mucosa
is clamped in the buffer-filled chamber at 37°C, and the
microsphere is brought into contact with the tissue. To
fracture the adhesive interactions, the tissue is pulled off
the microsphere and certain mucoadhesive parameters are
calculated and graphs of force versus position and time are
plotted using appropriate software for the microbalance.
The method provides valuable information concerning the
adhesive properties of microspheres. So far, however, it is
limited to microspheres not smaller than 300 µm (36).

3. Rheological Techniques

During the chain interpenetration of mucoadhesive poly-
mers with mucin macromolecules, physical entanglements,
conformational changes, and chemical interactions occur.
Thereby, changes in the rheological behavior of the two
macromolecular species are produced. An evaluation of
the resulting synergistic increase in viscosity, which is sup-
posed to be in many cases directly proportional to results
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obtained with tensile studies (37), can be achieved by mix-
ing the mucoadhesive polymer with mucus and measuring
viscosity. The rheological behavior can be determined
either by a classical rotational viscometry test at a cer-
tain shear rate or by dynamic oscillatory measurements,
which give useful information about the structure of the
polymer–mucin network.

4. Spectroscopic Techniques

Since mucoadhesive properties of polymers have been in-
vestigated, these tests were accompanied by additional
spectroscopic analyses (38). Kerr et al. (39), for instance,
using 13C nuclear magnetic resonance spectroscopy have
provided evidence of hydrogen bonding between mucus
glycoproteins and the carboxylic acid groups of poly-
acrylic acid. Moreover, Tobyn et al., using Fourier trans-
form infrared spectroscopy, reported also interactions be-
tween the pig gastric mucus glycoproteins and the test
mucoadhesive (40). Jabbari et al. could confirm the chain
interpenetration theory by investigating a mucin and poly-
acrylic acid interface via attenuated total reflection Fourier
transform infrared spectroscopy (24). Mortazavi et al., us-
ing infrared and 13C NMR spectroscopy, suggested the for-
mation of hydrogen bonds between the mucoadhesive po-
lyacrylic acid and the terminal sugar residues on the mucus
glycoprotein (41). In another study, the nature of interac-
tions between the mucus gel and polyacrylic acid was in-
vestigated by tensile studies, dynamic oscillatory rheology,
and 13C NMR spectroscopy as well. The addition of hydro-
gen bond breaking agents resulted thereby in a decrease
in mucoadhesive strength, a reduction in viscoelastic prop-
erties of polymer–mucin mixtures, and a positional change
in the chemical shift of the polyacrylic acid signal (42).

B. In Vivo Methods

To date, the mucoadhesion of dosage forms in the body
has been evaluated by direct observation and by gamma
scintigraphy. For both methods, either the time period of
mucoadhesion is determined or in case of the GI tract to
what extent the transit time of the mucoadhesive dosage
form can be prolonged.

The direct observation offers the advantage that radio-
nuclides are not needed and that a pretreatment of the test
formulation is in most cases not necessary. The technique
can be used to evaluate mucoadhesion on various tissues
in animal studies. Akiyama and Nagahara for instance, ad-
ministered mucoadhesive microspheres orally to rats. After
2.5 h, the extent of the adhesion of these microspheres to
the gastric mucosa was evaluated visually, demonstrating
a high amount of mucoadhesive microspheres being pres-
ent in the stomach compared to nonadhesive microspheres

(2). For human studies, however, the direct observation is
limited only to a few mucosal tissues such as the oral cav-
ity. Bouckaert et al., for instance, determined the adhesion
of tablets in the region of the upper canine. Test tablets
were thereby fixed for 1 min with a slight manual pressure
on the lip followed by moistening with the tongue to pre-
vent sticking of the tablet to the lip. The adhesion time
was defined as the time after which the mucoadhesive tab-
let was no longer visible under the lip upon control at 30-
min intervals (43). In another study, which was carried out
in the same way, volunteers participating in this study were
asked to record the time and circumstances of the end of
adhesion (erosion or detachment of the tablet) (44).

In contrast, no tissue limitations seem to exist for
gamma scintigraphic methods. Using these techniques
makes it even possible to evaluate the increase in the GI
transit time of mucoadhesive formulations. Radionuclides
used for imaging studies include 99Tcm, 111Inm, 113Inm, and
81Krm. Among them technetium-99m represents the most
commonly used radionuclide, as it displays no beta or
alpha radiation and a comparatively short half-life of 6.03
h. Indium-113m, which has an even shorter half-life of 1.7
h has a different energy to technetium-99m and can there-
fore be used in double-labelling studies. For many applica-
tions the longer lived isotope indium-111m (half-life 2.8
days) seems to be more appropriate. Whereas a strongly
prolonged GI transit time of mucoadhesive polymers was
demonstrated in various animal studies (35), the same ef-
fect could not be shown in human volunteers (45,46).

V. MUCOADHESIVE POLYMERS

A system for mucoadhesive polymers can be based on their
origin (e.g., natural/synthetic), the type of mucosa on
which they are mainly applied (e.g., ocular/buccal), or
their chemical structure (e.g., cellulose derivatives/poly-
acrylates). Apart from these approaches, mucoadhesive
polymers can also be classified according to their mecha-
nism of binding as shown within this chapter.

A. Noncovalent Binding Polymers

According to their surface charge, which is important for
the mechanism of adhesion, they can be divided into an-
ionic, cationic, nonionic, and ambiphilic polymers.

1. Anionic Polymers

For this group of polymers mainly ECOOH groups are
responsible for their adhesion to the mucus gel layer. Car-
bonic acid moieties are supposed to form hydrogen bonds
with hydroxyl groups of the oligosaccharide side chains
on mucus proteins. Further anionic groups are sulfate as
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well as sulfonate moieties, which seem to be more of theo-
retical than of practical relevance. Important representa-
tives of this group of mucoadhesive polymers are listed
in Table 2. Among them one can find the most adhesive
noncovalent binding polymers such as polyacrylates and
NaCMC (33,58). Because of their high charge density,
these polymers display a high buffer capacity, which might
be beneficial for various reasons as discussed in Section
VI.C. In contrast to nonionic polymers, their swelling be-
havior, which is also crucial for mucoadhesion (Fig. 2),
strongly depends on the pH value. The lower the pH value,
the lower is the swelling behavior, leading to a quite insuf-
ficient adhesion in many cases. The correlation between
the pH value of an anionic polymer and its swelling behav-
ior is illustrated in Fig. 8. On the contrary, a too rapid
swelling of such polymers at higher pH values can lead

Table 7.2 Anionic Mucoadhesive Polymers

Polymer Chemical structure Additional information References

Alginate 47–49

Carbomer Crosslinked with sucrose 33, 49, 50

Chitosan-EDTA Optionally crosslinked with 51, 52
EDTA

Hyaluronic acid 53–55

NaCMC 0.3–1.0 carboxymethyl 33, 49, 56
groups per glucose unit

Pectins RCOH or methyl 57, 58

Polycarbophil Crosslinked with divinyl- 33, 56, 59, 60
glycol

to an overswelling, which causes a strong decrease in the
cohesive properties of such polymers. Even if the polymer
sticks to the mucus layer, in this case, the drug delivery
system won’t be any more mucoadhesive, as the adhesive
bond fails within the mucoadhesive polymer itself. This
effect is illustrated in Fig. 9. A further drawback of anionic
mucoadhesive polymers, however, is their incomatibility
with multivalent cations like Ca2�, Mg2�, and Fe3�. In the
presence of such cations, these polymers precipitate and/
or coagulate (61), leading to a strong reduction in their
adhesive properties.

2. Cationic Polymers

The strong mucoadhesion of cationic polymers can be ex-
plained by ionic interactions between these polymers and
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Figure 7.8 Correlation between the pH value of the anionic
polymer polycarbophil and its swelling behavior. (From Ref. 22.)

anionic substructures such as sialic acid moieties of the
mucus gel layer. In particular, chitosan, which can be pro-
duced in high amounts for a reasonable price, seems to be
a promising mucoadhesive excipient. Apart from its mu-
coadhesive properties, chitosan is also reported to display
permeation-enhancing properties (62,63). The most impor-
tant cationic mucoadhesive polymers are listed in Table 3.
Their swelling behavior is strongly pH dependent as well.
In contrast to anionic polymers, however, their swelling
behavior is improved at higher proton concentrations. Chi-
tosan, for instance, is hydrated rapidly in the gastric fluid,
leading to a strong reduction of its cohesive properties,
whereas it does not swell at all at pH values above 6.5,
causing a complete loss in its mucoadhesive properties.

Figure 7.9 Adhesive bond failure in case of insufficient cohe-
sive properties of the mucoadhesive polymer.

3. Nonionic Polymers

The adhesion of anionic as well as cationic polymers
strongly depends on the pH value of the surrounding fluid.
On the contrary, non ionic mucoadhesive polymers are
mostly independent from this parameter. Whereas the for-
mation of secondary chemical bonds due to ionic interac-
tions can be completely excluded for this group of poly-
mers, some of them such as poly(ethylene oxide) are
capable of forming hydrogen bonds. Apart from these in-
teractions, their adhesion to the mucosa seems to be rather
based on an interpenetration followed by polymer chain
entanglements. These theoretical considerations are in
good accordance with mucoadhesion studies, demonstrat-
ing almost no adhesion of nonionic polymers if they are
applied to the mucosa already in the completely hydrated
form, whereas they are adhesive if applied in dry form
(64). Hence, nonionic polymers are in most cases less ad-
hesive than anionic as well as cationic mucoadhesive poly-
mers. Well-known representatives of this group of muco-
adhesive polymers are listed in Table 4. In contrast to ionic
polymers, nonionic polymers are not influenced by electro-
lytes of the surrounding milieu. The addition of 0.9%
NaCl, for instance, to carbomer leads to a tremendous de-
crease in its cohesiveness and subsequently to a strong
reduction of its mucoadhesive properties, whereas these
electrolytes have no influence on nonionic mucoadhesive
polymers.

4. Ambiphilic Polymers

Ambiphilic mucoadhesive polymers display cationic as
well as anionic substructures on their polymer chains. On
one hand, mucoadhesion of the cationic polymers is said
to be caused by electrostatic interactions with negatively
charged mucosal surfaces. For anionic polymers, on the
other hand, mucoadhesion can be explained by the forma-
tion of hydrogen bonds of carboxylic acid groups with the
mucus gel layer. The combination of positive as well as
negative charges on the same polymer, however, seems to
compensate both effects, leading to strongly reduced adhe-
sive properties of ambiphilic polymers. Mucoadhesion
studies of chitosan–EDTA conjugates with increasing
amounts of covalently attached EDTA can clearly show
this effect. Whereas the exclusively anionic chitosan–
EDTA conjugate (Table 2) exhibiting no remaining cat-
ionic moieties and the exclusively cationic polymer chito-
san displayed the highest mucoadhesive properties, the
mucoadhesion of chitosan–EDTA conjugates showing
both cationic moieties of remaining primary amino groups
and anionic moieties of already covalently attached EDTA
was much lower. In addition, Luessen et al. could show a
strongly increased intestinal buserelin bioavailability in



Mucoadhesive Polymers 155

Table 7.3 Cationic Mucoadhesive Polymers

Polymer Chemical structure Additional information References

Chitosan Primary amino groups can be 3, 60
acetylated to some extend

Polylysine 57

rats using chitosan HCl as mucoadhesive excipient. A mix-
ture of this cationic polymer with the anionic polymer car-
bomer, however, led to a significantly reduced bioavail-
ability of the therapeutic peptide (66). Representatives of
this type of mucoadhesive polymer are mainly proteins
such as gelatin, which is reported as mucoadhesive in vari-
ous studies (58,67).

Due to the combination of cationic as well as anionic
mucoadhesive polymers leading to ionic interactions, how-
ever, the cohesiveness of delivery systems can be strongly
improved (53,57). If the adhesive bond of a delivery sys-
tem fails within the mucoadhesive polymer itself rather
than between the polymer and the mucus layer as illus-
trated in Fig. 9, this effect is more important than the mu-

Table 7.4 Nonionic Mucoadhesive Polymers

Polymer Chemical structure Additional information References

Hydroxypropyl–cellulose RCH or hydroxypropyl 34, 65

Hydroxypropyl–methylcellulose RCH or methoxy or hydroxypropyl 49, 50
Poly(ethylene oxide) 34, 49

Poly(vinyl alcohol) 50, 58

Poly(vinyl pyrrolidone) 58

coadhesive properties of the polymer in order to improve
the adhesiveness of the whole dosage form.

B. Covalent Binding Polymers

Recently, a presumptive new generation of mucoadhesive
polymers has been introduced into the pharmaceutical lit-
erature (68). Whereas the attachment of mucoadhesive
polymers to the mucus layer has to date been achieved by
noncovalent bonds, these novel polymers are capable of
forming covalent bonds. The bridging structure most com-
monly encountered in biological systems—the disulfide
bond—has thereby been discovered for the covalent adhe-
sion of polymers to the mucus layer of the mucosa. Thio-
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Figure 7.10 Thiomer (thiolated polymer): mucoadhesive poly-
mers which display thiol moieties bearing side chains.

lated polymers, or so-called thiomers, are mucoadhesive
basis polymers that display thiol-bearing side chains (Fig.
10). Based on thiol/disulfide exchange reactions, as illus-
trated in Fig. 11, and/or a simple oxidation process, disul-
fide bonds are formed between such polymers and cyste-
ine-rich subdomains of mucus glycoproteins (see Table 1).
Hence, thiomers mimic the natural mechanism of secreted
mucus glycoproteins, which are also covalently anchored
in the mucus layer by the formation of disulfide bonds. Due
to the covalent attachment of cysteine to polycarbophil, for
instance, the adhesive properties of this polymer could be
strongly increased. Whereas the unmodified basis polymer
displayed a total work of adhesion of 104 � 21 µJ, it was

Figure 7.11 Schematic presentation of disulfide exchange reac-
tions between a (poly)peptide and a cysteine derivative according
to Snyder (69). The (poly)peptide stands here for a mucin glyco-
protein of the mucus, and the cysteine derivative is a polymer–
cysteine conjugate. (R � mucoadhesive basis polymer) (Adapted
from Ref. 68.)

Figure 7.12 Comparison of the adhesive properties of polycar-
bophil–cysteine conjugates displaying increasing amounts of co-
valently attached cysteine (32:1 up to 1:4) and controls of un-
modified polycarbophil. Represented values are means � S.D.
(n � 3–8) of the TWA determined in tensile studies at pH 6.8
with dry compacts of indicated test material. (From Ref. 68.)

280 � 67 µJ for a corresponding polymer–cysteine conju-
gate. The results of this study are shown in Fig. 12. Apart
from these improved mucoadhesive properties, which
could meanwhile also be shown for various other thiolated
polymers, thiomers exhibit strongly improved cohesive
properties as well. Whereas, for example, tablets con-
sisting of polycarbophil disintegrate within 2 h, tablets
based on the corresponding thiolated polymer remain sta-
ble even for days in the disintegration apparatus according
to the Pharmacopoea Europea (70). The result, as shown
in Fig. 13, can be explained by the continuous oxidation
of thiol moieties on thiomers which takes place in aqueous
solutions at pH values above 5. The decrease in sulfhydryl
groups, i.e., the formation of inter- and/or intramolecular
disulfide bonds within a sodium carboxymethylcellulose–
cysteine conjugate, is illustrated in Fig. 14. Due to the high
density of negative charges within anionic mucoadhesive
polymers, they can also function as ion exchange resins
displaying a high buffer capacity (see Section VI.C). Ac-
cording to this, the formation of disulfide bonds within
polymer–cysteine conjugates can be controlled by ad-
justing the pH value of the system a priori. Adhesion of
many quick swelling polymers, as already mentioned, is
limited by an insufficient cohesion of the polymer, re-
sulting in a break within the polymer network rather than
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Figure 7.13 Comparison of the disintegration behavior of ma-
trix tablets (30 mg; 5 mm i.d.) containing indicated lyophilized
polymers. (PCP � polycarbophil; CMC � carboxymethylcellu-
lose; PCP-Cys � polycarbophil–cysteine conjugate; CMC-
Cys � carboxymethylcellulose–cysteine conjugate.) Studies
were carried out with a disintegration test apparatus (Pharm. Eur.)
in 50 mM TBS, pH 6.8, at 37°C. Indicated values are means �
S.D. of at least three experiments. Polycarbophil–cysteine tablets
did not disintegrate even after 48 h of incubation. (From Ref. 70.)

Figure 7.14 Decrease in thiol groups of 0.5% (m/v) (�) and
1.0% (m/v) NaCMC–cysteine conjugate (�, ■), in 50 mM phos-
phate buffer pH 6.8 (�, �) and 50 mM acetate buffer pH 5.0
(■), at 37°C. Indicated values are means � S.D. of at least three
experiments. (From Ref. 70.)

between the polymer and mucus layer (Fig. 9). Although
thiolated polymers are rapidly hydrated, they are able to
form highly cohesive and viscoelastic gels due to the for-
mation of additional disulfide bonds. The formation of an
overhydrated slippery mucilage can thereby be excluded
completely. Using the rotating cylinder (Section IV.A.1)
in order to evaluate the mucoadhesive properties of various
formulations, for instance, revealed a comparatively much
longer adhesion of tablets consisting of thiolated polymers
(22). Meanwhile, various anionic as well as cationic thio-
lated polymers have been synthesized, as listed in Table
5. They all display strongly improved mucoadhesive prop-
erties compared to the corresponding unmodified basis
polymers.

VI. MULTIFUNCTIONAL MUCOADHESIVE
POLYMERS

Whereas in the 1980s the adhesive properties of polymers
played a central role in the field of mucoadhesion, numer-
ous scientists began in the 1990s to focus their interest also
on additional features of mucoadhesive polymers. These
properties include enzyme inhibition, permeation enhance-
ment, high buffer capacity, and controlled drug release.
For some of these properties, mucoadhesion is substantial;
for others, various synergistic effects can be expected due
to adhesion.

A. Mucoadhesion and Enzyme Inhibition

Due to the great progress in biotechnology as well as gen-
technology, the industry is capable of producing a large
number of potential therapeutic peptides and proteins in
commercial quantities. The majority of such drugs are
most commonly administered by the parenteral routes that
are often complex, difficult, and occasionally dangerous.
Besides so-called alternative routes of application such as
the nasal or transdermal route, there is no doubt that the
peroral route is one of the most favored, as it offers the
greatest ease of application. A presystemic metabolism of
therapeutic peptides and proteins caused by proteolytic en-
zymes of the GI tract, however, leads to a very poor bio-
availability after oral dosing. Attempts to reduce this bar-
rier include the use of analogs; prodrugs; formulations
such as nanoparticles, microparticles, and liposomes that
shield therapeutic peptides and proteins from luminal en-
zymatic attack; and the design of delivery systems tar-
geting the colon where the proteolytic activity is relatively
low. Moreover, considerable interest is shown in the use
of mucoadhesive polymers, since due to such excipients
various in vivo studies could demonstrate a significantly
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Table 7.5 Thiolated Mucoadhesive Polymers

Polymer Chemical structure Additional information References

Chitosan–cysteine 21 up to 100 µMol thiol 71
groups per gram polymer

Chitosan–thioglycolic acid 11 up to 25 µMol thiol 72
groups per gram polymer

NaCMC–cysteine 22 up to 1280 µMol thiol 22, 70
groups per gram polymer

Polycarbophil–cystamine 1 up to 20 µMol thiol
groups per gram polymer

Polycarbophil–cysteine 1 up to 142 µMol thiol 22, 68, 70, 73
groups per gram polymer

improved bioavailability of peptide and protein drugs after
oral dosing.

As formulations containing mucoadhesive polymers
provide an intimate contact with the mucosa, a presystemic
degradation of these drugs on the way between the delivery
system and the absorbing membrane can be excluded.
Takeuchi et al., for instance, demonstrated a significantly
stronger reduction in the plasma calcium level after oral
administration of calcitonin-loaded liposomes which were
coated with a mucoadhesive polymer in comparison to the
same formulation without the mucoadhesive coating (4).

In recent years it could be demonstrated by various
studies that certain mucoadhesive polymers display also
an enzyme inhibitory effect. In particular, poly(acrylic
acid) was shown to exhibit a pronounced inhibitory effect

toward trypsin (74,75). Additionally, the immobilization
of enzyme inhibitors to mucoadhesive polymers acting
only in a very restricted area of the intestine seems to be
a promising approach in order to improve their enzyme
inhibitory properties. Due to the immobilization of the in-
hibitor, it remains concentrated on the polymer, which
should certainly make a reduced share of this auxiliary
agent in the dosage form sufficient. Side effects of the in-
hibitor such as systemic toxicity, a disturbed digestion of
nutritive proteins, and pancreatic hypersecretion caused by
a luminal feedback regulation can be avoided. Hence, the
covalent attachment of enzyme inhibitors to mucoadhesive
polymers, such as shown in Fig. 15, represents the combi-
nation of two favorable strategies for the oral administra-
tion of (poly)peptide drugs, offering additional advantages
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Figure 7.15 Example for a mucoadhesive polymer inhibitor
conjugate. The elastase inhibitor elastatinal is thereby covalently
attached via a C8 spacer to polymers like polycarbophil or
NaCMC. (From Ref. 76.)

compared to a simple combination of both excipients with-
out the covalent linkage. So far, various polymer–inhibitor
conjugates have been generated as listed in Table 6. Their
efficacy could be verified by in vivo studies in diabetic
mice showing a significantly reduced glucose level after
the oral administration of insulin tablets containing a
CMC–Bowman Birk inhibitor conjugate and a CMC–elas-
tatinal conjugate. The results of this study are shown in
Fig. 16 (83).

B. Mucoadhesion and Permeation Enhancement

A number of mucoadhesive polymers also have promising
effects on the modulation of the absorption barrier by
opening of the intestinal intercellular junctions (63,84). In
contrast to permeation enhancers of low molecular size
such as sodium salicylate and medium-chain glycerides
(85,86), these polymers might not be absorbed from the
intestine, which should exclude systemic side effects of
these auxiliary agents. Permeation studies, for instance,
carried out in Ussing chambers on Caco-2 monolayers
demonstrated a strong permeation-enhancing effect of chi-
tosan and carbomer (84,87). This permeation-enhancing
effect of these mucoadhesive polymers can even be sig-
nificantly improved due to the immobilization of cysteine
on these polymers (5,71). Results demonstrating this per-
meation-enhancing effect of a thiolated polymer are shown
in Fig. 17. This improved permeation across the mucosa
was accompanied by a decrease in the TEER, indicating
a loosening of the tightness of intercellular junctions, i.e.,
the opening of the paracellular route across the epithelium
for otherwise nonabsorbable hydrophilic compounds such
as peptides. Mechanisms which are responsible for the

permeation-enhancing effect of mucoadhesive polymers,
however, are still unclear. As anionic polymers such as
polyacrylates display a high binding capacity for Ca2�

ions, their permeation-enhancing effect might be based on
the depletion of this cation. The theory relies on the knowl-
edge that on the one hand many complexing agents like
EDTA display a permeation-enhancing effect (88), and
Ca2�, on the other hand, plays an essential role concerning
the gate fence function of the tight junctions being respon-
sible for their closing (89).

In contrast, the permeation-enhancing effect of cationic
polymers like chitosan might be based on the positive
charges of these polymers which interact with the cell
membrane, resulting in a structural reorganization of tight
junction-associated proteins (90).

In case of thiolated polymers, protein tyrosine phospha-
tase might be involved in the underlying mechanism. This
thiol-dependent enzyme mediates the closing process of
tight junctions by dephosphorylation of tyrosine groups
from the extracellular region (91). The inhibition of PTP
by specific inhibitors such as vanadate or pervanadate
causes an enhanced opening of the tight junctions. As it is
also inhibited by sulfhydryl compounds such as gluta-
thione forming a mixed disulfide with Cys 215 (92), it is
likely that thiolated polymers might also lead to an inhibi-
tion of this enzyme.

C. Mucoadhesion and Buffer System

A further advantage of mucoadhesive polymers can be
seen in the high buffer capacity of ionic polymers. As these
polymers can act as ion exchange resins, they are able to
maintain their pH value inside the polymeric network over
a considerable period of time. Matrix tablets based on neu-
tralized carbomer, for instance, can buffer the pH value
inside the swollen carrier system even for hours in an arti-
ficial gastric fluid of pH 2 (93). The results of this study
are shown in Fig. 18. This high buffer capacity seems to
be highly beneficial for various reasons. For example, the
epidermal growth factor (EGF) is recognized as an im-
portant agent for acceleration of ulcer healing and has a
peculiar biological property to repair tissue damage by
an enhanced proliferation and differentiation of epithelial
tissues (94). Itoh and Matsuo demonstrated in a double-
blind controlled clinical study the enhanced healing of rat
gastric ulcers after oral administration of EGF. This effect
could even be drastically increased by using the mucoad-
hesive polymer hydroxypropyl cellulose as drug carrier
matrix (95). As EGF is strongly degraded by pepsin (96),
the use of mucoadhesive polymers providing an additional
protective effect toward pepsinic degradation might there-
fore be helpful. It can be achieved by a comparatively



160 Bernkop-Schnürch

Table 7.6 Comparison of Various Mucoadhesive Polymer–Inhibitor Conjugates

Inhibited enzymes

Based on complexing Based on competitive Mucoadhesive
Polymer–inhibitor conjugate properties inhibition properties References

Carboxymethylcellulose–elastatinal Elastase � 76
conjugate

Carboxymethylcellulose–pepstatin Pepsin n.d. 77
conjugate

Chitosan–antipain conjugate Trypsin �� 78, 79
Chitosan–chymostatin conjugate Chymotrypsin n.d. 79
Chitosan–elastatinal conjugate Elastase n.d. 79
Chitosan–ACEa conjugate Trypsin, chymotrypsin, n.d. 79

elastase
Chitosan–EDTA Aminopeptidase N, carboxy- ��� 8, 51

peptidase A/B
Chitosan–EDTA–antipain conjugate Aminopeptidase N, carboxy- Trypsin n.d. 79

peptidase A/B
Chitosan–EDTA–chymostatin conjugate Aminopeptidase N, carboxy- Chymotrypsin n.d. 79

peptidase A/B
Chitosan–EDTA–elastatinal conjugate Aminopeptidase N, carboxy- Elastase n.d. 79

peptidase A/B
Chitosan–EDTA–ACE conjugate Aminopeptidase N, carboxy- Trypsin, chymotrypsin, � 79

peptidase A/B elastase
Chitosan–EDTA–BBIb conjugate Aminopeptidase N, carboxy- Trypsin, chymotrypsin, � 80

peptidase A elastase
Poly(acrylic acid)–Bowman–BBI Chymotrypsin �� 81

conjugate
Poly(acrylic acid)–chymostatin conjugate Chymotrypsin ��� 23
Poly(acrylic acid)–elastatinal conjugate Elastase ��� 76
Polycarbophil–elastatinal conjugate Elastase ��� 76
Poly(acrylic acid)–bacitracin conjugate Aminopeptidase N n.d. 82
Polycarbophil-cysteine Carboxypeptidase A/B ���� 73

Note: Mucoadhesive properties are classified as poor (�), good (��), very good (���), and excellent (����).
a Antipain/chymostatin/elastatinal.
b Bowman Birk inhibitor.

higher pH value inside the drug carrier matrix based on its
high buffer capacity at which penetrating pepsin is already
inactive.

Apart from this likely advantage for the (poly)peptide
administration, the high buffer capacity of neutralized an-
ionic polymer might also be highly beneficial in treatment
of Helicobacter pylori infection in peptic ulcer disease, as
common antibiotics such as amoxicillin or metronidazole
display poor stability in the acidic pH of the stomach. The
incorporation of these therapeutic agents in mucoadhesive
polymers displaying a high buffer capacity might improve
their stability in the acidic milieu.

D. Mucoadhesion and Controlled Release

If the therapeutic agent is incorporated in the mucoadhe-
sive polymer, the excipient can act both as mucoadhesive

and as a matrix system providing a controlled drug release.
The release behavior of drugs embedded in mucoadhesive
polymers depends thereby mainly on their molecular size
and charge. According to the equation determining the dif-
fusion coefficient, in which the radius of a molecule indi-
rectly correlates with the diffusion coefficient, small-sized
drugs will be released faster than larger ones. Apart from
their size, the release of therapeutic agents from mucoad-
hesive polymers can be simply controlled by raising or
lowering the share of the polymer in the delivery system.
Whereas a low amount of the mucoadhesive polymer in
the carrier matrix can guarantee a rapid drug release, a sus-
tained drug release can be provided by raising the share
of the polymer in the delivery system (77). In addition,
the drug release from mucoadhesive polymers can also be
controlled by the extent of crosslinking. The higher the
polymer is crosslinked, the lower is the release rate of the
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Figure 7.16 Blood glucose level of diabetic mice after oral ad-
ministration of insulin microtablets containing mucoadhesive
polymer–inhibitor conjugates (�) versus control (�). Values are
means � S.D.; n � 10; * differs from control p � 0.05; ** differs
from control p � 0.001. (From Ref. 83.)

Figure 7.17 Permeation-enhancing effect of polycarbophil and
thiolated polycarbophil; polycarbophil–cysteine conjugate (■);
polycarbophil (�); control without polymer (�). (From Ref. 5.)

Figure 7.18 Buffer capacity of mucoadhesive polymers; matrix
tablets consisting of carbomer (�); matrix tablets consisting of
NaCMC (�); control (�). (Adopted from Ref. 93.)

Figure 7.19 Release profile of insulin from tablets consisting
of 3.3% insulin, 30% mannitol, and 66.7% carbomer (C934P),
which had been crosslinked with lysine. Tablets were incubat-
ed in 10 mL release medium (20 mM Tris-HCI, pH 7.8) on a
waterbath-shaker (100 rpm) at 37 � 0.5°C. Indicated values are
means � S.D. of at least three experiments. (From Ref. 28.)
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drug. Such a crosslinking can be achieved by the formation
of covalent bonds, e.g., the crosslinking of gelatin with
glutaraldehyde (67), or on the basis of ionic interactions.
The release rate of insulin from matrix tablets consisting
of the anionic mucoadhesive polymer carbomer (C934P),
for instance, can be strongly reduced by the addition of
the divalent cationic amino acid lysine (28). The results of
this study are shown in Fig. 19. In the case of ionic drugs,
a sustained release can also be guaranteed by the use of
an ionic mucoadhesive polymer displaying the opposite
charge of the therapeutic agent. On the basis of an ion ex-
change resin, for instance, a sustained release of the thera-
peutic agent α-lipoic acid over a period of more than 12
h can be provided by the incorporation of this anionic drug
in the cationic mucoadhesive polymer chitosan (97).

VII. CONCLUDING REMARKS

Motivated by the great benefits that can be provided by
mucoadhesive polymers, such as a prolonged residence
time and an intimate contact of the dosage form on the
mucosa, considerably intensive research and development
has been performed in this field since the concept of mu-
coadhesion had been pioneered in the early 1980s. Merits
of these efforts are the establishment of various useful
techniques to evaluate the mucoadhesive properties of dif-
ferent polymers as well as the design of novel polymers
displaying improved mucoadhesive properties. In addition,
the development of multifunctional mucoadhesive poly-
mers also exhibiting features such as enzyme inhibitory
properties, permeation enhancing effects, high buffer ca-
pacity, and the possibility to control the drug release make
them even more promising auxiliary agents. Although
there are already numerous formulations based on mucoad-
hesive polymers on the market, the number of delivery sys-
tems making use of these advantages will certainly in-
crease in the near future.
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G. de Boer, J. C. Verhoef, H. E. Junginger. Mucoadhesive
polymers in peroral peptide drug delivery. IV. Polycar-
bophil and chitosan are potent enhancers of peptide trans-

port across intestinal mucosae in vitro. J. Controlled Re-
lease 45:15 (1997).

64. C.-M. Lehr. From sticky stuff to sweet receptors—achieve-
ments, limits and novel approaches to bioadhesion. Eur. J.
Drug Met. Pharmacok. 21:139 (1996).

65. M. Rillosi, G. Buckton. Modelling mucoadhesion by use
of surface energy terms obtained from the Lewis acid–
Lewis base approach. II. Studies on anionic, cationic, and
unionisable polymers. Pharm. Res. 12:669 (1995).

66. H. L. Luessen, B. J. de Leeuw, M. W. Langemeyer, A. G.
de Boer, J. C. Verhoef, H. E. Junginger. Mucoadhesive
polymers in peroral peptide drug delivery. VI. Carbomer
and chitosan improve the intestinal absorption of the pep-
tide drug buserelin in vivo. Pharm. Res. 13:1668 (1996).

67. S. Matsuda, H. Iwata, N. Se, Y. Ikada. Bioadhesion of gela-
tin films crosslinked with glutaraldehyde. J. Biomed. Mater.
Res. 45:20 (1999).

68. A. Bernkop-Schnürch, V. Schwarz, S. Steininger. Polymers
with thiol groups: a new generation of mucoadhesive poly-
mers? Pharm. Res. 16:876 (1999).

69. G. H. Snyder. Intramolecular disulfide loop formation in a
peptide containing two cysteines. Biochemistry 26:688
(1987).

70. A. Bernkop-Schnürch, S. Scholler, R. G. Biebel. Develop-
ment of controlled drug release systems based on polymer–
cysteine conjugates. J. Controlled Release 66:39 (2000).

71. A. Bernkop-Schnürch, U.-M. Brandt, A. Clausen. Synthese
und in vitro Evaluierung von Chitosan–Cystein Konjuga-
ten. Sci. Pharm. 67:197 (1999).

72. C. E. Kast, J. Freudl, A. Bernkop-Schnürch. Mucoadhesive
thiolated polymers: synthesis and in vitro evaluation of chi-
tosan-thioglycolic acid conjugates. Proc. Int. Symp. Contr.
Rel. Bioact. Mat. 27:1222 (2000).

73. A. Bernkop-Schnürch, S. Thaler. Polycarbophil–cysteine
conjugates as platforms for peroral (poly)peptide delivery
systems. J. Pharm. Sci. 89:901 (2000).

74. H. L. Luessen, J. C. Verhoef, G. Borchard, C.-M. Lehr, A.
G. de Boer, H. E. Junginger. Mucoadhesive polymers in
peroral peptide drug delivery. II. Carbomer and polycar-
bophil are potent inhibitors of the intestinal proteolytic en-
zyme trypsin. Pharm. Res. 12:1293 (1995).

75. G. F. Walker, R. Ledger, I. G. Tucker. Carbomer inhibits
tryptic proteolysis of luteinizing hormone-releasing hor-
mone and N-α-benzoyl-L-arginine ethyl ester by binding
the enzyme. Pharm. Res. 16:1074 (1999).

76. A. Bernkop-Schnürch, G. Schwarz, M. Kratzel. Modified
mucoadhesive polymers for the peroral administration of
mainly elastase degradable therapeutic (poly)peptides. J.
Controlled Release 47:113 (1997).

77. A. Bernkop-Schnürch, K. Dundalek. Novel bioadhesive
drug delivery system protecting (poly)peptides from gastric
enzymatic degradation. Int. J. Pharm. 138:75 (1996).

78. A. Bernkop-Schnürch, I. Bratengeyer, C. Valenta. Devel-
opment and in vitro evaluation of a drug delivery system
protecting from trypsinic degradation. Int. J. Pharm. 157:
17 (1997).



Mucoadhesive Polymers 165

79. A. Bernkop-Schnürch, A. Scerbe-Saiko. Synthesis and in
vitro evaluation of chitosan–EDTA–protease-inhibitor
conjugates which might be useful in oral delivery of pep-
tides and proteins. Pharm. Res. 15:263 (1998).

80. A. Bernkop-Schnürch, M. Pasta. Intestinal peptide and pro-
tein delivery: novel bioadhesive drug carrier matrix
shielding from enzymatic attack. J. Pharm. Sci. 87:430
(1998).

81. A. Bernkop-Schnürch, N. C. Göckel. Development and
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Polymers for Tissue Engineering Scaffolds

Howard W. T. Matthew
Wayne State University, Detroit, Michigan

I. INTRODUCTION

A. Tissue Engineering and the Concept of the
Scaffold

In general terms, the goal of tissue engineering is to de-
velop materials and approaches which can be used to facili-
tate repair, regeneration, or replacement of damaged or dis-
eased tissues. In some applications, reconstitution of tissue
function outside the body is the desired goal. In the repair/
regeneration scenario, the goal is to enhance or improve
upon natural repair processes which often produce non-
functional or poorly functional scar in place of normal tis-
sue. In the replacement scenario, the tissue ‘‘foundation’’
may be assembled in vitro and subsequently implanted.
This approach may employ a cellular component together
with an appropriately shaped structural template or scaf-
fold. Alternatively, a material scaffold may be implanted
directly into the desired tissue site and colonized by the
target cells. Most tissues are not merely collections of ran-
domly arranged cells, but possess highly detailed organiza-
tional features which are closely tied to tissue function.
The tissue engineer typically seeks to restore this tissue-
specific architecture, and the use of a scaffold provides the
means to this end. In order to achieve restoration of tissue
architecture, the tissue scaffold may be required to perform
a variety of tasks. A porous microstructure which allows
cellular ingrowth and scaffold colonization is almost a uni-
versal requirement. Enhancements to the microstructure
may include spatial variations in pore morphology to help
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orient cells or variations in material surface properties to
facilitate selective cell adhesion and/or migration. In con-
trast, inhibition of cell adhesion may be an important per-
formance characteristic for certain locations. Similarly, the
scaffold material must be either overtly biodegradable or
at least amenable to long-term integration with the host
tissue. Biodegradability allows the gradual and orderly re-
placement of the scaffold with functional tissue, and also
prevents the development of adverse chronic responses to
the artificial structure. The scaffold material may be re-
quired to deliver biologically active agents (for example,
growth factors or genes) to the target tissue. The material
itself may be required to possess intrinsic biological activ-
ity to elicit specific migration or proliferation responses in
adjacent cell populations. To this list of cell interaction
characteristics may be added certain physical properties
such as precise matching of the following: tissue mechani-
cal properties, macromolecular permeability, protein bind-
ing or repulsion, tissue adhesion or lubricity, and ease of
processing. Since restoration of normal tissue architecture
and function is the ultimate goal, the scaffold is usually
considered to be a temporary structure. Thus the ability to
tune degradation rates to achieve an optimal degradation
time profile may greatly broaden the applicability of a par-
ticular material.

Given the variety of target tissues, possible scaffold mi-
crostructures, and technical approaches, it is unlikely that
a single polymeric material can meet the requirements of
all systems. In keeping with this idea, a variety of polymers
have been and continue to be evaluated for tissue engi-
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neering applications, and new or modified materials are
constantly under development. In this chapter, the chemis-
try and properties of some of the more widely used or
promising biodegradable materials are surveyed.

B. Polymers for Tissue Engineering

At the most fundamental level, biodegradable polymers
used in engineered implants can be broadly classified as
either natural or synthetic. In general terms there are ad-
vantages and disadvantages associated with both types of
materials. For example, natural polymers provide the clear
advantage of possessing specific molecular recognition
features which generally translate into specific biological
activities. They are usually enzymatically degradable to
nontoxic subunits which can be utilized by adjacent cells.
Furthermore, these materials are amenable to both cell-
mediated remodeling and direct integration into neotissue.
The disadvantages of such natural materials include
source-associated variability and contamination; limited
control over parameters such as molecular weight; the po-
tential for adverse immunological responses; variations in
degradation rates due to differences in host enzyme levels;
and, in some cases, inferior mechanical properties. In con-
trast, synthetic polymers can be synthesized in pure form
with complete control over molecular and physical proper-
ties. Degradation usually occurs via passive hydrolysis,
thus ensuring uniform in vivo degradation rates from one
host to another. These polymers also usually permit a
wider range of processing options. However, they gener-
ally lack intrinsic biological activity. Introduction of bioac-
tivity, by side chain grafting, for example, may also be
limited by molecular properties or incompatibility. The
degradation products may be toxic or may drastically alter
the local microenvironment (e.g., pH). Surface hydropho-
bicity may also mediate protein denaturation in the vicinity
of the implant, and may thus play a role in triggering fi-
brous encapsulation of the implant.

II. COLLAGENS

A. General Overview

The collagens are a family of fibrous proteins that occur
in almost all mammalian tissues. They are particularly
abundant in load-bearing tissues such as tendon and bone.
Skin is also rich in this protein. The structure, sequence,
and biology of the many types of collagen, as well as its
use in tissue repair, have been extensively reviewed else-
where (1–3). Because of the relative ease of extraction and
its abundance, collagens in both their native and denatured
forms have had a long history of use as implantable materi-

als. Its use has been facilitated by the fact that its sequences
are highly conserved across species boundaries. Thus, col-
lagens from xenogeneic sources (e.g., bovine collagen)
generally produce only mild immune response. To date,
14 types of collagen have been identified. The form that
has been most investigated for tissue scaffold purposes is
Type I collagen, which is also the most abundant form.

In its native form, collagen exists as three similar poly-
peptide chains arranged into a triple helical structure. Each
polypeptide chain has the general sequence (glycine–X–
Y)n, where X and Y can be any amino acid but are often
proline and hydroxyproline, respectively. Hydrogen bond-
ing by these two amino acids serves to stabilize the helix.
As synthesized, the ends of the polypeptide chains (i.e.,
the N and C termini) deviate from the three–amino acid
repeat structure and therefore are not helical. These regions
are up to 26 amino acid residues in length and are termed
telopeptides. The triple helical collagen molecule is the
main functional subunit, and has the unique ability to self-
assemble into fibrils of extraordinary strength. The fibrils
are further strengthened by the formation of intermolecular
crosslinks between adjacent telopeptide regions. This
crosslinking generally takes place as a postsecretion, enzy-
matic process in the extracellular space. Nonenzymatic
crosslinking processes such as glycation (4–6) also con-
tribute to postsecretion fibril strengthening. Fibrils may be
further assembled into bundles to form collagen fibers,
which are the main tensile load-bearing component in non-
ligamentous tissues.

Collagen (Type I) is typically isolated by either enzy-
matic digestion or salt or acid extraction from collagenous
animal tissues. Enzymatic digestion (e.g., via pepsin)
cleaves the crosslinked telopeptide regions, thus producing
soluble triple helices lacking the telopeptides; the so-called
atelocollagen. Salt or acid extraction disrupts intra- and
intermolecular hydrogen bonds, leading to swelling and
subsequent dissolution of the structure. Reversion to a
physiological environment restores conditions suitable for
collagen fibril self-assembly. Hence an acidic solution of
collagen can be induced to form fibrils in vitro by imposing
conditions of physiological pH, temperature, and ionic
strength. The formation of a fibril network is usually mani-
fested by gelation of the solution.

B. Biological Properties

Since collagen serves as a structural component in almost
all tissues and is present to some degree in all basement
membranes, it stands to reason that most anchorage-depen-
dent cells express receptors for one or more epitopes of the
molecule. As a result, collagen gels and fibers are excellent
substrates for cell attachment and migration. Numerous ex-
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perimental studies have used collagen as a culture surface
for in vitro maintenance of a wide variety of primary cell
types (3,7–11). Cell attachment is usually mediated by in-
tegrins which recognize specific amino acid motifs of the
molecule, such as the Arg-Gly-Asp (RGD) sequence. At-
tachment to this natural substrate and the associated trans-
membrane signalling events have been associated with
improved cell metabolism, proliferation, and longevity, as
well as maintenance of superior differentiated function. In
particular, it has been demonstrated that embedding some
highly differentiated cell types within a collagen gel allows
the cells to maintain their differentiated phenotype, includ-
ing high levels of metabolic function, for long durations
in culture (12,13).

Collagen has long been recognized as a hemostatic
agent, i.e., a material which stimulates blood coagulation.
As such, it has enjoyed a long history of use during surgical
procedures as a tool to stop hemorrhaging from injured
tissue. Blood clotting is stimulated by platelet binding to
collagen via a number of receptors (14–16). This is quickly
followed by platelet activation and degranulation events
leading to the classical coagulation pathway. The provi-
sional matrix laid down during the first stages of wound
healing consists mainly of crosslinked fibrin clot. As heal-
ing progresses this initial matrix is replaced with a more
complex system using collagen fibers as the main struc-
tural element. Given this natural progression it is possible
that tissue repair processes could be accelerated by in-
tervening to install an advanced collagen-based tissue scaf-
fold. This fundamental idea led to the use of collagen as
tissue repair material in the form of sutures and sponges
and as a biocompatible coating on nondegradable implants
such as vascular prostheses.

C. Collagen Scaffolds

For tissue scaffold applications, collagen has been utilized
in several forms, most notably, sponges, woven and non-
woven meshes, gels, decellularized tissue matrices, and
porous composites. Porous collagen matrices have been
prepared as both sponges and as woven and nonwoven
(feltlike) fabric structures. These constructs have been ap-
plied both as classical tissue scaffolds for delivering cul-
tured cells and generating new tissue in vivo, and as mate-
rials for physically repairing traumatized tissue (1,8,17–
20). The porous structure provides a three-dimensional
framework for developing a multilayered tissue from either
a seeded single cell suspension or migrating cells from ad-
jacent tissue, while simultaneously providing initial orga-
nization and mechanical integrity. Collagen gels have been
utilized mainly as cell delivery and localization agents in
cases where initial mechanical functionality is not a major

concern. Because of its thermally induced gelation charac-
teristics, this collagen form has the added advantage of
conforming to fill available tissue spaces. As a result, gels
can be used to engineer space-filling connective tissue
structures without the need for prefabricated scaffold
shapes. The high water content and low density of a typical
collagen gel also facilitates cellular migration and matrix
remodeling and reorganization. This type of remodeling is
mainly accomplished by invading (or seeded) fibroblasts
and may be associated with extensive contraction of the
gel, resulting in significant shape and volume alterations
postimplantation.

While collagenous tissues tend to have high strength,
the lack of long-range fibril organization in synthetic colla-
gen constructs usually results in these materials (in particu-
lar, gel-based systems) having fairly low mechanical
strength. However tensile strength can be augmented
through chemical crosslinking. For example, glutaralde-
hyde has long been used to strengthen collagen-based
materials used in surgery (21–28). In particular, the non-
enzymatic crosslinking mechanism of glycation has been
successfully used to strengthen cell-seeded, collagen-
based scaffolds without compromising cell viability or
function (29). Glycation is a complex crosslinking reaction
which occurs mainly in collagen-rich tissues and is medi-
ated by reducing sugars (4–6,30,31).

Decellularized tissue matrices are prepared by a combi-
nation of enzymatic and detergent treatments of collagen-
rich tissues such as porcine heart valves or small intestinal
submucosa (SIS). The treatment removes cellular material
as well as most of the potentially antigenic noncollagenous
proteins. The remaining material is composed mainly of
collagen and elastin with some associated extracellular ma-
trix polysaccharides. The mechanical properties and degra-
dation kinetics of this material can be subsequently modi-
fied by chemical crosslinking with an agent such as
glutaraldehyde. Constructs of SIS have been studied for
the repair of heart valves, blood vessels, and intestinal
tracts (23,32–37).

Collagen in vivo is often found in association with ex-
tracellular matrix polysaccharides, termed glycosamino-
glycans (GAGs). This association is mediated by both elec-
trostatic and covalent linkages and is most notable in
basement membranes and cartilage. In fact soluble colla-
gens are known to form ionic complexes with soluble
GAGs under appropriate conditions. This interaction has
been used to generate collagen–GAG composite materials
as tissue scaffolds. Porous microstructures were generated
by controlled freezing of the hydrated complexes followed
by lyophilization (38–41). The constructs were then stabi-
lized by chemical crosslinking. The resultant scaffolds
have been successfully applied as skin repair/regeneration
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aids and are being studied for cartilage repair and as con-
duits for nerve regeneration (18,42,43).

III. POLYSACCHARIDES

A. General Overview

While polysaccharides have enjoyed popularity for certain
specialty applications, they have generally been under-
utilized in the biomaterials field. Recognition of the poten-
tial utility of this class of materials is growing however,
and the field of polysaccharide biomaterials is poised to
experience rapid growth. Four factors have specifically
contributed to this growing recognition of polysaccharide
potential. First is the longstanding recognition that the
oligosaccharide components of most glycoproteins are ab-
solutely essential for normal function of these molecules.
This has been coupled with a large and growing body of
information pointing to the critical role of saccharide moie-
ties in numerous cell-signaling schemes and in the area
of immune modulation in particular. Second has been the
realization that the so-called extracellular matrix polysac-
charides play critical roles in modulating the activities of
signaling molecules as well as mediating certain intercellu-
lar signaling directly. Third is the recent development of
powerful new synthetic techniques with the potential for
automated synthesis of biologically active oligosaccha-
rides. These techniques may allow researchers to finally
decode and exploit the ‘‘language’’ of oligosaccharide sig-
naling. The fourth factor is the explosion in tissue engi-
neering research and the associated need for new materials
with specific, controllable biological activity and biode-
gradability.

Polysaccharides in general share a number of features
which make them as a class particularly desirable starting
materials for a number of biomaterials applications. The
numerous hydroxyl groups present on the typical mole-
cule, in addition to providing the means for the stereospe-
cific biological activity, also provide numerous sites for
the attachment of side groups. Such groups can provide
specific functionality and biological recognition features,
or may serve simply to modulate mechanical or biological
properties of the parent molecule. Polysaccharides are also
hydrophilic, and many have the potential to be processed
as hydrogels of various densities as well as denser struc-
tures. This feature has made some members of the family
highly sought after as drug delivery matrices and compo-
nents of drug formulations. The charged members of the
polysaccharide family possess additional features which
may facilitate the development of useful materials. Such
materials may be held together by ionic interactions. The
ionic functional groups also play a significant role in some

of the more useful known biological activities involving
charge-based binding of proteins ranging from growth fac-
tors to matrix proteins such as collagens.

With few exceptions, natural polysaccharides and their
constituent monomers and degradation products can gener-
ally be considered to be either nontoxic or of low toxicity.
Furthermore, while all polysaccharides can be considered
biodegradable, mammals do not possess the enzymatic ma-
chinery to rapidly degrade many of the structural plant and
marine varieties. However, most are susceptible to poorly
understood, slow enzyme-mediated cleavage processes as
well as free radical–based chain scission.

Polysaccharides can be classified into several groups in
a number of different ways. This review will focus on
polysaccharides of major significance in the biomaterials
arena—in particular, marine polysaccharides of algal and
animal origin and extracellular matrix polysaccharides of
mammalian origin. It should be noted here that certain
polysaccharides are synthesized by more than one type of
organism, thus alginates are made by both algae and bacte-
ria, and chitin/chitosan can be obtained from both arthro-
pods and fungi.

Polysaccharides are polymers of five-carbon (pentose)
or six-carbon (hexose) sugar molecules. As such, the term
glycopolymers is often used to describe these substances.
The polymers may be linear or branched depending on the
polysaccharide, and linkage between subunits occurs via
a condensation reaction between hydroxyl groups, re-
sulting in the formation of an etherlike glycosidic bond.

Most nonsubstituted monosaccharides possess four or
five hydroxyl groups capable of forming glycosidic link-
ages. Furthermore, each hydroxyl group can exhibit two
optical isomeric configurations, leading to a large number
of theoretically possible ways in which two different sug-
ars can be linked to form a disaccharide. This feature, to-
gether with interactions mediated by charged substituent
groups, leads to a range of chain configurations found in
various polysaccharides. These configurations range from
rigid rod conformation to flexible coil to random coil to
globular. As expected, the chain configuration plays a ma-
jor role in defining the physical properties of polysaccha-
ride solutions, gels, and solids. The abundant hydroxyl
groups in these molecules are capable of forming intermo-
lecular hydrogen bonds and are the main contributor to
both the solubility of many of these substances and their
ability to form gels. It is the gel-forming capabilities that
drew initial attention to this class of compounds for bio-
technology applications. More recently, the cellular recog-
nition features and the attendant biological activity have
sparked renewed interest in their therapeutic and biomate-
rials potential.

Polysaccharide gel formation is generally of two types.
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Hydrogen bonded gels are typical of molecules such as
agarose and neutral chitosan, whereas ionically bonded
gels are characteristic of alginates and carrageenans. The
distinction is, however, limited since many charged poly-
saccharides will exhibit hydrogen bonded gel formation
under neutralizing conditions.

The polar nature of the hydroxyl groups together with
the presence of ionizable functional groups in some species
means that polysaccharides are intrinsically hydrophilic
and most are soluble in aqueous media. The exceptions to
this rule tend to be species which form ordered structures
with a high degree of crystallinity in the solid state. These
exceptions include the crystalline polysaccharides chitin
and cellulose. The conversion of these insoluble native
forms to soluble derivatives generally involves the addition
of charged or bulky side groups which disrupt the crystal
structures and thus facilitate solvent penetration. Because
of their high molecular weights, extended chain configura-
tions, and the high degree of interchain hydrogen bonding
potential, most polysaccharides form highly viscous solu-
tions. This property ultimately limits the solution concen-
trations attainable in practice and also makes these mole-
cules ideal for viscosity enhancement and gel formation.

The growing interest in polysaccharide-based drugs and
biomaterials is partly fueled by the recognition that many
biological recognition events at both the cellular and mo-
lecular levels are mediated or at least modulated by poly-
saccharide or oligosaccharide moieties. As a result, these
molecular features and interactions form attractive targets
for a variety of therapeutic interventions and also raise the
possibility of developing polysaccharide biomaterials with
a variety of useful biological activities. Within the tissue
engineering paradigm there is a constant search for new
materials which are biodegradable and which also possess
targeted biological activity. In the sections which follow
we describe the features and potential of some of the more
promising polysaccharide biomaterials.

B. Alginates

1. Chemical and Physical Properties

Alginic acids, or alginates, are isolated from several spe-
cies of brown algae (e.g., Macrocystis pyrifera). Alginates
are composed of two monomers, α-L-guluronic acid (G)
and β-D-mannuronic acid (M) (Fig. 1). The polymer is
structured as a block copolymer with blocks of G and M
alternating. Within the blocks, residues are linked by α(1
→ 4) and β(1→ 4) glycosidic bonds, respectively. In some
regions single M and G units may alternate, giving rise to
MG blocks. Within these MG blocks, the two bond types
also alternate. Sizes of the three blocks can vary over a
wide range, giving rise to alginates of different properties.

Figure 8.1 Alginate monosaccharide components.

Most notably, gels of alginate richer in the G blocks have
a higher elastic modulus and also show higher solute diffu-
sivities. These observations suggests a more open and
more ordered polymer network for G-rich alginate gels.
Average molecular weights range from 200 to 500 kDa.

Chain flexibility is a function of the block sizes and the
relative quantities of the three block types. G blocks have
the highest stiffness and MG blocks the lowest. Industri-
ally, different alginates are often referred to by their M:G
ratio. Thus, alginates with low M:G values (i.e., high G
content) have chains which tend more toward the rigid rod
conformation, while high M:G material tends to the flexi-
ble coil type conformation.

Within the biomaterials sphere, alginates have been ex-
tensively investigated for their gelation capabilities. The
molecules have an extraordinarily high exclusion volume,
which is evidenced by their high intrinsic viscosity. Algi-
nates gel in the presence of divalent cations. The most
widely used agents are calcium ions. Upon addition of
Ca2� to an alginate solution, the chains undergo re-
arrangement to form the so-called egg-box structures (Fig.
2), where groups of chain segments align with several in-
tercalating Ca2� ions. These structures are formed by the
G blocks and serve to ionically crosslink the molecules in
solution. As can be expected, the greater the G block con-

Figure 8.2 Alginate ‘‘egg box’’ structure.
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tent of an alginate, the more crosslinks are formed and the
stronger and stiffer the gel.

The excellent gellation ability has led to the use of algi-
nates for entrapment of cells within gel beads. Cells so
entrapped maintain viability and metabolic function and
are capable of secreting a variety of protein products into
the external medium. This scenario can be and has been
used for the transplantation of cells for restoration of meta-
bolic function. The strength of the techniques arises from
the fact that xenogeneic entrapped cells can be protected
from immune attack by controlling the density and perme-
ability of the gel. Permeability parameters can be set to
exclude immune cells and antibodies while allowing both
nutrient access and the outward diffusion of smaller, desir-
able cell products. In an enhancement of the technique,
the outermost layers of alginate in the beads are ionically
crosslinked by reacting with a polycationic species such
as poly-L-lysine (PLL) (44,45). The ionic complexes
formed are stable over a wide range of pH and ionic
strength conditions and are also calcium independent. This
then allows the use of a calcium chelating agent such as
EDTA or citrate to dissolve the inner gel regions of the
bead, thus producing a hollow capsule enclosed in an ionic
complex membrane. The complex formation provides an
additional degree of freedom with regard to setting and
controlling both the permeability and the strength of the
capsule membrane. These capsules have been studied for
use in a wide variety of cell transplantation and bioreactor
design scenarios (44–46).

Alginates have been extensively researched for the en-
capsulation of pancreatic islet cells for controlled release
of insulin to treat Type 1 diabetes. The research in this
area has focused on modifying the properties of the semi-
permeable membrane coating the alginate capsule in an
effort to reduce pericapsular fibrosis and to control the dif-
fusion rate of nutrients to the islets and insulin from the
islets. This application of alginates has been extensively
reviewed (46–48). Encapsulation is conducted by sus-
pending the islets in a solution of sodium alginate which
is sprayed into a container of calcium chloride solution
using a droplet-forming device. The droplets are then sur-
face reacted with a poly-L-lysine solution to form a semi-
permeable complex membrane, after which the internal gel
is dissolved by treatment with a calcium chelating solution.
The alginate–PLL membrane allows small molecules such
as insulin and glucose to pass into and out of the capsule,
but presents a barrier to immune cells and large molecules
such as immunoglobulins.

The mechanical properties of calcium alginate gels vary
greatly with the composition of the alginate. The highest
mechanical strengths are achieved using alginate with a G
content higher than 70% and an average G block length of

approximately 15 residues. For alginate molecular weights
above some critical value, the mechanical strength of gels
is determined mainly by chemical compositions and block
structure and is independent of molecular weight. For low
molecular weight alginates, however, molecular weight is
still a major determinant of gel strength. The critical
molecular weight depends on the concentration of algi-
nate (48).

2. Drug Delivery Potential and Bioactivity

The ability to control alginate gel permeability means that
these materials have significant potential for controlled re-
lease applications. Ionically crosslinked alginate gels have
been used to incorporate a variety of proteins for controlled
release. These have included TGF-β1, the TNF receptor,
and angiogenic molecules such as EGF and bFGF. Because
alginate is an anionic polymer at physiological conditions
(pH 7.4), proteins with a net positive charge can ionically
bond to the polymer and thus exhibit reduced bioactivity
upon incorporation into an alginate delivery system. TGF-
β1, with a pI of 9.8, is one such example (49). The porosity
of alginate gels can be controlled by varying alginate con-
centration, M:G ratio, and calcium concentration. In this
way the release kinetics of entrapped solutes can be con-
trolled (50–53).

In general, alginates exhibit minimal intrinsic biological
activity and therefore are employed mainly as inert matri-
ces for delivery of cells or therapeutic agents. However,
as with most polysaccharides, the hydroxyl and carboxyl
groups provide attractive derivatization sites through
which specific bioactive groups can be immobilized. Thus,
bioactive peptides such as the fibronectin-derived adhesion
sequence RGD have been covalently attached to alginate
gels to provide cell adhesion properties (54).

3. Immunology and the Tissue Response

The biocompatibility of alginate materials is also depen-
dent on the composition of the alginates. In vivo studies
with empty alginate–PLL capsules have shown that the
cellular overgrowth on capsules implanted intraperitone-
ally was composed of fibroblasts in cases of alginate with
intermediate G content. But the overgrowth was mainly
composed of macrophages when high-G alginate was used.
There was no evidence of other immune cell elements such
as B or T lymphocytes (55,56). In other studies, purified
alginates with a high M content (68%) showed no fibrotic
reaction after 3 weeks of implantation (57).

One of the issues facing the use of alginates and other
polysaccharide biomaterials in vivo is the presence of im-
purities in commercial alginate preparations. These impu-
rities may include contaminating algal or bacterial pro-
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teins, endotoxin, and other trace polysaccharides. It is quite
possible that the biocompatibility difference between high
and low guluronate alginates may in fact be partly due to
different affinities for the contaminants exhibited by M and
G blocks. Such contaminants have been implicated in the
severity of the tissue response to alginate implants, fibrotic
overgrowth, and general failure of the transplanted cells
within the implant. It has been suggested that some of the
contaminants are mitogenic in nature and may be directly
responsible for fibrotic tissue overgrowth (58). Alterna-
tively, an inflammatory response to contaminating ele-
ments would result in the local release of endogenous
mitogens, again leading to cellular overgrowth of the im-
plants. These issues have been addressed by the introduc-
tion of purification strategies involving the separation of
alginates from more soluble contaminants using multistep
precipitation and extraction procedures (56,59). The puri-
fied material was shown to elicit a minimal fibrotic re-
sponse in vivo.

C. Chitosan

1. Chemical and Physical Properties

Chitosans are partially or fully deacetylated derivatives of
chitin, the primary structural polymer in arthropod exo-
skeletons. From the biomaterials standpoint, chitosans are
the most promising polysaccharides, with great potential
for development of resorbable, biologically active, implant
materials (60,61). The primary source for chitin/chitosan
is shells from crab, shrimp, and lobster. Shells are ground,
demineralized with HCl, deproteinized with a protease or
dilute NaOH, and then deacetylated with concentrated
NaOH. Structurally, chitosans are very similar to cellulose.
The polymer is linear, consisting of β(1 → 4) linked D-
glucosamine residues with a variable number of randomly
located N-acetyl-glucosamine groups (Fig. 3). In essence,
chitosan is cellulose with the 2-hydroxyl group replaced
by an amino or acetylated amino group. Depending on the
source and preparation procedure, molecular weight may
range from 50 to 1000 kDa. Commercially available prepa-
rations have degrees of deacetylation ranging from 70 to
90%. As an additional method of property control, chitosan

Figure 8.3 Structure of chitosan. One acetylated residue is
shown linked to a deacetylated residue.

can be stoichiometrically depolymerized by reacting in so-
lution with nitrous acid (62).

Chitosan is a crystalline polysaccharide and the degree
of crystallinity is a function of the degree of deacetylation.
Crystallinity is maximum for both chitin (i.e., 0% deacety-
lated) and 100% deacetylated chitosan. Minimum crys-
tallinity is achieved at intermediate degrees of deacetyla-
tion. Because of the stable, crystalline structure, chitosan
is normally insoluble in aqueous solutions above pH 7.
However, in dilute acids, the free amino groups are proton-
ated and the molecule becomes fully soluble below �pH
5. The high charge density causes the linear chitosan chain
to extend into a semirigid rod conformation. Upon raising
the pH, amino groups are increasingly deprotonated and
become available for hydrogen bonding. At some critical
pH, the molecules in solution develop enough hydrogen
bonds to establish a gel network. The pH at which this
transition occurs is dependent upon both the degree of
deacetylation and the average molecular weight. For a typi-
cal 86% deacetylated commercial chitosan with an average
molecular weight of 300 kDa, gellation occurs at about pH
6. As the pH is raised further, deprotonation continues and
the molecules establish additional hydrogen bonds, ulti-
mately rearranging to establish miniature crystalline do-
mains. This effect results in an increase in gel stiffness and
can be associated with minor gel contraction. Chitosan’s
pH-dependent solubility provides a convenient mechanism
for processing under mild conditions. Viscous solutions
can be extruded and gelled in high-pH solutions or baths
of nonsolvents such as methanol. Such gel fibers can be
subsequently drawn and dried to form high strength fibers.
The polymer has been extensively studied for industrial
applications based on film and fiber formation, and the
preparation and mechanical properties of these forms have
been reviewed previously (63,64). Woven and nonwoven
fiber-based structures and materials have potential for ap-
plications as implantable biomaterials and have been in-
vestigated to a limited extent (65).

2. Interactions with Biomolecules and Cells

Much of chitosan’s biomaterial potential stems from its
cationic nature and high charge density in solution. The
charge density allows chitosan to form insoluble ionic
complexes with a wide variety of water-soluble anionic
polymers. Complex formation has been documented with
anionic polysaccharides such as heparin and alginates, as
well as synthetic polyanions like poly(acrylic acid) (66–
69). Because the chitosan charge density is pH dependent,
transfer of these complexes to physiological pH results in
dissociation of a portion of the immobilized polyanion.
This property can be used as a technique for local delivery
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of biologically active polyanions such as heparin and other
glycosaminoglycans or even DNA. Heparin release from
ionic complexes may enhance the effectiveness of growth
factors released by inflammatory cells in the vicinity of
an implant (70). In the case of DNA, complexation with
chitosan has been shown to protect plasmids from degrada-
tion by nucleases and also facilitates cellular transfection
by poorly understood interactions with cell membranes
(71–73). Chitosan’s positive charge also mediates nonspe-
cific binding interactions with a variety of proteins. Since
the majority of soluble proteins carry a negative charge at
physiological pH, many of these molecules can be ex-
pected to bind with varying affinities to chitosan-based
materials. The N-acetyl-glucosamine moiety in chitosan is
also a structural feature found in the extracellular matrix
polysaccharides termed glycosaminoglycans. These mole-
cules are discussed later, but their properties include many
specific interactions with growth factor receptors and adhe-
sion proteins. This suggests that the analogous structure in
chitosan may also have related bioactivity. In fact, chitosan
oligosaccharides have been shown to have a stimulatory
effect on macrophages, and the effect has been linked to
the acetylated residues (74). Furthermore, both chitosan
and its parent molecule chitin have been shown to exert
chemoattractive effects on neutrophils in vitro and in vivo
(75–78).

Chitosan is hydrolyzed enzymatically in vivo. The pri-
mary agent is lysozyme, which appears to target acetylated
residues (79). The degradation products are chitosan oligo-
saccharides of variable length. The degradation kinetics
appear to be inversely related to the degree of crystallinity.
Crystallinity in the chitin–chitosan family of materials ex-
hibits a minimum at intermediate levels of deacetylation,
with chitin and fully deacetylated chitosan showing the
highest levels of crystallinity. In fact, the low degradation
rate of highly deacetylated chitosan implants (several
months in vivo) is believed to be due to the inability of
hydrolytic enzymes to penetrate the crystalline microstruc-
ture. This issue has been addressed by derivatizing the
molecule with side chains of various types (80–84). Such
treatments alter molecular chain packing and increase the
amorphous fraction, thus allowing more rapid degradation.
They also inherently affect both the mechanical and solu-
bility properties.

Chitosan has been widely studied for applications in
systems for the controlled release of various drugs and
therapeutic agents. These applications have been exten-
sively reviewed by others (49,64,85).

3. Immunology and the Tissue Response

A number of researchers have examined the tissue re-
sponse to a variety of chitosan-based implants (60,61,69,

83,84,86–95). In general, these materials have been found
to evoke a minimal foreign body reaction. In most cases,
no major fibrous encapsulation developed. Formation of
normal granulation tissue, often with accelerated angio-
genesis, appears to be the typical course of healing. In the
short term (�10 days), significant accumulation of neutro-
phils in the vicinity of the implants is often seen, but this
dissipates rapidly and a chronic inflammatory response
does not develop. The stimulatory effects of chitosan and
chitosan fragments on immune cells mentioned, may play
a role in inducing local cell proliferation and ultimately
integration of the implanted material with the host tissue.

In the area of blood interactions, chitosan has been
shown to have a strong hemostatic capacity. Blood coagu-
lation occurs rapidly even under conditions of heparin anti-
coagulation. The process involves fibrin-independent ag-
gregation of erythrocytes and appears to involve direct
chitosan interactions with erythrocyte membranes (96–
98). This type of reaction can be abrogated by acylating
the free amino groups (81,99). In contrast, water-soluble,
sulfated chitosan derivatives have been shown to have anti-
coagulant activity even higher than that of heparin (100–
103).

As was discussed for alginates, contaminants within a
chitosan preparation can dictate the nature of the tissue
response, and an otherwise biocompatible material may
exhibit adverse bioactivity in terms of a severe and possi-
bly chronic inflammatory response accompanied by exces-
sive fibrosis. The typical problem impurities are residual
tissue proteins from the source organism and bacterial cell
wall components. Thus care must be taken to ensure that
chitosan for implant use is of a highly purified medical
grade. Alternatively, the general purification methods used
for alginates may be modified for application to chitosan.
Chitosans also have the added feature of precipitating as
gels with a relatively small change in pH. This characteris-
tic can be used as an additional method of separating the
polymer from more soluble contaminants. It should be
noted that the highly deacetylated (�86%) chitosan forms
are less likely to contain peptide contaminants since few
peptides could withstand the harsh processing conditions
needed to attain high degrees of deacetylation.

4. Formation of Tissue Scaffolds

One of chitosan’s most promising features is its excellent
ability to be processed into porous structures for use in cell
transplantation and tissue regeneration. The tissue engi-
neering approach to the repair and regeneration of dam-
aged or diseased tissues relies on the use of polymer scaf-
folds which serve to support and organize the regenerating
tissue (104–106). There is a continuous ongoing search for
materials which either possess particularly desirable tissue-
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specific properties or which may have broad applicability
and can be tailored to several tissue systems. Chitosan may
be one such broadly applicable material. Porous chitosan
structures can be formed by freezing and lyophilizing chi-
tosan solutions in suitable molds (107). During the freezing
process, ice crystals nucleate from solution and grow along
the lines of thermal gradients. Exclusion of the chitosan
salt from the ice crystal phase and subsequent ice removal
by lyophilization generates a porous material whose mean
pore size can be controlled by varying the freezing rate.
Figure 4 illustrates tissue scaffold pore morphologies
which can be produced by this simple technique. Pore ori-
entation can be directed by controlling the geometry of

Figure 8.4 Porous chitosan tissue scaffolds produced by con-
trolled rate freezing and lyophilization of chitosan solutions.

the temperature gradients during freezing. The structures
resulting from lyophilization of chitosan solutions are actu-
ally composed of the chitosan salt, for example, chitosan
acetate if an acetic acid solution was used. The acid com-
ponent must be neutralized or otherwise removed prior to
rehydrating the scaffold. This can be accomplished by di-
rect neutralization and rehydration in a basic solution such
as dilute ammonia or NaOH.

The mechanical properties of chitosan scaffolds formed
in this way are mainly dependent on the pore sizes and
pore orientations. Tensile testing of hydrated samples
shows that porous membranes have greatly reduced elastic
moduli (0.1–0.5 MPa) compared to nonporous chitosan
membranes (5–7 MPa). The extensibility (maximum
strain) of porous membranes varied from values similar
to nonporous chitosan (�30%) to greater than 100% as
a function of both pore size and orientation. The highest
extensibility was obtained with a random pore orientation
structure frozen rapidly at �78°C to give pores 120 µm
in diameter. Porous membranes exhibited a stress–strain
curve typical of composite materials with two distinct lin-
ear regions: a low modulus region at low strains and a
transition to an approximately twofold higher modulus at
high strains (Fig. 5). For all pore orientations, membranes
formed at lower freezing rates exhibited higher moduli in
both curve regions. The differences were most notable for
samples with a random pore orientation. This suggests that
in addition to larger pores, the lower freezing rate produces
a more crystalline (and hence stiffer) chitosan phase. The
tensile strengths of these porous structures were in the
range 30–60 kPa.

Figure 8.5 Tensile stress–strain plot for a porous chitosan
membrane.
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4. Modified Chitosans

Several chitosan derivatives have already been mentioned.
Generally speaking, derivatization provides a powerful
technique for generating new biological activities and for
controlling chitosan’s fundamental materials properties.
The primary amino groups on the molecule are reactive
and provide a means for side group attachment using very
mild conditions. The general effect of side chain addition
is to disrupt the material’s crystal structure and hence in-
crease the amorphous fraction. This modification generates
a material with lower stiffness and often greater solubility.
The precise nature of chemical and biological property
changes will of course depend on the form of the side
group. Thus, N-alkyl derivatives can exhibit reduced solu-
bility and micellar aggregation in solution for alkyl lengths
greater than five carbons. The character of chitosan as cat-
ionic, hemostatic, and insoluble at high pH can be com-
pletely reversed by sulfation, which, as described, can ren-
der the molecule anionic, anticoagulant, and water soluble.
The variety of groups which can be attached to chitosan is
almost unlimited, and side groups can be chosen to provide
specific chemical functionality, alter biological properties,
or modify physical properties. As an example, simply
grafting on randomly distributed polyethylene glycol
(PEG) side chains to the chitosan molecule reduces the
elastic modulus of cast chitosan membranes in direct pro-
portion to the PEG content (Fig. 6). Since PEG is a neutral,
water-soluble, inert polymer with a large excluded volume,
the grafted side chains serve to mask the chitosan surface
in addition to reducing membrane stiffness. This masking

Figure 8.6 Effect of grafted polyethylene glycol side chains on
the elastic modulus of dense chitosan membranes. Increasing
PEG levels decreases membrane crystallinity, resulting in a re-
duction in elastic modulus. Membranes were tested in a hydrated
state.

effect has been shown to reduce the spreading and prolifer-
ation of endothelial and smooth muscle cells seeded onto
PEG chitosan membranes as compared to unmodified chi-
tosan membranes.

E. Glycosaminoglycans

1. General

Glycosaminoglycans are polysaccharides which occur
ubiquitously within the extracellular matrix (ECM) of most
animals. They are unbranched heteropolysaccharides, con-
sisting of repeated disaccharide units, with the general
structure [uronic acid–amino sugar]n. In their native form,
several GAG chains are covalently linked to a central pro-
tein core, and the protein–polysaccharide complex is
termed a proteoglycan. Proteoglycans play a major role in
organizing and determining the properties and functional-
ity of the ECM, and the GAGs are the major factor in de-
termining proteoglycan properties.

There are six different types of glycosaminoglycans:
chondroitin sulfates, dermatan sulfate, keratan sulfate, hep-
aran sulfate, heparin, and hyaluronic acid. Table 1 lists the
component monosaccharides, primary source tissues, and
molecular features of the commonly occurring GAGs. The
monosaccharides in GAGs are sulfated to varying degrees,
with the exception of hyaluronic acid, which is not sul-
fated. Unlike the other GAGs, hyaluronate exists as a free,
high molecular weight molecule with no covalently
attached protein. Figure 7 illustrates the repeating struc-
tures of hyaluronate and chondroitin-6-sulfate and a disac-
charide segment of the variable heparin structure.

The GAGs are usually obtained as salts of sodium, po-
tassium, or ammonia, and in this form they are all water
soluble. The presence of strongly ionizing sulfate groups
means that the charge density of these molecules is much
less pH dependent than in the case of chitosan, and as a
result these molecules are soluble over a wide pH range.
The disaccharide repeat structure and the resultant alternat-
ing glycosidic bond types (analogous to the MG blocks of
alginate) prevent this family of materials from forming
high strength, crystalline structures in the solid state, and
the dried or precipitated GAGs are essentially amorphous.
The three-dimensional configurations which do form in so-
lution tend to be flexible coil structures, extended as a re-
sult of the charge effects. Heparin for example is known
to form single chain helical structures in solution. The only
GAG with significant gel-forming ability is hyaluronate.
This high molecular weight molecule is the primary gelling
agent in the vitreous humor of the eye and can form very
high viscosity solutions at concentrations as low as 0.3
wt%.

The biomaterials potential of the GAGs stems not from
their intrinsic physical properties but from their biological
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Table 8.1 Glycosaminoglycan Sources and Molecular Properties

Molecular
weight Charges per

Glycosaminoglycan Source tissues (kDa) disaccharide Component monosaccharides

Hyaluronate Vitreous humor, cartilage 250–8000 1.0 N-acetyl-D-glucosamine
D-glucuronic acid

Chondroitin 4-sulfate Cartilage, cornea, skin, 5–50 1.1–2.0 N-acetyl-D-galactosamine
artery D-glucuronic acid

Chondroitin 6-sulfate Cartilage, cornea, skin, 5–50 1.2–2.3 N-acetyl-D-galactosamine
artery D-glucuronic acid

Dermatan sulfate Skin, heart valve, tendon, 15–40 2.0–2.2 N-acetyl-D-galactosamine
artery L-iduronic acid

D-glucuronic acid
Keratan sulfate Cartilage, cornea, vertebral 2.5–20 0.9–1.8 N-acetyl-D-glucosamine

disks D-galactose
Heparan sulfate Lung, artery, cell surfaces 5–50 1.1–2.8 D-glucosamine

N-acetylglucosamine
L-iduronic acid
D-glucuronic acid

Heparin Mast cells in: lung, liver, 5–25 3–5 D-glucosamine
skin, intestinal mucosa L-iduronic acid

D-glucuronic acid

Source: Adapted from Ref. 156.

Figure 8.7 Repeating structures of representative glycosami-
noglycans.

activity, which is a direct result of their numerous interac-
tions with many important biomolecules. The biological
activities described subsequently can be exploited by bind-
ing, complexing, or covalently linking GAG moieties to
other polymers with superior structural or mechanical
characteristics. Suitable polymers may include ECM pro-
teins such as collagen, polysaccharides like chitosan, or a
variety of synthetic polymers. Formation of composites of
this type can endow the structural polymer with desirable
tissue interaction properties and drastically improve its
overall biocompatibility. Some of the better known GAG
biological activities are described herein.

2. Interactions with Enzymes

These are the most extensively characterized of all GAG–
protein interactions. In particular, the anticoagulant activ-
ity of heparin, via the activation of the protease inhibitor
antithrombin III (ATIII), has been thoroughly character-
ized (108,109). Antithrombin III inactivates several prote-
ases in the coagulation cascade, the most important of
which is thrombin. Binding of heparin to ATIII increases
the inactivation kinetics by as much as 2000-fold. Binding
and activation of ATIII involves highly specific recogni-
tion of a pentasaccharide sequence found in both heparin
and heparan sulfate. Heparin and heparan sulfate are also
known to bind and activate the enzyme lipoprotein lipase
(110–112). This property facilitates hydrolysis of triglyc-
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erides in lipoprotein particles in peripheral tissues. The
fatty acids so formed are then available for uptake by adja-
cent cells. Lipoprotein lipase is normally found bound to
heparan sulfate on endothelial cell surfaces where it is ac-
tive. The soluble enzyme is inactive in the absence of
GAG. This property has been used to reduce the levels
of circulating lipoprotein by activating inactive lipase via
injections of soluble GAG.

3. Interactions with Polypeptide Growth Factors

A wide variety of polypeptide growth factors bind avidly
to heparin and heparan sulfate. Lower affinity binding also
occurs with some other GAGs. Members of the fibroblast
growth factor (FGF) family have been most extensively
studied, but heparin/GAG affinity has been demonstrated
with EGF, VEGF, a variety of interleukins (e.g., IL-3), as
well as hematopoietic factors such as GM-CSF (113–122).
Glycosaminoglycan binding can have a variety of effects
on growth factors depending on the ratios of the two mo-
lecular species and the binding environment. Growth fac-
tors can be bound and sequestered in the extracellular ma-
trix by GAGs. In the bound state, the polypeptides are
often protected from proteolytic attack, and can be subse-
quently released from the ECM under the action of GAG
lyases, matrix metaloproteinases, or changes in ionic
strength. Growth factor binding to GAGs can also induce
conformational changes which enhance receptor-growth
factor binding. The GAGs may also enhance growth fac-
tor activity indirectly by mediating the clustering of
growth factors or receptor–ligand complexes on the cell
surface.

4. Interactions with Extracellular Matrix Proteins

Most ECM proteins have at least one GAG binding domain
and many have several. These polypeptides bind heparin
and heparan sulfate with the highest affinities, but binding
of other GAGs is also known. The GAG–protein inter-
action may serve to facilitate the aggregation and organi-
zation of matrix proteins into ordered structures such as
fibrils. Alternatively, the interaction may inhibit matrix
protein organization. As an example, soluble GAG interac-
tions can inhibit the assembly of Type I collagen fibrils
from a collagen solution at physiological pH, while ionic
GAG–collagen complexes are precipitated under acidic
conditions. Binding of heparan sulfate to fibronectin may
affect the conformation of the protein and thereby regulate
its function. Furthermore, the binding of fibronectin to col-
lagen in vitro is stabilized by the presence of heparin. Simi-
larly, the apparent affinity of fibronectin for its cell surface
receptors on rat hepatocytes and peritoneal macrophages
is increased in the presence of heparan sulfate (123).

5. The Tissue Response to GAG-Containing
Biomaterials

Because of their tissue origins, the GAGs are intrinsically
biocompatible. Furthermore, because of their biological
activity, interest in GAGs as components of implantable
materials has been growing, particularly in recent years.
Attention has focused mainly on heparin and hyaluronate.
Heparin is being examined as the GAG of choice for tissue
regeneration and wound healing applications primarily for
two reasons. First, compared to other GAGs, it generally
exhibits the highest level of biological activity with the
broadest set of biological systems (124). Second, it is
readily available at fairly low cost, in contrast to its less
sulfated counterpart heparan sulfate. For wound healing
and regeneration applications, heparin is generally com-
plexed with or covalently linked to another biopolymer
which serves as the main structural component. Both chito-
san (70,94) and collagen (18,42) have been used for this
purpose. Under these circumstances, the heparin can exert
a number of influences dictated by the biological activities
described previously. Thus growth factors released in the
vicinity of the implant by neutrophils and macrophages
may be sequestered and stabilized within the implant struc-
ture by immobilized heparin and subsequently released and
utilized by ingrowing tissue cells. The bound heparin may
also facilitate the binding and organization of deposited
ECM components to the implant and consequently en-
hance the integration of the implant with neotissue and ex-
isting tissue. Alternatively, heparin released from an im-
plant may activate and protect growth factors from
degradation in the vicinity of the implant, a phenomenon
which may lead to accelerated healing and/or enhanced
angiogenesis. The typical outcome of these implantation
studies is formation of new tissue in and around the im-
plant which is histologically and functionally intermediate
between normal tissue and scar. Although heparin has gar-
nered the most interest for tissue repair, the other sulfated
GAGs have also been applied with similar goals (69). In
particular, crosslinked collagen–chondroitin sulfate com-
plexes have demonstrated superior healing and regenera-
tion in skin and nerve applications (18,42).

In contrast to heparin, hyaluronic acid is usually em-
ployed as a structural component in its own right because
of its high molecular weight and gel-forming ability. The
properties of the molecule may be broadly altered by
chemical modification. For example, partial esterification
of the carboxyl groups reduces the water solubility of the
polymer and increases its viscosity. Extensive esterifica-
tion generates materials that form water-insoluble films or
swellable hydrogels (125). One of hyaluronate’s main
roles in tissue is as an organizer of the ECM. It appears
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to be particularly important during development of embry-
onic tissues. In addition, its importance in wound healing
is emphasized by its transient elevation during the granula-
tion phase (126). Ethyl- and benzyl-esterified hyaluronate
membranes have demonstrated excellent healing responses
and biodegradability in vivo. The fully esterified mem-
branes had in vivo lifetimes of several months, whereas
the partially esterified forms degraded within a few weeks.
This type of degradation behavior has also been seen in
vitro (127). The esterified hyaluronate derivatives undergo
spontaneous de-esterification in aqueous environments.
However, the hyaluronate backbone is very stable under
the same conditions. As with all GAGs, degradation of the
backbone occurs mainly by enzymatic depolymerization.

Hyaluronate-based materials may range from high vis-
cosity solutions to low density hydrogels to high density
hydrogels to dense but swellable hydrophilic polymers.
The precise properties depend on the degree of esterifica-
tion. Esters have been extruded into fibers and woven into
fabrics for wound dressing applications. Dehydrated mem-
branes and fibers may resemble similar structures made
from synthetic polymers. They exhibit good mechanical
and physical properties compared to other biological mate-
rials such as collagen. However, because the polysaccha-
ride backbone retains its hydrophilic nature even at 100%
esterification, these materials do exhibit some water ab-
sorption, swelling, and associated reductions in the me-
chanical properties.

IV. POLY(�-HYDROXY ACIDS)

Currently, the poly(α-hydroxy acids), specifically poly
(lactic acid) (PLA), poly(glycolic acid) PGA (Fig. 8), and
copolymers of the two are the most widely used synthetic
polymers in the tissue engineering arena. These polymers
have gained popularity because they offer the typical syn-
thetic polymer advantages of high purity, convenient pro-
cessing, and good mechanical properties, in addition to
their biodegradability. Furthermore, since these materials
have been used for over 25 years as resorbable sutures and
fixation devices, they are already approved for in vivo hu-

Figure 8.8 Repeating structures of the two most commonly
used poly(α-hydroxy acids).

man use in several forms and formulations. Polymerization
can be induced either by direct condensation reactions be-
tween the acidic monomers or by catalytic ring-opening
polymerization reactions of cyclic precursors.

Degradation of these polymers occurs by passive hydro-
lysis, with the monomeric acids as the final metabolizable
products. The degradation rates are functions of polymer
molecular weight, degree of crystallinity, and surface-to-
volume ratio. Poly(glycolic acid) is generally available in a
highly crystalline form. As such it possesses a high melting
point (�300°C) and overall low solubility in organic sol-
vents. However, its hydrophilic nature allows rapid absorp-
tion of water leading to rapid degradation within a few
weeks. In contrast, poly(lactic acid) is available as fully
crystalline or fully amorphous forms depending on the rel-
ative levels of the D and L optical isomers of lactic acid
present in the molecule. Thus poly(D-lactide) and poly(L-
lactide) are both highly crystalline, whereas the racemic
copolymer poly(D,L-lactide) is completely amorphous.
The presence of a methyl group makes PLA more hy-
drophobic than PGA, resulting in lower water absorption
rates and correspondingly slower degradation, on the order
of months. In both PLA and PGA, hydrolysis is accelerated
by a reduction in pH. Thus, accumulation of acidic degra-
dation products in the vicinity of the implant can have an
autocatalytic effect, increasing the degradation rate. The
effect is more pronounced in thicker samples since the out-
ward diffusion of low molecular weight products is slower,
leading to a drop in pH within the material and enhanced
hydrolysis.

Neither PGA nor PLA possess intrinsic bioactivity. Cel-
lular responses to implants of these polymers are mediated
mostly by surface adsorbed proteins, surface topography,
and the pH effects of degradation products. It is notewor-
thy that there is an effect of crystallinity on cell adhesion
to these materials (128). The effects are believed to be a
result of differences in protein conformation stemming
from variations in binding to amorphous versus crystalline
polymer surfaces. The chirality of crystalline regions may
also play a role in controlling cellular response, but the
detailed mechanisms of these effects are not fully under-
stood.

Given the stability of these synthetic polymers, they are
amenable to a wide variety of processing procedures for
fabricating tissue scaffolds. They can be melt-spun into
fibers which can be subsequently assembled into woven
or nonwoven (i.e., felted) fabrics (129). Thin films can be
directly cast from polymer melts or solutions in volatile
organic solvents. Bulk porous scaffolds can be prepared
using the porogen leaching procedure (130–132).

In this method, water-soluble porogen particles (e.g.,
sodium chloride crystals) are blended into a viscous poly-
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mer solution in a volatile organic solvent. The solution is
then cast as a slab, and after evaporation of the solvent the
slab is soaked in an aqueous solution to dissolve and leach
out the porogen. Removal of the porogen leaves behind a
porous matrix suitable for cellular ingrowth. Control of
pore size and connectivity can be achieved by varying the
porogen particle size and volume fraction, respectively.

An alternative fabrication procedure uses supercritical
carbon dioxide as a foaming agent (133). In this approach,
a nonporous slab of polymer is equilibrated with supercriti-
cal carbon dioxide under conditions of elevated tempera-
ture and pressure. Subsequent release of the pressure in-
duces nucleation and expansion of gas bubbles within the
polymer matrix, resulting in a closed cell polymer foam
being formed. An open cellular architecture can be gener-
ated if the salt leaching method is combined with the gas
foaming method.

More recently, freezing of polymer solutions followed
by solvent removal under vacuum has been employed to
generate macroporous scaffolds with a defined nanoscale
fibrous architecture (134). This advance may represent a
potentially useful technique for influencing cell behavior
on these materals without altering the material chemistry
or incorporating extrinsic biologically active molecules.

V. PSEUDOPOLY(AMINO ACIDS)

In this recently developed family of polymers, amino acid
derivatives are assembled into polymers using either non-
amide linkages for homopolymers or a combination of am-
ide and nonamide bonds for heteropolymers. Unlike the
previously developed poly(amino acids), which are in es-
sence synthetic proteins, these materials can be generated
as dimensionally stable thermoplastics. The most promis-
ing family of these materials examined to date are the tyro-
sine-based polymers. Desaminotyrosine is esterified with
a tyrosine ester to form a diphenolic compound with an
internal amide bond. This diphenol can be subsequently
polymerized by linking the phenolic groups through a vari-
ety of chemistries (Fig. 9). Linkage of phenols via a car-
bonate group gives a tyrosine-derived polycarbonate such
as poly(DTH carbonate) (135–140). Alternatively, a dicar-
boxylic acid may be used as the linking agent to give co-
polymers consisting of an alternating sequence of a diphe-
nol and a diacid. By varying the length of the dicarboxylic
acid and the type of tyrosine ester used to form the diphe-
nol, a combinatorial library of related polymers was pro-
duced with physical and associated biological properties
spanning a broad range (141). The chemical properties of
the tyrosine-derived monomers impart thermoplastic be-
havior and water insolubility to this family of materials.
In contrast to the poly(amino acids), the pseudopoly(amino

Figure 8.9 Tyrosine derivatives and the repeating structure of
the polycarbonate-type pseudopoly(amino acid) resulting from
polymerization of their diphenolic dimer.

acids) are thermally stable and can be processed using stan-
dard synthetic polymer techniques. They exhibit particu-
larly high strength and stiffness and have been considered
for use as bone substitutes and fixation devices (142). In
animal studies, poly(DTH carbonate) scaffolds have exhib-
ited good integration with regenerating bone without trig-
gering a fibrous encapsulation response (142,143).

VI. POLYETHYLENE GLYCOL

Polyethylene glycol, also known as polyethylene oxide, is
a petroleum-derived synthetic polymer that has garnered
much attention in recent years. It is a linear polymer with
the structure HO–{CH2CH2O}n–OH. The presence of the
backbone oxygen makes the molecule water soluble, and
its high hydration volume and molecular mobility in solu-
tion cause it to exhibit negligible binding interactions with
proteins. Thus, PEG-modified surfaces have been shown
to resist protein adsorption and cellular attachment (144–
147). The molecule is nontoxic and nondegradable under
physiological conditions. Polyethylene glycol possesses no
biological activity and in soluble form it is rapidly excreted
by the kidneys without undergoing any transformation or
chemical modifications. The terminal hydroxyl groups
have low reactivity but can be activated under rigorous
conditions. Thus they can be used as attachment sites for
a variety of other more reactive or polymerizable groups.
It is the end-modified PEG derivatives which have shown
promise as tissue scaffolds. Derivatives such as PEG–di-
acrylate can be crosslinked under mild photoinitiated poly-
merization conditions to form crosslinked hydrogels which
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are nondegradable and completely inert. The mildness of
the crosslinking procedures allows cells to be entrapped
within these gels without toxic side effects. The power of
this method stems from the fact that these inert hydrogels
can be designed to incorporate cell adhesion factors such
as the RGD peptide as well as other bioactive agents. This
then allows the researcher complete and independent con-
trol over the physical gel properties as well as the biologi-
cal properties. For example, biodegradable PLA oligomers
or peptide sequences have been incorporated into PEG hy-
drogels to allow them to degrade or to allow cell migration
through the gel structure (148–155). Apart from its direct
use as a scaffolding material, PEG has also been used to
modify a variety of biosurfaces. Its ability to resist protein
binding led to its use as a modification for prolonging the
lifetime of various peptide drugs in blood. Polyethylene
glycol has also been examined as a nonfouling, covalently
grafted surface layer on various medical materials (145).
Such layers can improve the blood compatibility of proco-
agulant surfaces by preventing the adsorption and denatur-
ation of plasma proteins. This type of modification also
reduces or inhibits cell adhesion and migration on the mod-
ified surfaces and in principle can be used to modulate the
level of interaction between tissue and implant materials.
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I. INTRODUCTION

A. Definition of Chitosan

Chitosan is a naturally occurring polysaccharide whose
commercial forms are essentially produced from N-deace-
tylation of chitin. Chitin and chitosan can be represented
by a unique structure, shown in Fig. 1. This structure corre-
sponds to the series of the copolymers of β (1 → 4) linked
glucosamine, and N-acetyl-glucosamine. They can be con-
sidered as belonging to the family of glycosaminoglycans
(GAGs), a family to which also belong chondroitin sul-
fates, hyaluronic acid, and heparine. Glycosaminoglycans
are particularly interesting since they seem to be alone
among the polysaccharides that express the property of
bioactivity.

The difference between chitin and chitosan is essen-
tially related to the possibility to solubilize the polymer in
dilute acidic media. Thus, when the structure can be dis-
solved in this kind of solvent, it corresponds to chitosan;
in the reverse case, to chitin. Therefore the degree of ace-
tylation (DA), which is related to the balance between the
two kinds of residues, is essential to define these two terms.
When chitin is deacetylated in heterogeneous conditions,
the solubility in water is only achieved for DA generally
below 30% (1). Nevertheless, on reacetylating chitosan in
homogeneous conditions, it is possible to observe a solubi-
lization up to DA close to 60% (2,3). As a consequence,
the frontier between chitin/chitosan can be located at a DA
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of 60%. As we shall see, DA is also an interesting adapt-
able parameter whose simple modification allows us to
provide this series of copolymers with a very great variety
of properties. In numerous circumstances, this opportunity
gives the advantage of avoiding some difficult and expen-
sive chemical modifications.

B. Origin

The production of chitin in biomass has been evaluated to
be as abundant as that of cellulose, with a yearly produc-
tion within 1010–1012 T (4,5). This polymer is present in
most of the families of living species (5). Thus, it consti-
tutes the structure polymer of the cuticles of all the arthro-
pods and the endoskeletons of all the cephalopods. It is
also very often present at the cell wall and in the extracellu-
lar matrix of most fungi. It is encountered in numerous
microorganisms, in some algae, etc. Chitosan is much less
present in living media and to date it has only been ob-
served in some microorganisms, particularly of fungal na-
ture (6). This lack of occurrence explains why the latter
polymer, whose direct applications are much more impor-
tant than that of the former, is essentially produced from
chitin. It is noteworthy that both chitin and chitosan in
their polymeric form are completely absent in numerous
animals including mammals. Nevertheless, the N-acetyl-
glucosamine unit is largely widespread in the chemical
structure of the other GAGs and the glycoconjugates such
as glycoproteins and glycolipids (7). On the other hand,
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Figure 9.1 Chemical structure of chitin and chitosan.

the nearly total absence of chitosan in living media must
be regarded as an interesting opportunity for numerous
possible applications, especially if we consider that it cor-
responds to a more or less charged polycation, a chemical
structure totally absent in nature.

A brief summary of the origin of chitin and chitosan
from a historical point of view is also interesting. Chitin
was discovered in 1811 by H. Braconnot during his studies
on mushrooms and was termed fungine (8). This discovery
occurred approximately 30 years before that of cellulose.
The term chitin was first proposed by C. Odier in 1823
(9), who ignored the works of Braconnot and found chitin
in the elytrum of the cock-chafer beetle. In 1859, C. Rou-
get discovered chitosan after he treated chitin in hot and
concentrated KOH. He logically proposed to name this
new product ‘‘modified chitin’’ (10). Unfortunately, in
1894, F. Hoppe-Seyler, ignoring the works of Rouget pro-
posed to term this derivative chitosan (11). This name,
which is now strongly anchored in the scientific language,
is at the origin of an important problem of nomenclature
since we have one chemical structure but, depending on
DA, two names.

Surprisingly, the modern development of the research
on chitin and chitosan was not initially related to an impor-
tant discovery but to governments concerned with the pro-
duction of food processing of crabs and shrimps, specifi-
cally to solve the problem of the significant amount of
waste related to this process. Grants were offered to try to
valorize this waste. Thus, the beginning of modern re-
search on chitin/chitosan is situated at the beginning of the
1970s. The continuously increasing amount of research on
these polymers, especially chitosan, signifies their impor-
tance. Before 1970 there were less than 10 papers per year
abstracted in Chemical Abstracts. For 1999, they number
more than 2000.

C. Production

Chitin is produced essentially from the cuticles of crusta-
ceans, especially from crab and shrimp shells. Another in-

teresting source is represented by the endoskeletons of
cephalopods. The method is relatively simple and consists
of two successive extractions. The first is a demineraliza-
tion related to the presence of a more or less significant
amount of calcium carbonate in the shells (5). This step is
performed by means of mineral acids. It must be performed
with care, particularly for medical applications for which
the mineral part must be eliminated but also because poly-
saccharides are well known to be easily hydrolyzed in
acidic media. The second step is a deproteinization, which
consists of placing the material in alkaline media of suffi-
cient concentration associated with a moderate heating (5).
There also, the complete deproteinization is very important
in the case of medical uses. Endoskeletons of calmars such
as squid pens are particularly interesting for their very low
mineralization with a content of calcium carbonate gener-
ally below 1% (w/w) (12). In this case, the demineraliza-
tion step can be avoided. This source is probably the most
interesting for the preparation of the polymers with the
highest molecular weights. Some recent papers propose an
enzymatic method for this step (13).

Chitosan is obtained from the N-deacetylation of chitin.
All the methods are derived from the descriptions given
in two patents (14,15) and consist in the use of highly con-
centrated solutions of sodium hydroxyde (30–50%) at tem-
peratures over 90°C for times over 1 h. For mild condi-
tions, these methods allow us to reach in one step DA close
to 10–15%. If repeated one time, the deacetylation can be
within 96–95%. Nevertheless, each step operated in rela-
tively drastic conditions contributes to an important de-
crease of the molecular weight. Thus, if a complete deace-
tylation can be achieved with a three-step process, the
chain length becomes relatively low at the end of the treat-
ment. In order to avoid this problem, the use of sodium
thiophenolate has been proposed, allowing both the cataly-
sis of the reaction and the protection of the polymer chains
from degradation. This method allows us also to consider-
ably decrease the amount of sodium hydroxyde used (16).
There also, endoskeletons of calmars are very interesting.
Indeed, their crystalline parts are different from those of
the cuticles of crustaceans. They are more accessible to
reactives and thus the reaction of deacetylation is achieved
more easily (12). For this additional reason, the molecular
weight of chitosans produced from these sources are much
higher.

II. THE THREE PHYSICAL STATES
OF CHITOSAN

A. Solutions

Solutions of chitosan correspond to the most important
physical state for this polymer, either from a fundamental
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point of view or for the very great number of applications
obtained from this physical form. Indeed, in the dry solid
state, although unknown, the temperatures of glass transi-
tion and melting of chitosan are certainly, as for cellulose,
higher than its temperature of thermal decomposition,
whose beginning is generally found to be close to 180°C
(17). As a consequence, except for the native forms, the
solid and gel states of chitosan are necessarily processed
from solutions.

From a fundamental point of view, solution behavior of
chitosan is informative of the properties of this polymer.
Indeed, it reflects the role of the structural parameters and
the molecular weight distribution, based on the interactions
with the solvent and on the molecular and supramolecular
organization. It also allows us to understand the various
interactions in which these polymers can be involved. It
is also very important to remember that the origin of the
starting material and the quality of the industrial processes
necessary for the production of these polymers play very
important roles in determining their properties.

Considering the chemical structure schematized in Fig.
1, it is highly functionalized with a great variety of func-
tions and atoms. When the glucosamine residues are in the
free amino form, these structures are strongly involved in
the formation of three-dimensional networks thanks to hy-
drogen bonding and hydrophobic and van der Waals inter-
actions. The consequence is a full insolubility of this series
of copolymers whatever the solvent or the degree of ace-
tylation. Nevertheless, the solubilization can be achieved
thanks to an influx of energy which depends on parameters
such as the degree of acetylation, the molecular weight,
and various environmental parameters.

1. Role of DA

When DA is below 60%, the polymer is soluble in dilute
acidic solutions. This behavior is related to the fact that the
protonation of the amino groups of glucosamine residues
contributes to the disruption of hydrogen bonding, the sol-
vation of the cationic sites, and then to the solubilization
when the balance between solvent/polymer and polymer/
polymer interactions becomes favorable. This limit is
tightly related to the value of the intrinsic pKa (pK0) of
chitosan, which is found to be close to 6.5 for DA below
25% (18). For a given molecular weight (out of the range
of the oligomers), the pH range where chitosan is soluble
increases with the degree of acetylation when DA in-
creases from 0 to 50% (19). This variation can be attributed
to two contributions. One is related to the increase of the
pK0 value when DA becomes over 25%. This value should
tend toward that of the monomer, close to 7.7 (20) and
then contribute to an increase in solubility. The second is
related to the increase of the stiffness of the polymer chain

on increasing DA, in relation with an increase of the steric
hindrance of acetylated residues and then to an increase of
the excluded volume (3). The consequence is that when
DA equals 0, which corresponds to a fully deacetylated
structure, the polymer is only soluble in water for a range
of pH within 2–6 (18), although when DA is close to 50%,
the polymer becomes soluble whatever the pH.

When DA becomes over 60%, we enter the range of
chitin and the chains become completely insoluble in wa-
ter. This insolubility has to be related to the numerous hy-
drogen bonds occurring between the alcohol, amide, and
ether functions distributed on the repeating units all along
the polymer chains. They also correspond to hydrophobic
interactions due to the presence of the methyl groups of
the acetamide functions and to the ECH and ECH2 of the
glucosidic rings. Nevertheless, there also the solubilization
can be achieved thanks to the use of hydrogen-bonding
ruptors such as complexing agents of alcohol functions.
Lithium ions are well known for this kind of interaction
and contribute to destabilize the crystalline domains. The
adjunction of some solvents such as N,N′-dimethylaceta-
mide (DMAc) or N-methylpyrrolydone (NMP) allows the
complete solubilization (21). Nevertheless, these solutions
are not true solutions and contain an important amount of
aggregates and microgels.

2. Role of Molecular Weight

For thermodynamic reasons, the solubility of neutral poly-
mers is known to decrease with an increase of their molec-
ular weight (22). In the case of chitosan, two factors play
an additional role, the possibility of interchain association
by hydrogen bonding and the polyelectrolyte character.
The former behavior has been identified in the case of high
molecular weight chitosan, whose aggregation capacity in-
creases with molecular weight (23). The latter is classical
and explains why chitosan is insoluble at low pH. Indeed,
in these conditions, the ionic strength becomes sufficiently
high to favor the condensation of the counterions. For these
three reasons it is difficult to prepare high concentrations
of chitosan chains. Another limitation is the increase of
viscosity with the molecular weight, especially due to the
electroviscous effects. Therefore, it is often difficult to pre-
pare solutions with a concentration over 2–3% (w/w). On
the contrary and for the same reasons, it is possible to in-
crease the concentration on decreasing the molecular
weight. In the case of very low molecular weight oligo-
mers, for degree of polymerization (DP) below 8, the
oligomers are highly soluble whatever the pH and DA (24).
In this case, the increase of the pK0 value (20) contributes
to the enlargement of the pH range of solubility. In the
case of intermediate molecular weights, for DP within 15–
50, the behavior is similar to that of the high molecular
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weights as concerns the pH range of solubility, but the vis-
cosity remains much lower and thus we can considerably
increase the concentrations up to 20–30%. In the same
range of DP, we also observe a typical behavior for fully
deacetylated molecules. In this case, solutions preserve the
memory of the crystalline organization in the solid state
(25), especially when the molecules have been isolated in
the free amino form. Thus, a monodisperse sample of a
given molecular weight, after isolation in the free amino
form and a storage of a few days, leads to a chromato-
graphic analysis exhibiting a distribution showing several
peaks corresponding to molecular weights multiple of the
initial molecule (monomer, dimer, trimer, etc.) This behav-
ior depends on the DP, the concentration, and the degree
of crystallinity before dissolution. It does not change with
time contrary to a classical process of agregation. It is in-
teresting to remember that this kind of molecular weight
crystallizes very easily (26) and has the dimensions that
avoid the folding of the chains to build the crystallites.
Therefore, in this case, the chains which have the same
dimensions are packed in the crystallites in parallel. When
these systems are placed in a solvent, the amorphous parts
lead to isolated chains, although molecules constituting the
crystalline parts are only partly dissociated and constitute
arrangements of two, three, four chains, etc., which are
either packed in parallel or attached together by their chain
ends (25).

3. Role of Other Parameters

The solubility of chitosan is essentially governed by the
possibility of formation of inter- and intramolecular hydro-
gen bonds. Then, all factors contributing to the contrary
of this kind of interaction can contribute to solubilization.
This is the case of a decrease of pH which allows the pro-
tonation of the amino sites. In the free amino form, we
could consider the case of the complexation/solvation
mentioned for chitin. Nevertheless, this situation does not
operate with chitosan, certainly in relation with the too
high polarity of water compared to solvents such as DMAc
or NMP. We could also consider the formation of soluble
complexes with some metals. Unfortunately, all the known
complexes of chitosan in the free amino form are neutral,
involving hydroxylated forms of metals which can also
contribute to reinforce the network of hydrogen
bonding (27).

Ionic strength is also a disfavorable parameter since it
contributes to reduce the Debye atmosphere of the ionized
sites of the polycationic chains and then to favor the ionic
condensation, thus reinforcing the depletion of the polymer
chains. This behavior is quite well illustrated when we
study the hydrolysis of chitosan in acidic media. Indeed,

initialy, the polymer chains are not soluble in relation with
the polyelectrolyte behavior just described. On decreasing
the molecular weight, the total ionic strength does not
change, but the electrostatic potential of the chains de-
creases considerably and contributes to a critical molecular
weight below which the chitosan molecules become sol-
uble.

The dielectric constant of the media can also play an
important role. Indeed, polar solvents favor dipolar and
ionic interactions and should contribute to solubilize chito-
san. The experimental results show that this parameter is
not sufficient alone to induce the solubilization. The case
of solvent blends is particuliarly interesting. In some con-
ditions it can give rise to the gelation of chitosan instead
of precipitation. This is particuliarly the case when sol-
vents such as DMSO (16) or others (28) are added to a
solution of chitosan in water. The decrease of the dielectric
constant disfavors the ionization and ionic interactions, es-
pecially the protonation of the amino sites. This behavior
is emphasized when a weak acid has been chosen to pre-
pare the solution. The consequence is that, for a given con-
centration of the less polar solvent, the number of free
amino groups becomes sufficient to allow the formation
of a network of chitosan chains in which hydrogen bonds
constitute the physical links. This situation is often meta-
stable and turns to precipitation on increasing the concen-
tration of the solvent of weaker polarity.

The solubility of chitosan can also be constrained by
the use of acids which can interact with chitosan in a partic-
ular way. The most typical behavior is that of sulfate ions,
which interact with chitosan according to two modes. The
first is related to the very high salting out (dehydrating)
power of these ions, as has been evaluated by the scale of
Hofmeister (29). The second is that chitosan would form
a typical complex with sulfate ions through intermolecular
crosslinking (5). Although the latter point remains un-
clearly demonstrated, we can observe that chitosan is not
soluble in the presence of sulfate ions.

The origin and the quality of the materials and processes
can also play an important role on the solubility of chito-
san. There are several sources of chitin and several recipes
for the preparation of chitosan (5). Contrary to the wrong
ideas published in the past, it is now definitely decided that
the chemical structure is independent of the source. The
only differences we can observe concern the values of DA
and molecular weight. They can be related to the origin,
but the most important parameter is the quality of the treat-
ment. Thus, if the raw material is selected in order to elimi-
nate the too highly pigmented part of the shells, the corre-
sponding chitosan is less colored. The coloration can also
be related to a too high temperature of deacetylation. As a
consequence, the less colored chitosans are those obtained
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taking into account these parameters, and the best materials
are logically those produced from endoskeletons of cepha-
lopods which are not pigmented. The second problem con-
cerns the presence of insoluble parts corresponding to par-
ticles or colloidal forms. The first case is due to impurities
or a bad deacetylation; the second is essentially related to
the possible presence of silica or lipids. There also, the
quality of the process is important. A sufficient washing
of the raw material can eliminate completely solid impuri-
ties. The elimination of organic colloids possibly due to
the presence of residual lipids is more difficult to solve.
Some methods used by producers consist of a washing with
organic solvents or detergents before the last washing and
drying. Endoskeletons of cephalopods are there also the
most promising materials.

4. Molecular and Supramolecular Organizations
in Solution

The conformation of chitosan in solution is not completely
known. This polymer, depending on the parameters al-
ready discussed, is generally considered as adopting a dis-
ordered conformation with a certain stiffness (3). This
stiffness is related to the relatively constrained β (1 → 4)
backbone, less flexible than α (1 → 4) chains. Various
models have been proposed in the literature to evaluate the
stiffness. The Kuhn model consists in the definition of an
equivalent statistical segment Am (30), but is limited to
conformations of relatively low stiffness. Beyond this
limit, the ‘‘wormlike’’ model (31) defining a persistence
length PL is preferred. For moderate stiffnesses, the two
models are equivalent. The values reported in the literature
are generally deduced from viscometric measurements at
various concentrations and ionic strengths. We can men-
tion a value of the Kuhn segment found to be close to 23
nm (32) at a low ionic strength, and a value of the persis-
tence length extrapolated near to 4.2 nm at infinite ionic
strength (33). The stiffness of the chitosan chains is con-
firmed by the values of the Mark–Houwink–Sakurada ex-
ponent, which is located within 0.9–1.1 (23), values in
agreement with semirigid conformations. As a conclusion,
we can consider that the stiffness of chitosan in solution
decreases with the deacetylation, ionic strength, and tem-
perature (32), although no conformational transition order/
disorder can be observed (33).

No ordered conformation has ever been observed in chi-
tosan solutions at low concentration. Nevertheless, a ki-
netic process of aggregation has been identified by light
scattering studies and steric exclusion chromatography
(16). These aggregates are characterized by very high ap-
parent molecular weights. The structure of these aggre-
gates has not yet been described. Nevertheless, the pres-

ence of a supramolecular organization in these molecular
associations has been reported (34).

5. Stability of Chitosan Solutions

We already mentioned the two limitations related to the
polyelectrolyte character of chitosan in aqueous solution,
in particular the possible precipitation at more or less high
ionic strength and the viscosity which depends on the mo-
lecular weight and charge density.

As for all polysaccharides, the glycosidic linkage is sen-
sitive to acidic hydrolysis, a phenomenon which depends
on concentration, temperature, and pH (24). The conse-
quence is a continuous decrease of the molecular weight
of chitosan chains in solution. As for all natural polymers,
there is also a possible contamination of the chitosan solu-
tions by microorganisms specific to their chemical struc-
ture. As a consequence, in order to avoid these problems
it seems better to limit the storage of these solutions and
to work with the readily soluble forms of this polymer rep-
resented by chitosan salts.

6. Applications of Chitosan Solutions

Solutions of polysaccharides are necessary for the pro-
cessing of articles for various uses either in solid form or
as gels. Nevertheless, these solutions find many direct uses,
and the literature is filled with several thousands of papers
and patents reporting on these applications (5,35,36).

B. Hydrogels

Most of the polysaccharides are known to undergo gel for-
mation. These gels are only obtained in the presence of an
important proportion of water and belong to the family of
hydrogels. They can be of either chemical or physical na-
ture. In the first case, the three-dimensional network of the
polymer chains responsible for the gel formation is due to
covalent crosslinks and, as a consequence, these gels are
not reversible. In the second case, the junctions between
the chains are due to two kinds of interactions. In a first
case, they can correspond to low energy interactions such
as hydrogen bonding or van der Waals or hydrophobic in-
teractions. In another case, they are due to the presence of
some conformations stabilized by ionic interactions such
as in the case of pectins and alginates (38). For most of
the applications in which we are interested in this book,
only physical gels can be considered as interesting. These
gels are generally solvo- and thermoreversible.

1. Physical Gels

Physical gels have the advantage of being reversible in
some conditions. They also correspond to molecular sys-
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tems which have fully preserved their chemical structure
of origin. Except in the case of gels stabilized by some
ionic species, the biological properties of the polymer in
the gel form are very close to that of the polymer in the
solid or solution state. These gels are superabsorbants since
they are generally prepared in conditions where the con-
centration of the polymer network is below 5% (w/w).
They have a soft consistency and in numerous cases are
highly transparent to the visible spectra.

2. Physical Gels Formed from Chitosan Solutions

a. Pure Chitosan Gels

If we consider chitosan solutions, the gel formation needs
to be at a concentration sufficiently high to favor the chain
entanglement useful for the formation of a continuous gel
instead of microgels or aggregates. This critical concentra-
tion is well known as C* and is easily deduced from the
inverse of the intrinsic viscosity [η].

The second parameter corresponds to the balance be-
tween attractive and repulsive interactions along the poly-
mer chains and the ability to favor the formation of junc-
tion points by means of ordered domains. This balance can
be influenced in different ways. We can play on the dielec-
tric constant of the media. Then, a weak decrease of this
parameter, associated with a control of the ionization state
of the amine groups, favors the formation of hydrophobic
interactions and hydrogen bondings. The latter constitute
the junction points on chains where numerous hydrophilic
interactions still exist and contribute to the existence of
the chain segments between the junction points (28). The
presence of ordered conformations as well as order–
disorder transitions has never been identified in chitosan
solutions (5). Moreover, the absence of any information
on the presence of ordered domains in chitosan gels led
us to suppose that gel formation from a chitosan solution
could be due to a statistical reticulation.

The crosslinking of chitosan chains can also be
achieved thanks to interchain ionic bridging. This behavior
has been described in the case of various multivalent ions
such as oxalates, sulfonates, or molybdates (38–40).

Whatever the case, in some circumstances, the gels are
thermoreversible. They can be also fully regenerated in the
form of pure chitosan gels after a complete exchange of
the components of the initial media of their formation (38).
Unfortunately, after this exchange, they become thermo-
stable. This behavior must necessarily be related to the
generation of other junction points than those initially re-
sponsible for gelation. These pure chitosan gels have then
the same properties as chitosan both in solution and in the
solid state.

b. Chitin Gels

The last possibility to play on the balance between
segments/segments and segments/solvent interactions is to
chemically modify the polymer chains by introduction of
chemical groups as generators of hydrophobic interactions
and hydrogen bonding. The most well-known physical gels
formed by chemical modifications of chitosan in aqueous
solutions are chitin gels. They were described for the first
time in the literature by Hirano et al. (41). They observed
their formation in the course of the reaction of acetylation
of chitosan in aqueous media in the presence of acetic an-
hydride. These gels were described as rigid, thermostable,
and soluble in formic acid. Unfortunately, in these condi-
tions, both N- and O-acylations occurred. They were dis-
carded to the benefit of true chitin gels discovered by the
same authors. The presence of a hydroalcoholic media al-
lowed them to avoid the O-acylation (42).

The formation of this kind of gel can only be achieved
when chitosan is initially in the form of a salt of a weak
acid such as acetic acid. Then, if chitosan is in the form
of hydrochloride, the gel formation is not observed. This
behavior must be related to the fact that the reaction of
acylation needs the presence of free amino groups and that
gelation only occurs at DA over 80%. In addition, as al-
ready mentioned, the value of pK0 increases with DA. This
is the reason why a weak acid favors gelation contrary to
strong acids whose salts are always completely formed. As
a consequence, the reacetylation in the case of a chitosan
hydrochloride does not overcome 60% and then remains
below the critical DA of gelation (43). The gel formation
is obviously dependent on the molecular mobility of the
polymer chains in solution and on the extent of acylation.
This is to be related to the high DA necessary for gelation.
It is interesting to notice that this value is independent of
the nature of the alcohol (43). In fact, the role of the alcohol
is only to reduce the dielectric constant of the media since
it has no chemical function to play. According to its viscos-
ity, it can operate in a role on the kinetics of gelation (43).
The relatively high level of the acetylation degree neces-
sary for gelation confirms a statistical process of gelation
related both to the fact that no ordered conformation is
generated and that no long-range homogeneously ace-
tylated sequences are observed. It also shows that when
the hydrophobic sites are short enough, the repulsive forces
(electrostatic, steric hindrance) and the solvation by water
molecules play very important roles. This kind of mecha-
nism was confirmed by the fact that the initial value of the
DA has no influence on the DA at which gelation occurs
(43). Another confirmation was given by the fact that when
the chain length of the acyl group increases, the value of
the critical DA necessary for gelation decreases. It has
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also been shown that the molecular weight has no effect
on the critical DA of gelation (43). Nevertheless, the kinet-
ics of gelation increase with the molecular weight cer-
tainly in relation with a decrease of both the molecular
mobility and the solubility parameter on increasing the mo-
lecular weight. It was also shown that below DP 280, only
microgels were formed instead of a macrogel, and that no
gel at all was observed for an oligomer of DP 7. These
results confirm the mechanism of a statistical gelation with
a probability to form a stable reticulation which is rela-
tively weak when the concentration of polymer is below
C*.

c. Specific Properties of Chitin Gels

Hydrogels are known to undergo the classic process of syn-
eresis. This phenomenon is typically of thermodynamic or-
igin and depends on the molecular mobility of chain seg-
ments between two junction points. As acetylation
proceeds, the solubility of these segments decreases and
the polymer network excludes progressively the solvent to
favor segment–segment interactions with, as a conse-
quence, a more or less important depletion of the gel. All
parameters contributing to decrease this solubility contrib-
ute to this phenomenon (44). Syneresis is sensitive to the
density of reticulation, which for reasons of van der Waals
and electrostatic interactions disfavors this phenomenon.
The consequence is that for high concentrations of polymer
or low DA (near the limit of gelation), no syneresis is ob-
served. External parameters such as pH, ionic strength, the
dielectric constant, or temperature can also influence the
solvent exclusion. In this case, the laws of electrostatic and
osmotic mechanisms are generally followed. Then, ac-
cording to the DA, the content of the gel, and the nature
of the external media in which the gel is placed, we can
observe either a swelling or a depletion of the gel (44).
The relaxation of chain segments must also be considered
for the understanding of the syneresis. Indeed, when the
gel is formed, the chain segments between two reticulation
points are necessarily stressed and then, for entropic rea-
sons, they obey a relaxation process up to an equilibrium
state with the thermodynamic parameters.

The mechanical properties of chitin gels are very inter-
esting for their numerous possible applications. As for all
gels, they obviously depend on the density of reticulation,
the polymer concentration in the gel, and the molecular
weight. The limitation comes from the fact that the best
gels are necessarily obtained from the highest molecular
weights, the highest DA, and the highest polymer concen-
trations. The consequence is that it is difficult to prepare
chitin gels containing more than 2% polymer in relation
with too high viscosities and kinetics of gelation.

These gels have the interesting property of being com-
pletely exchangeable in pure water with no major alter-
ation of their properties (43,44). Thus, the initial hydroal-
coholic media containing (after gelation) acetic acid is
easily replaced by pure water after a sufficient contact with
this solvent. This property reveals that the physical reticu-
lation is not sensitive to this important change. It also sig-
nifies that these gels can be considered as having a very
large potential of applications in the fields of cosmetics,
biotechnology, biomaterials (45), pharmacology and so on.

These gels are certainly formed mainly due to the conju-
gation of hydrogen bonding and hydrophobic interactions.
According to the value of DA, they also contain ionizable
amino sites. From a physical point of view, in addition to
their good mechanical properties, in relation to a relatively
high polymer concentration, they necessarily have a high
porosity (44). The consequence is that these gels are highly
interactive and can be used to interact with a great variety
of molecules.

C. Solid State

Chitosan exists in the solid state in various forms such as
films, fibers, sponges, flakes, powders, and microparticles.

Its properties in this state depend on the origin of the
material and on the method of processing. As for the other
physical states, they also depend on DA and the molecular
weight distribution. Moreover, they depend on whether
chitosan is used as received from the manufacturer or it
has been regenerated after solubilization. In the former
case, the material has the memory of the crystalline organi-
zation in the cuticle since all along the industrial process
of production the material has never been solubilized. In
the latter case, the solubilization destroys this organization.

1. Crystallinity of Chitosan

The solid state of chitosan can vary first from a morpholog-
ical point of view. This is obvious when we compare the
micrographs of a sample of chitosan as received from the
manufacturer to a lyophilizate of the same chitosan after
dissolution with hydrochloric acid (Fig. 2) (46). In the case
of the sample as received from the manufacturer, we ob-
serve a succession of dark and clear striations which corre-
spond to the differences of opacity to electrons characteris-
tic of the cholesteric geometry. This morphology is exactly
that we observe in the cuticles of crab or shrimp. In this
case, the material has never been dissolved during the in-
dustrial process and this result agrees with the fact that the
material has maintained the supramolecular organization
all along the process of extraction of chitin, then of deace-
tylation. Therefore, the material has physical behaviors re-
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Figure 9.2 (a) Ultrafine cut of a sample of chitosan initially in
the free amine form, as received from the manufacturer. TEM
observation after contrasting with uranyl acetate (�30,000). (b)
Ultrafine cut of a sample of chitosan lyophilized in the hydrochlo-
ride form, observed in the same conditions as for (a).

lated to this morphology. Thus, it remains highly crystal-
line with degrees of crystallinity close to 40% with
relatively large crystallites (46). The consequence is a rela-
tively low porosity of the material, which is essentially due
to fractures of the supramolecular organization initially
present in the cuticles or formed in the course of the indus-
trial process. This kind of material has a relatively low
accessibility and its hydration is particularly slow to be
fully achieved (46).

In the case of the sample in the hydrochloride form,
obtained after dissolution then lyophilization, the morphol-
ogy represented in Figure 2.a shows the absence of a long-
range supramolecular organization. The material appears
as a sponge in which the periodic structure has completely
disappeared. The volumic mass is only 0.016–0.02 g/cm3

although it is measured as close to 0.12 g/cm3 in the initial
material (46). In the lyophilizate, the porosity is very high

and the crystallinity is only 10%. This important decrease
is also followed by a decrease of the length of the crystalli-
tes. The consequence of these important changes is an easy
dispersion of this material in water with a relatively fast
hydration certainly followed with a complete destruction
of the crystallites (27).

The crystallographic structure of chitosan is necessarily
related to the crystalline organization of chitin. Chitin ex-
ists under three allomorphs termed α, β, and γ. Only the
first two are now completely accepted. α chitin, the most
abundant structure, is present in the cuticles of all arthro-
pods and fungi. It is characterized by an orthorhombic unit
cell in which chains are arranged in an antiparallel manner
following the b axis (47). This structure is stabilized thanks
to numerous hydrogen bondings according to the three
axes (a, b, and c) of the unit cell. β chitin is much less
widespread in the biomass. The most important source is
represented by the endoskeletons of cephalopods such as
squid pens. The main difference with α chitin is the paral-
lel arrangement of the polymeric chains whatever the axis,
a or b. This organization contributes to reduce the length
of the b axis and to slightly increase that of the a axis (48).
We also notice an important difference due to the absence
of hydrogen bondings between the chains, along the b axis.
The consequence is that this chitin is chemically more ac-
cessible than α chitin (12).

According to the literature, the polymorphism of chito-
san is more important than in the case of chitin. Its struc-
ture can be more or less modified by the insertion in the
unit cell of small molecules such as water, some metals,
or salts. Degree of acetylation and the salt or the free amine
form are also important parameters (49). In the free amino
form, two allomorphs are described. When chitosan is ob-
tained from α chitin or when it has been regenerated after
precipitation of a solution, the solid state corresponds to
the allomorph ‘‘tendon,’’ which is a hydrated form (49).
When this form, especially when it corresponds to a fully
deacetylated chitosan, is heated up to 240°C, we observe
another allomorph named ‘‘ annealed,’’ whose main dif-
ference to the previous one is having no water in the unit
cell. Nevertheless, this transition is never total and we al-
ways observe a mixture of the two allomorphs.

In the case of salt forms, two other kinds of allomorphs
have been proposed. These salts can be obtained in suffi-
ciently concentrated solutions of various acids thus
avoiding the dissolution of chitosan. Salts of various acids
have been tested, especially those prepared from HNO3,
HBr, HI, HF, HCl, and H2SO4 (50). For the first three
acids, the structure is that of a helix 21 and contains no
water. Nevertheless, these structures show some differ-
ences especially along the a or b axis, although the length
of the c axis is preserved. This behavior must certainly be
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related to the fact that the protonation of the amine groups,
its solvation, and the inclusion of anions in the structure
only are contrary to the hydrogen bondings according to
the a and b axes of the unit cell and have no great influence
on the length of the chain axis essentially stabilized by a
hydrogen bond between the EOH of C2 and the heterocy-
clic oxygen atom. Another difference between the crystal-
line structures of these salts is that in the case of the two
first salts, the unit cell is orthorhombic although it is mono-
clinic for the last one. In the case of the three last acids,
the structures of the salts correspond to a monoclinic unit
cell with polymer chains adopting a more extended confor-
mation identified as a 83 helix. The cell unit, according to
the salt, is more or less hydrated, but the number of water
molecules included in the structure has not been really de-
termined. For all the salts, the regeneration of the free
amino form after dipping in a solution of sodium hy-
droxyde leads to a mixture of the allomorphs tendon and
annealed in a proportion which depends on the nature of
the acid. Thus, it seems that HF and H2SO4 favor the an-
nealed structure more than the others. On the other hand,
the proportion of the annealed structure seems to be depen-
dent on the length of the chains. Thus, for DP within 30–
50, it is possible to obtain monocrystals of the annealed
structure (26).

The modification of the crystalline structure of α chitin
during the process of deacetylation in NaOH at 95°C has
been studyed by x-ray diffraction (51). The authors ob-
served the progressive disappearance of the pics character-
istics of the allomorph α to be progressively replaced by
those specific of the allomorph tendon of chitosan. Never-
theless, in the course of this heterogeneous process of
deacetylation one peak characteristic of the chitin structure
persists up to degrees of deacetylation of 70% (51–53).
Some authors have also observed a decrease of the degree
of order during the conversion of chitin into chitosan (54)
with, moreover, the quasicomplete disappearance of the
020 crystallographic plan associated to an anisotropic re-
sistance of the network toward the stretching stresses. It
has finally been proposed that the chains could be arranged
differently whether the amino form is regenerated by pre-
cipitation of a solution or is obtained from a film dried in
the salt form then neutralized in alkaline media (55,56).

This information on the morphology and the crystallog-
raphy of chitosan is necessary for the understanding of the
properties of this polymer in the solid state.

2. Solid Forms of Chitosan

a. Flakes and Powders

For a long time chitosan has been commercialized in the
physical state achieved at the end of the process of deacety-

lation. This state corresponds to flakes of various forms
and dimensions whose average length is generally close to
4–5 mm. These particles are the result of the treatment in
heterogeneous media of the cuticles of shrimp or crab with-
out any dissolution. These particles have the advantage of
being easily manipulated, in particular in the case of their
washing, filtration, collection, and drying. Their morphol-
ogy and crystallinity have been described previously. This
kind of particle presents several disadvantages. First, their
volumic mass is relatively low and this fact contributes to
increase the cost of their transportation. This form cannot
be used for the filling of small volumes such as capsules.
It is also disfavorable for direct uses of chitosan, especially
those for which the specific area plays an important role.
This is the case when chitosan is used for the sorption of
chemical species such as metal ions (46). For these various
reasons, all the manufacturers recently decided to commer-
cialize chitosan in the solid state in the form of powders.
In all cases, these powders are obtained by grinding the
flakes described. In most processes, this grinding is not
performed under a rigorous control of the local increase
of temperature, which can be at the origin of a superficial
thermal decomposition of the material associated with a
yellowing. The best way consists of grinding in liquid ni-
trogen which completely avoids this problem. The parti-
cles can then be passed on sifters of different mesh
allowing the preparation of particles of selected granu-
lometry according to the application considered. Chitosan
which has never been dissolved can be considered as a true
porous material. Then, when particles of such material are
used as sorbents of various types of molecules such as
metal ions, the total specific area, which includes the sum
of the porous area plus the superficial area, plays an impor-
tant role in the kinetics of sorption (57). It can be easily
increased by decreasing the dimensions of the particles.
Nevertheless, there is a limit to the grinding related to the
difficulty to collect small particles in a dispersed state.
The specific area is certainly an important parameter for
the circumstances in which chitosan has to be modified in
heterogeneous media.

b. Films

Chitosan, as all members of the familly of linked β (1→ 4)
polysaccharides, is known for its very good film-forming
ability. The films are usually obtained from a solution of
the polymer in the salt form. The solution is then cast on
a surface such as a sheet of polystyrene. After evaporation
of the solvent, we obain a film which is easily detached
from the support. The film can be regenerated in the free
amino form after it has been subjected to an alkaline solu-
tion. The thickness of these films can be controled either
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by the polymer concentration or by the height of the liquid
to be evaporated.

The mechanic characteristics of chitosan films depend
on various parameters. The most important is the hydra-
tion. Thus, for a chitosan film in anhydrous conditions, the
stress at break can be relatively high and close to 83 MPa
(58) with a stretching close to 33% and a Young modulus
near 3620 MPa. After an immersion one night in deionized
water, we observe an important loss of the mechanical
properties: 99% for the Young modulus and 88% for the
stress at break. The behavior in aqueous media depends
on the conditions of preparation of the membrane (59).
Then, the elastic modulus increases with the concentration
of the solution used for the preparation of the film. It also
depends on the chemical structure of the acid used for the
preparation of the solution. For the authors, the nature of
the interactions, the concentration of chitosan, and the na-
ture of the acid used could influence the conformation of
the polymer chains during the formation of the film and,
as a consequence, the density of entanglement of the chains
in the solid state. Indeed, a densification of the material
induces necessarily a decrease of the molecular mobility
and then of the stress relaxation responsible of an increase
of the elastic modulus. Nevertheless, the differences of be-
havior according to these parameters, in most cases, re-
main relatively low. It has also been demonstrated that a
storage of the films at 23°C, 1 atmosphere, and 50% rela-
tive humidity had no particular influence on the mechani-
cal properties of the films (60).

Membranes of chitosan show other physical properties,
especially their very high impermeability to various gasses
in their dehydrated form. The permeability depends on var-
ious parameters such as DA, the crystallinity, and the de-
gree of hydration (28). These membranes of chitosan show
a selectivity for the transport of some gasses, for example,
toward CO2 compared to O2 (61). They are effective in
applications of pervaporation of water–alcohol mixtures
(62). The permeability of these membranes in aqueous me-
dia has also been studied, especially in the case of the dif-
fusion of vitamin B12 (63).

All the properties of chitosan membranes associated
with their physicochemical and biological properties are
particularly interesting for various biomedical applica-
tions, such as for pharmaceuticals, wound coverings and
tissue engineering.

c. Chitosan Fibers

The filmogenic properties of chitosan must necessarily be
associated to its easy spinning. Due to the properties al-
ready mentioned, the spinning of chitosan is only possible
by the method of wet spinning. Mild conditions of solu-
tions of chitosan at concentrations close to 5–6% (w/w)

prepared with acetic acid. This highly viscous collodion is
pushed through a spinneret and the filaments are coagu-
lated in an alkaline bath. After washing and drying we can
obtain very nice chitosan fibers (64) whose tenacity in the
dry state can be close to 2 g/Denier with an elongation at
break near 14% and a Young modulus of 73.27 g/Denier
(65). Chitosan fibers can then be processed in the form of
yarns with direct applications or used to prepare woven or
nonwoven fabrics with particularly interesting biological
properties.

d. Chitosan Sponges

The filmogenic properties of chitosan can also be associ-
ated with its capability to form spongelike materials. These
materials are easily formed from a solution or a dispersion
of chitosan with a concentration located within 0.5–2%,
followed by a lyophilization. These materials are highly
expansed systems with open pores. Their volumic mass
can be very low and close to only 0.016 g/cm3 (46). Their
prosity can be calculated from SEM studies, and parame-
ters such as the concentration and the temperature of freez-
ing considerably influence this parameter (66). It is then
possible to prepare materials with average pore sizes vary-
ing within 20–250 µm. In fact, there are several levels of
pore size depending on the scale of observation. Thus, the
walls of the pores seen by SEM when observed by TEM
reveal a secondary porosity due to the fibrous structure of
these walls which is below 50 nm (46). When they are
hydrated, these lyophilizates become very brittle and can
be used as a source of particles when they are dispersed
in water under heavy stirring. At higher densities, they can
also constitute materials operating as a sponge with inter-
esting biological properties.

e. Microparticles of Chitosan

Microparticles, especially microspheres of chitosan, can
also be obtained from the method of emulsification, fol-
lowed by an extraction/evaporation. Typically, the inner
phase is constituted by a solution of chitosan in a mixed
solvent such as acetic acid/acetone. This solution is emul-
sified in an outer phase constituted with a vegetal oil to
which an emulsifier is added. Afterward, the solvent of
the inner phase is evaporated and finally extracted up to
completion leading to microspheres of diameter generally
below 10 µm (67).

III. PHYSICOCHEMICAL PROPERTIES

If we consider the chemical structure of chitosan shown
in Fig. 1, it bears atoms and functions allowing this struc-
ture to give rise to all the known interactions of chemistry.
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The nature of these interactions depends particuliarly on
two parameters, the degree of acetylation and the degree
of ionization of the ionizable functions, i.e., the amine and
alcohol functions.

A. Hydrogen Bonding

Alcohol, amine, amide, and ether functions present in the
structure of chitosan can be involved in the formation of
hydrogen bonds either with various substrates or by means
of inter- and/or intramolecular bonding.

The most important substrate in the formation of this
kind of interaction is water. It participates in the formation
of hydrogen bonds responsible for the solubility of chito-
san in water. Nevertheless, the competition between inter-
and intramolecular bonding is always present. This compe-
tition is regulated by the balance between attractive and
repulsive interactions. Here, the degree of ionization and
DA can play an inportant role. When DA and the ionization
degree are close to 0, the possibility of hydrogen bonding
should be minimum. Nevertheless, we always observe the
formation of aggregates. If DA increases, the stiffness in-
creases but the second virial coefficient decreases in rela-
tion with the increase in the ability to form aggregates by
intermolecular hydrogen bonds between the polymer
chains. These aggregates have been described as corre-
sponding to relatively ordered supramolecular organiza-
tions (35). Aggregation is a kinetic process which can be
compared to crystallization (16). When the degree of ion-
ization decreases, the repulsive interactions decrease, thus
favoring the formation of hydrogen bonding leading to pre-
cipitation.

Other substrates can give rise to hydrogen bonding with
chitosan. It is the case of some dyes (5) or polymers. In
the latter case, we can mention the interaction of chitosan
with collagen (68). Thus, when a very great excess of chi-
tosan (over 200%, w/w) is added to a solution of collagen,
we observe the formation of a precipitate in which the in-
teractions between the two kinds of polymer chains are
essentially due to hydrogen bondings. The complex can
contain up to 85% (w/w) chitosan, which is largely beyond
the maximum theoritical value (28.5%) calculated for a
pure polyelectrolyte complex (PEC). The formation of
such a complex is confirmed by IR spectroscopy analyses.
It also allows us to show that this interaction is very strong
and induces the denaturation of collagen characterized by
the transformation of the threefold helixes into single he-
lixes. This behavior is confirmed by the fact that this com-
plex is not hydrolyzed by collagenases which specifically
recognize the threefold helix (69).

Hydrogen bondings also plays an important role in the
gelation process of chitosan (43).

In the solid state, the role of hydrogen bonding is very

important. It is responsible for the stability of the ordered
structures in the crystalline domains and of the interchain
interactions which reinforce the stability of these domains.
In some circumstances, hydrogen bonding with water can
be observed in the unit cell (49).

B. Hydrophobic and van der Waals
Interactions

This kind of interaction is often used to interpret some re-
sults especially in the case of amphiphilic polymers such
as biopolymers. Thus, if we consider the structure of chito-
san, the ECH, ENH2, ECH2, and ECH3 groups are hy-
drophobic. The conformation of chitosan in solution is rel-
atively stressed and the stiffness increases with DA. As a
consequence, The deprotonation of amine groups and the
increase of DA, temperature, and dielectric constant con-
tribute to influence not only the hydrogen bonding, but also
this kind of interaction. Thus, when we increase the tem-
perature of chitosan, we contribute to decrease its solubil-
ity by the disruption of hydrogen bonding with water and
increase the interactions mentioned previously. This be-
havior is emphasized when the dielectric constant of the
media is decreased by addition of a solvent of lower dielec-
tric constant such as an alcohol (43).

C. Electrostatic Interactions

1. General Aspects

These interactions are due to the ammonium form of the
glucosamine residues and then to the charge density of the
polymer chains. This property is quite well illustrated by
the Katchalsky equation (70):

pKa � pH �
log(1 � α)

α
� pK0 �

ε∆Ψ(α)
KT

(1)

The polyelectrolyte character of chitosan is illustrated by
the second term on the right part of the equation which
depends especially on the charge density of the polymer
chains. From a theoretical point of view, if we assume the
crystallographic parameters, the projection of the repeating
unit on the chain axis is at least 0.512 nm (26). As a conse-
quence, the charge density is relatively low and precludes
the phenomena of ionic selectivity and ionic condensation.

The low value of pK0 already mentioned (6.5) provides
chitosan with interesting properties when it is in the salt
form. Thus, in the case of a strong acid, the salt is quite
stable and cannot be easily displaced. In the case of acetic
acid, or weaker acids, the salt is not completely formed
and then can be displaced especially in the pesence of a
stronger acid or simply by elimination of the free acid.
This behavior is illustrated especially when this salt is iso-
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lated in the solid form. In the case of acetate, the acid is
weak, weakly soluble in water, and has a relatively low
boiling point compared to other acids. The consequence is
that if we prepare a film from a solution of chitosan in
acetic acid, the solid obtained after evaporation is only par-
tially in the acetate form, and if we let this film in ambient
conditions, after a few days the free amine form is com-
pletely regenerated (17). This behavior is lowered in the
case of higher molecular weight carboxylic acids in rela-
tion with the increase of their boiling points. A particular
case is observed with α-hydroxyacids which can form sta-
ble complexes with chitosan, although their pKa is higher
than that of acetic acid (17).

2. Interaction with Lipids

The interaction of chitosan with lipids is particuliarly inter-
esting if we consider the biological properties of chitosan
or the role of this polymer as a food additive, allowing a
decrease of the metabolization of lipids, especially fatty
acids, triglycerides, and cholesterol.

First, salts of chitosan and lipids can be formed (71).
When chitosan is added to solutions of lipids such as unde-
cylenic acid, it induces an important decrease of the critical
concentration of micellization, which is thus divided by
three. In addition, the presence of chitosan is responsible
for a phenomenon of flocculation dispersion of lipidic ag-
gregates. In the case of undecylenic acid, the flocculation
is maximum for a ratio glucosamine mole/fatty acid mole
ranged near 0.25. On increasing the concentration of chito-
san, we observe a strong redispersion which is much more
stable than initially. The maximum of flocculation is then
close to the maximum redispersion. This phenomenon is
dependent on the ionic strength, pH, and concentration of
lipid. Therefore, the maximum flocculation occurs sooner
on increasing the ionic strength and decreasing the concen-
tration. It is optimal at pH 5.8, which corresponds to the
maximum electrostatic charge of the whole system. The
particle size is minimum at the maximum of redipersion
and depends also on these parameters (71).

It was also shown that for the optimal pH, the interac-
tion between chitosan and the lipidic particles is essentially
of electrostatic nature and is directly related to the DA of
chitosan (72). The molecular weight plays another impor-
tant role in the mechanism of flocculation dispersion.
When the molecular weight increases, less chitosan is nec-
essary to flocculate/redisperse the system, and the size of
the redispersed particles increases. Adsorption studies
based on the Langmuir model show that within a wide
range of molecular weights, one major mechanism of inter-
action is involved in the process of flocculation, namely,
electrostatic interactions of the mosaic type. Above a criti-

cal mass, another mechanism arises which corresponds to
the polymer bridging with several particles (72).

Analyses by TEM and SEM (73) reveal that flocs ob-
tained by means of high molecular weight chitosans corre-
spond to catenary fractal structures in agreement with a
theoretical model established for the flocculation of spheri-
cal particles by polymers. In addition, when chitosan
chains are adsorbed on a polymeric surface such as a modi-
fied cellulose, the presence of lipids in solution allows the
formation of an asymmetric membrane with one side con-
stituted of pure chitosan and the other side of chitosan/
lipid aggregates (73).

3. Polyelectrolyte Complexes

Another case of electrostatic interactions in which chito-
san-can be involved corresponds to the formation of polye-
lectrolyte complexes (PECs) with polyanions. Polycationic
polymers are particularly rare in nature and thus chitosan
is a very interesting tool for this kind of interaction. This
interaction plays an important role in living media and the
problem of its possible appearance on introducing chitosan
in such media is of particular interest. The formation of a
PEC depends essentially on the charge density of each kind
of polymer and on the pK0 of the various ionic sites. If we
represent the ammonium sites of the glucosamine residues
by �NH3

�, the optimal conditions for the formation of
such complexes are summarized in the following equation:

�P�, A� � �NH3
�, B� ⇔ �P NH3 � A�, B� (2)

where A� and B� are the counterions of the polyanion and
polycation, respectively. Two other reactions must be con-
sidered:

�P NH3 � H� ⇔ �PH � �NH3
� (3)

�P NH3 � OH� ⇔ �P� � �NH2 � H2O (4)

From these relations, we deduce that the maximum com-
plexation occurs when the charge densities are maximum
for each polymer and when their ionization state is maxi-
mum. In these conditions the complete formation of the
PEC is achieved when the total amount of negative charges
is exactly neutralized by the same amount of ammoium
functions. At this point, the medium contains only the
complex, which is electrically neutral and insoluble in wa-
ter, and the stoechiometric amount of the AB salt liberated
during the interaction (74). As shown by Eq. (3) and (4),
the stabilty of the complex depends on the pK0 of the an-
ionic and cationic sites. Thus, when the ionic site corre-
sponds to a weak carboxylic acid, the complex is easily
destroyed on decreasing pH. This behavior explains why
the PEC is only slightly formed when chitosan in the salt
form is added to a solution containing the free acidic form
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of a weak polyanion. This situation is observed, for exam-
ple, when chitosan is mixed with collagen at low pH (75).
On the contrary, when the anionic sites correspond to
strong acids such as sulfates, whatever the pH, these sites
are always protonated and the complex is stable even at
low pH as in the case of the sulfate sites of chondroitin
sulfates (74). This behavior is also observed in the case of
carboxylic sites of low pK as in the case of the uronic
residues of hyaluronic acid whose pK0 is close to 2.9 (76).
In this case the complex can be formed even in acidic me-
dia (74). Furthermore, we observe a continuous decrease
of the pH of the media during its formation related to a
progressive deprotonation of the carboxylic sites. This be-
havior is possible provided that the pH of the media re-
mains over the pK0 of hyaluronic acid. When the pK0 of
the anionic sites increases, depending on both the concen-
tration of the polymers and pK0, we can observe an inter-
mediate situation where only a part of the carboxylic sites
initially in the free acidic form are deprotonated. This is
the case of the carboxylic sites of chondroitin sulfates
whose pK0 is close to 3.83 (74).

IV. BIOLOGICAL PROPERTIES

A. Biodegradability

It is important to remember that chitosan is completely ab-
sent in mammals. The first interesting biological property
of chitosan is its ability to be biodegradable and bioresorb-
able. Indeed its structure constitutes a source of carbon and
nitrogen for various kinds of bacteria. Chitin deacetylases
and enzymes hydrolyzing chitosan, such as chitinases, chi-
tobiases, chitosanases, as well as glucosaminidases and N-
acetyl-glucosaminidases, are now well known (36,37). If
for some of them, the structure is clearly identified, the
mechanisms of their activity remain obscure. In mammals,
these enzymes seem to be completely absent. Nevertheless,
when chitosan is implanted it disappears definitely after
more or less time depending on the DA (77). Lysozyme,
which is a nonspecific proteolytic enzyme widespread in
this category of animals can hydrolyze chitosan, but this
activity disappears rapidly when chitosan has a DA below
30% (78). Fully dacetylated chitosans are then completely
insensitive to this enzyme. In addition, it seems that at least
three consecutive N-acetylated residues are necessary to be
recognized by this enzyme (79). The degradation of these
polymers is nevertheless observed but the mechanism is
not really elucidated. It is attributed to the presence of
some oxidative agents produced by the immune system in
the exudates (80).

It has been shown that whatever the circumstance, the
biodegradation of chitosan is a phenomenon depending on

several factors, especially the degree of acetylation, the
molecular weight, the degree of crystallinity, the water
content, and also the shape and the state of surface of the
material (8,82).

B. Biocompatibility

1. Oral Administration

The consequence of oral administration of chitosan in hu-
mans has been studied in the case of dietetic applications
(see Section IV.E). No adverse reaction has been observed
for normal conditions of use. In animals, more information
was obtained. Thus, in the case of the oral delivery of chi-
tosan in rabbits, no particular adverse response of the host
was noticed in normal conditions of administration (83).
These conditions corresponded to the use of chitosan as a
food additive with a ratio of 2% in the basal ration, for
periods of 85 to 189 days. No significative difference of
weight, height, color, fat deposition, or any pathology
(lung, heart, stomach, intestin, or behavior) were observed.
The LD50 was found as over 16 g/day/kg body weight, a
dose which is higher than that of sucrose (12 g/day/kg
body weight). The same experiments were performed on
mice where the LD50 was lower, close to 10 g/day/kg body
weight (84). The observation of the digestive organs re-
vealed that chitosan flocculate with feed residues and re-
mains in the duodenum and in the upper part of the jeju-
num. This observation confirms the effective dissolution
of chitosan in the acidic conditions of the stomach (83).
The perfect biocompatibility of chitosan after oral adminis-
tration can also be related to the fact that there is no report
mentioning the metabolization of this polymer through the
intestinal cells.

2. Hemocompatibility

The hemocompatibility of chitosan is generally accepted.
Added to blood, it induces the formation of a coagulum
(85). In the case of solid forms of chitosan, the response
is related to the surface properties (77). The first important
results were obtained from experiments on dogs (86). It
was shown that a graft of aorta covered with chitosan al-
lowed a good integration of the synthetic material owing
to a local hemostasis on the surface of the material created
by the chitosan coating. Autopsies revealed that the graft
was covered by normal epithelial cells. In vitro, the hemo-
static properties of chitosan have been observed even in
severe anticoagulating conditions (87) and in the case of
an abnormal activity of platelets (88).

The consequences of direct injections of chitosan in
blood have also been studied. In mice, the LD50 was found
to be over 10 mg/day/kg body weight. In an experiment
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on rabbits, intravenous injections of chitosan oligomers
(DP 2–8) were made at a dosage of 4.5 mg/kg body
weight. No abnormal physiological symptom was noticed
after treatment for 11 days (89). The serum hexosamine
value increased on the second day after the last injection
and decreased immediately on the next day. This kind of
experiment revealed also the increase of the lysozyme ac-
tivity in blood. Thus, for a dosage of 7.1–8.6 mg/day/kg
body weight, the lysozyme activity was more than twice
the normal value and was coming back to the normal 5
days after the last day of treatment. In the case of relatively
high doses, severe diseases were observed. Thus, 200 mg/
kg subcutaneous administration in dogs induces severe
hemorrhagic pneumonia (90) and 10 mg/kg induces a sys-
temic activation of chemiluminescence response (CL) in
canine circulating polymorphonuclear cells (PMN). The
increase of CL response was observed in the PMN recov-
ered from the chitosan treated dogs after incubation with
normal plasma and in the PMN of chitosan nontreated dogs
after incubation with the plasma recovered from the chito-
san treated dogs. When chitosan is administered to subcu-
taneous tissues of dogs and mice, in vitro studies (91) re-
veal that subcutaneous complement wastes rapidly by
contact with chitosan material, due to the plasma C3 in-
crease in these treated animals. On the contrary, when chi-
tosan is administered to human plasma, C3 and C5 are de-
creased whereas C4 does not change. Therefore, there is
no doubt that chitosan activates the complement alternative
pathway. Nevertheless, in the alternative pathway, C3b is
originated by a C3i enzymatic degradation of C3, but a
formation of C3i due to chitosan remains unknown.

A last response concerns the production of interleukins
by fibroblasts subjected to chitosan. The activation of the
production of IL-8, in relation with the stimulation of both
IL-1 and tumor necrosis factor-α (TNF-α), has been re-
ported (91).

3. Cytocompatibility, Cell Adhesion and Cell
Proliferation on Chitosan Films

The cytocompatibility of chitosan films, at physiological
pH, toward keratinocytes, fibroblasts, or chondrocytes has
been recently studied in vitro. In the case of the first two
kinds of cells, the role of the degree of acetylation was
also investigated (29). The results revealed that whatever
the DA, all chitosan films are cytocompatible for these two
kinds of cells. In the case of chondrocytes, there also, no
cytoxocicity at all was detected in the case of a film with
a DA of 2.5% (92). The adhesion tested on the two first
types of cells showed that cell adhesion increases consider-
ably on decreasing DA. This increase is important as long
as the DA is low. In addition, for a given DA, fibroblasts

appeared to adhere twice as much as keratinocytes on these
films. Although alive, fibroblasts do not proliferate on chi-
tosan films. This behavior is related to the too high adhe-
sion of these cells on this surface, which inhibits their de-
velopment. On the contrary, the proliferation is quite good
in the case of keratinocytes. This proliferation increases
when the DA of chitosan decreases. All these experiments
contribute to show that electrostatic interactions between
the negative charges of the cell membranes and the cationic
charge of chitosan play the major roles. Thus, the adhesion
seems to reach an optimum depending on these parameters.

Some studies were performed in vitro on the role of the
addition of chitosan solutions to cell suspensions. In the
case of fibroblasts, it was observed that the presence of
chitosan at low concentration inhibited the proliferation of
the cells but did not act as a cell killer (93). Although not
claimed by the authors, it seemed that the microscopic
views of the cell cultivations agreed with a mechanisms
of cell agglutination in the presence of chitosan, which in
turn could be the reason for the inhibition of cell prolifera-
tion without cell death induction (see the discussion in Sec-
tion IV.B.4).

4. Bacterio- and Fungistatic Properties

Chitosan under various physical forms including solutions,
powders, and films has been shown as inducing fungi- and
bacteriostatic properties. These properties are relatively in-
teresting since chitosan is not considered as toxic. As a
consequence, they allow us to consider numerous applica-
tions for this polymer in various fields such as biomateri-
als, textiles, etc. Although extensively studied, these prop-
erties remain relatively unexplained with regard to the
biological mechanisms involved.

Among the various types of bacteria and fungi, positive
and significant results were obtained with the following
families.

Bacteria: Escherichia (93), Pseudomonas (94), Lacto-
bacillus (94), Staphylococcus (94,95), Micrococcus
(94), Enterococcus (94), and Clostridium (94). In
this field some antimitogenic activities were reported
when chitosan was contacted to Salmonella associ-
ated to the mitogene Trp-P-1 (98)

Fungi and yeasts: Candida (97), Fusarium (94,97),
Scombomorus (99), Pseudosciaena (99), Botritis,
Saccharomyces (97), Pyricularia (97), and others

This kind of biological property must be first related to
the physicochemical properties, in particular to the possi-
bility for chitosan to flocculate dispersions of particles in-
cluding cells and to be involved in hydrogen bond forma-
tion and polyelectrolyte interactions. The flocculating
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properties of cationic polyelectrolytes toward cell supen-
sions were demonstrated at least 30 years ago (100). An
interesting study of the flocculation properties of chitosan
in cell suspensions concerns the cases of Escheriscia coli,
Bacillus subtilis, and Zymomonas mobilis (101). In this
study, it was shown that the flocculation properties of chi-
tosan were comparable to those of synthetic molecules
known for their high potenty to induce this phenomenon.
The role of pH showed that the maximum flocculation was
located within 5.5–6 for the three kinds of microorgan-
isms. It is interesting to notice that this optimal pH is quite
similar to that observed in the flocculation of lipid aggre-
gates (71). Unfortunately the study was limited at high pH
by the precipitation of chitosan (over pH 6) where the au-
thors observed a sudden decrease of the flocculation prop-
erties. The dose necessary to achieve the maximum prop-
erty certainly depends on the nature of the cell in relation
with the charge density of the cell surface but was com-
prised between 2 and 3.5 mg chitosan per gram of cells.
Whatever the case, we can consider that the cell entrap-
ment in chitosan flocs limits the cell mobility necessary
for their division and then to their proliferation. This be-
havior is quite similar to that mentioned when epithelial
cells such as fibroblasts adhere too much on the surface of
a chitosan biomaterial. Nevertheless, in the conditions of
maximum flocculation, the cells are maintained alive and
then chitosan has ‘‘cell-static’’ properties. We can also
consider as demonstrated in the case of plant cell suspen-
sions that when chitosan concentration becomes suffi-
ciently high to produce a redispersion of the flocs, the cell
surface becomes highly positively charged and leads to the
death of the cells (102). Fortunately, in relation with the
physiological pH which is generally over 7, this situation
cannot occur and chitosan can never be considered directly
as a cell killer in vivo.

C. Bioactivity

Although considered as nontoxic, chitosan is often shown
as being a strong elicitor of biological activity whether in
plants or in animals. In both cases, the consequence of the
contact between chitosan and living media has been exten-
sively studied during the last 20 years. Some results in the
case of plants could be used to understand some behaviors
observed in animals.

1. ‘‘Immune’’ Response in Plants

Except one case mentioning the possible cell internaliza-
tion of chitosan oligomers in plant cells (103), the crossing
of the cell wall and the plasma membrane of these cells
by chitosan has never really been demonstrated. As a con-

sequence, the elicitation of various cell activities must be
related to signals coming from the interactions between
chitosan and the cell envelope. Among the elicitations re-
ported in the literature, the induction of the production of
callose has been the most studied. Thus, when chitosans
of various degrees of acetylation and molecular weights
were subjected to supension-cultured cells of Catharan-
thus roseus, the following results were observed (102): The
elicitation of the formation of the β (1→ 3) glucan callose
was not observed with low molecular weight oligomers.
Callose synthesis increased with the degree of polymeriza-
tion up to several thousands corresponding to a weight av-
erage molecular mass of 106 g/mol1. At a comparable de-
gree of polymerization, the increase of the acetylation
degree contributed to decrease the elicitation. In the case
of protoplasts, the biological response was greatly empha-
sized. These results showing the role of the charge density
and molecular weight allowed the authors to consider that
the primary interaction responsible of the biological signal
may be attributed to an electrostatic interaction between
the cationic charges of chitosan and the anionic charges of
the phospholipidic structure of the cell membrane. This
interaction is repressed by the electrostatic barrier consti-
tuted by the cell wall. In the case of another kind of cell
such as those of Rubus, the elicitation of laminarinase was
studied. Similar results were obtained with an additional
interesting observation showing that the elicitation reached
a maximum for a DP close to 3000 then decreased (104).
This behavior has to be related to a change in the mecha-
nism of interaction between chitosan and cells. In the first
case, several chains can bind at the surface of one cell with
a progressive lowering of the number of chains and cat-
ionic sites involved on each chain on increasing the molec-
ular weight. In this case we observe a process of cell agglu-
tination of mosaic type where the cell surface is certainly
highly stressed. This stress increases with the molecular
weight and then favors an increase of the elicitation pro-
cess. Over a critical chain length, the mechanism becomes
of interparticular type. In this situation, one chain can bind
several cells. The consequence is a progressive decrease
of the cell stress on increasing the molecular weight. In
the case of rubus cells, a lectin specific for glucosamine
oligomers especially of DP 4 was identified (105).

2. Immunological Properties in Animals

The antigenicity of chitosan has not already been demon-
strated and antichitosan antibodies are not known. Never-
theless, this state of our knowledge does not signify that
they do not exist. The immunologic activity of chitosan is
particularly interesting and contributes to potentially very
important applications of this polymer in the treatment of



202 Domard and Domard

various tumoral afflictions and in the treatment of several
pathologies of viral origin. Since chitosan can be degraded
in living media, the question remains whether the biologi-
cal activity is due to the monomer and oligomers or di-
rectly to the polymer. It seems that both kinds of involve-
ment must be considered.

The activation of macrophages has been studied by sev-
eral authors. Thus, the peritoneal exudate macrophage
(PEM) chemotaxis has been demonstrated in vitro in the
presence of chitosan. The experiments show that machro-
phages migrate in response to a positive gradient of chito-
san, thus indicating a true chemotactic effect. Another con-
sequence of this activation concerns the nitrite production
by the PEM after preincubation with chitosan. This activity
is related to the N-acetylglucosamine residues since the
monomer glucosamine, contrary to NAG, has no influence
on this response (106). This result is of great importance.
It could signify that fully deacetylated chitosan is not bio-
degradable in mammals. Indeed, lysozyme has no action
on it and nitrite production should not be elicited in its
presence. On the contrary, the production of nitrite if it
were confirmed in vivo should be associated with biocom-
patibility problems. Indeed, NO production contributes to
amplify the inflammatory reaction leading to the destruc-
tion of both the polymer material and the tissue sur-
rounding the implant. In vivo experiments performed by
subcutaneous implantation of chitosan in mice reveal ad-
verse inflammatory reactions at the level of the implants.
After 2 weeks implantation, the foreign materials are
loosely attached to the host tissues showing no integration
at a macroscopic level. Histologic studies by TEM demon-
strate the penetration and invasion of the cells into the chi-
tosan material. Thus, many migrating macrophages and eo-
sinophils are present inside the material or at the interface
between this material and the host tissue in contact. Rem-
nant particles of chitosan can be observed inside and out-
side the cells (106). Neverthless, vascularized neotissue is
also observed. It can be considered that the complete deg-
radation of the implant produces the progressive normal-
ization of the histological picture with a final wound heal-
ing. This behavior explains the numerous results (see
Section V.D.2) on the wound healing induced by chitosan
following implantations of at least 2 months.

a. Antitumoral and Antiviral Activity

The antitumoral activity of glucosamine tested in vitro on
human tumors shows a specific killer activity without any
toxicity toward the normal tissues (107).

The antitumoral activity of chitosan oligomers espe-
cially the hexamer has been demonstrated in mice The use
of this kind of oligomer is particularly interesting as an

immunotherapeutic agent compared to other polysacchari-
dic systems. Indeed, their antigenicity has not been demon-
strated and their solubility in water associated to their fac-
ile biodegradation allow them to be easily eliminated from
the human body (108).

The antitumoral properties of the polymeric forms of
chitosan are also demonstrated. They are related to the pro-
duction of tumor necrosis factors, especially cytokines
(109). They are also due to activation of macrophages lead-
ing to the stimulation of killer cells and T cells by the se-
cretion of lymphokines. It is interesting to notice that it
has no particular influence on the production of lympho-
kines by spleen cells (110).

The antitumoral activity of chitosan inducing the activa-
tion of killer cells, especially lymphocytelike cells, led us
to consider that it can also act as a killer of virus-infected
cells.

V. APPLICATIONS

A. Cosmetics

If we consider all the properties of chitosan mentioned,
they necessarily predict numerous possible opportunities
in the field of cosmetics. Thus, chitosan is a good moistur-
izer with no allergenic properties and possesses the two
fundamental properties for this field of application (consid-
ering the nonmedical aspect of this domain). There are sev-
eral hundred patents reporting on the possible applications
of this polysaccharide in the various aspects of this branch.
Thus, as mentioned, chitosan can be used as a lipidic dis-
persant and participates to the formulation of various cos-
metic creams. Chitosan has filmogenic properties; it
weakly interacts with proteins such as keratine and pos-
sesses cationic sites. Therefore, it can be used, especially
in the case of low molecular weights, as aftershampoo giv-
ing a silky aspect associated with repulsive electrostatic
properties. If the molecular weight is sufficiently low, the
polymer film will be easily eliminated after a brushing or
a new washing. The power to improve the glossiness asso-
ciated to fixating and comb-out properties was claimed for
formulations containing both chitosan and linear block co-
polymers of polysiloxane and polyoxyalkilene (111). The
capability to act as a moisturizer can be illustrated by for-
mulations containing chitosan and organic acids such as
gluconic or succinic acids (112). The moisturizing proper-
ties of chitosan associated with an emulsifying character
were claimed in the case of formulations corresponding to
chitosan modified by acylation with fatty acid anhydrides
or chlorides (113). The cationic character of chitosan was
claimed in other cosmetic formulations for the cleaning
and makeup remover of the skin and mucous membrane
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(114). Chitosan has been proposed in toothpaste formula-
tions, in the solid state for its abrasive properties associated
to its possible anti–dental caries activity (115). Chitosan
gels have good skin adhesive properties and could be used
in the form of patches for the delivery of various substrates
such as caffeine, vitamins, or nicotine. A complex between
chitosan and iodine was proposed as a good disinfectant
and wound healing system (116). Another interesting pat-
ent concerns the use of chitosan powder in the formulation
of soaps. A soap was prepared from palm oil, fatty acids,
tetrasodium edetate, and chitosan powder (1%, w/w). This
preparation was then applied to patients with atopic derma-
titis and revealed a decrease of their symptoms and no skin
trouble formation (117).

Although the number of patents is very important in
this field, surprisingly the number of papers describing the
scientific background of cosmetic applications of chitosan
is very poor. We can mention the use of chitosan associ-
ated with collagen and other glycosaminoglycans in a po-
rous form as a dermal equivalent (DE) and a skin equiva-
lent (SE) (118,119). The DE model was made from this
three-dimensional matrix populated with human fibro-
blasts. The SE corresponded to the DE after seeding with
normal human keratinocytes. These systems were then
subjected to UVA in order to test in vitro the deleterious
effects of this radiation. These systems were also tested in
the presence of chemicals usually used for skin protection.
A good accordance was obtained between the results on
the cell viability and the IL-1 alpha release obtained both
in vivo and in vitro with these models. As a consequence,
they could be used to test the efficacy and toxicity of sun-
screens. We can also note that chitosan could be possibly
used itself as a sunscreen since UV spectra of chitosan
solutions and films reveal a strong absorption below 200
nm, although it is quite transparent in the visible
range (18).

Chewing gum supplemented with low molecular weight
chitosans (3%) were used to evaluate the pH response of
the human dental plaque (120). Thus, the role of these mol-
ecules was tested after an exposure to fermentable carbo-
hydrates by means of a microelectrode. The fermentable
substances corresponding to 5% glucose solution or sug-
ared caramel were directly applied. Then, the subjects
started chewing gums with or without chitosan. In the for-
mer case, the recovery of the normal pH (close to 5.5) was
much faster than in the latter. This behavior can be simply
related to the fact that chitosan as a polyamine has the
potency to actively neutralize acidic media. A comparison
was made between the capability of various buffering sub-
stances of different pKa to inhibit the pH lowering of the
dental plaque. Aspartame (pKa � 7.8), phosphate buffer
(7.1), low molecular weight chitosan (6.4), and maleate

buffer (6.2) were tested after addition of lactic acid. It was
shown that the pKa value plays an important role since the
most effective inhibition of pH lowering was observed
both with chitosan and maleate buffer (121). The findings
indicate that low molecular weight chitosans may be used
as a food additive or, better, in the formulation of tooth-
pastes to decrease the cariogenicity of foods.

B. Dietetics

Due to is polycationic character and its amphiphilic struc-
ture chitosan allows, as mentioned, the formation of all the
known interactions in chemistry. Therefore, it can interact
with numerous components of the diet, especially those of
lipidic nature. It also exhibits some particular properties
which in some cases could be at the origin of adverse re-
sponses.

1. Effect on Calcium and Vitamin Metabolism

The effect of chitosan intake was investigated in rats fed
with diets containing 5% chitosan. The role of chitosan
on the decrease of the whole-body retention of 47Ca was
demonstrated, although there was no significant increase
of the calcium content in fecal excretions. In fact the 47Ca
elimination was identified by the increase of calcium in
urinary excretions. These results suggest that dietary chito-
san would affect the calcium metabolism in animals (122).
This result was confirmed in the case of mice fed with a
continuous and massive dose of chitosan. The decrease of
calcium adsorption was characterized by an important de-
crease of the bone calcium content (123). In the case of
the latter experiments, a marked decrease of the serum vi-
tamin E level was also observed.

2. Effect on Intestinal Media

The effect of dietary chitosan on the induction and devel-
opment of colonic precursor lesions was determined in
CF1 mice fed with diets containing 2% of low or high
molecular weight chitosans for a period of 6 weeks (124).
Over a 2-week pretreatment period, one group of mice was
treated with azoxymethane (four injections of 5 mg/kg
body weight). Whatever the molecular weight of chitosans,
an important reduction in the number of aberrant crypt foci
cell proliferation, crypt height, and crypt circumference in
the colonic epithelium was observed (p � 0.05). As a con-
sequence, it seems that dietary chitosan reduces the inci-
dence of early preneoplastic markers of colon carcinogene-
sis as evidenced by aberrant crypts and mitotic figures and
altered crypt morphometrics in the murine colon. This
property could be influenced by the molecular weight of
chitosan.
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3. Effect on Intestinal Immune System

Experiments made on rats fed with diets containing 5%
chitosan revealed some changes in immune functions.
Thus, the serum IgE was significantly lower while the IgM
did not differ. IgA, IgG, and IgM in mesenteric lymph
node (MLN) lymphocytes were unchanged, although the
IgE concentration was also lower. The CD4�/CD8� T
cells in MLN lymphocytes were not affected nor the γ-
interferon concentration or the tumor necrosis
factor-α (125).

4. Hypocholesterolemic Properties

The most important studies on the use of chitosan as a
food additive were performed on the effectiveness of this
polymer to promote a hypocholesterolemic effect when it
is associated with diet. The first results were published in
1978–1979 (126,127). The authors noticed that when rats
were fed diets containing additional cholesterol, addition
of chitosan induced a marked decrease of liver and plasma
cholesterol. The magnitude of the reduction was compara-
ble to that observed with cholestyramine but without any
adverse secondary effects. The same authors enlarged their
investigations to several series of experiments. They con-
firmed the first results and added that chitosan seemed to
have no effect on bile acids and that the hypocholesterol-
emic activity had to be related to an increase of cholesterol
in fecal excretions. They also mentioned the growth low-
ering of the rats fed with diets containing chitosan. The
role of chitosan was effective from 2% (w/w diet) and the
reduction of cholesterol was by 25–30% (128). In another
study, these authors mentioned that on a large scale, the
chain length does not play a major role. Nevertheless, they
observed that the first terms of the series of the oligomers
of glucosamine were ineffective (129). Similar experi-
ments performed on rats (130) confirmed the previous re-
sults. In addition, it was mentioned that feeding with diets
containing chitosan had no effect on hemoglobin and se-
rum iron. The same authors observed that contrary to
cholestyramine, there was no mucosal change in the gas-
trointestinal tract, except an increase of the distal small
bowel. The hypocholesterolemic activity of chitosan was
also shown in the presence of a hypocholesterolemic sub-
stance such as cystine (131). In the same manner, it was
observed that the type of dietary fat influences the choles-
terol absorption. Thus, the cholesterol uptake was more
effective in the presence of sunflower oil than with palm
oil (132). The results do not seem to vary considerably
with the kind of animal. Thus, similar results were obtained
with hens or rabbits where the decrease of the cholesterol
was also observed in the blood plasma and liver (133,134).
A particular case was mentioned in the second paper con-

cerning rabbits. When these animals were fed with choles-
terol enriched diet (up to 9 g/kg), the serum cholesterol
and triacyglycerol levels of these high–serum cholesterol
rabbits were affected neither by feeding with a 20 g/kg
chitosan–supplemented diet nor by intravenous injection
with chitosan of low molecular weight or chitosan oligo-
mers daily. These results signify that chitosan has a hypo-
cholesterolemic action only in the intestine.

The first human experimentation was reported in 1993
(135). Three to six grams per day of chitosan introduced
in biscuits was given to eight healthy males. Their LDL
and total cholesterol level decreased significantly. More-
over, serum HDL cholesterol was increased. In parallel, the
excreted amounts of primery bile acids were significantly
increased during ingestion of chitosan.

More recent studies concerned the treatment of 100, 90,
80, and 30 adults in four different places in Italy. Contrary
to previous experiments, chitosan was directly ingested by
means of tablets (four per day) containing 250 mg chitosan
each. The experiments were performed in a randomized,
double-blind, placebo-controled trial for 4 weeks. The re-
sults confirmed quite well those previously reported (135),
but with more details and quantification. Lowering of LDL
cholesterol up to 35.1% and increase of HDL cholesterol
up to 11.12% were observed. Numerous other benefits re-
lated to chitosan ingestion were also mentioned, such as
the decrease of arterial pressure and the increase of respira-
tory rate (136–139).

5. Fat Binding and Antilipidic Metabolism

In parallel with the ability to decrease the cholesterol level,
numerous papers reported the capability of chitosan to bind
fats and thus to decrease their metabolism by animals as
well as humans. Thus, in a first report (128) a decrease of
the triglyceride level in plasma and liver was observed in
rats fed with diets containing chitosan. The inhibition of
the absorption of fatty acids, bile acids, and triglycerides
was claimed in a first patent in 1980 (140). A study on rats
whose gut contents were examined 2 h after feeding with
chitosan-containing diets gave interesting results. Thus,
the ratio between the content of bile acids and phospholip-
ids in the liquid phase and in the solid phase (after centrifu-
gation) was significantly lowered compared to the control
(without chitosan in diets). This result allowed the authors
to show the uptake of bile acids and phospholipids by chi-
tosan (141). When an emulsion containing various kinds
of oils was introduced intragastrically in rats, the absorp-
tion of triglycerides was relatively low, showing that the
gastric medium plays a major role on the uptake of triglyc-
erides except for the very first terms of the series of the
oligomers of glucosamine, which were inefficient (128). A
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synergistic effect related to the association of chitosan and
ascorbic acid in diets was investigated in a study made on
rats and by the observation of ileal contents (142). It was
claimed that this association should allow the uptake of
3.4 g fat per 1 g chitosan. In the same kind of study, the
same team showed that both the increase of the viscosity
(equivalent to the molecular weight) and the deacetylation
of chitosan favor an increase of the fat binding. They also
noticed that their results were dependent on the nature of
the fat. Thus, the excretion was more significant with corn
oil than with lard (143). The hypolipidic capability of chi-
tosan was also demonstrated on broiler chickens fed with
diets containing chitosan. This behavior was also associ-
ated with a lower weight intake (144).

Human experiments on the lipid uptake by chitosan
were more recently reported (136–139). The triglyceride
reduction was 26.6% associated with a weight decrease of
at least 7.9 kg after 4 weeks of chitosan treatment (four
tablets containing 250 mg chitosan per day).

6. Mechanisms of Interaction Between Chitosan
and Lipids

The mechanism of inhibition of lipid metabolization by
chitosan can be attributed to either physicochemical inter-
actions between chitosan and the substrate or to the inhibi-
tion of enzymatic mechanisms. Another question concerns
the possible metabolization of chitosan and/or its degrada-
tion products. The intravenous injection of low molecular
weight chitosan, as mentioned previously, has no influence
on the cholesterol level in blood. In addition, although chi-
tosan can be degraded by lysozyme produced by intestinal
flora, up to this time there is no evidence of the metaboli-
zation of chitosan through the intestinal cells, whatever
the molecular weight. Therefore, all the results reported
in the literature agree with an effect only to the conditions
of the gastrointestinal tract.

An important question concerns the possible involve-
ment of the inhibition of pancreatic lipase by chitosan in
the mechanism of antilipidic metabolism. A simple experi-
ment (145) showed that chitosan inhibited the hydrolysis
by lipase of triolein emulsified with phosphatidylcholine
but not that of triolein emulsified with gum arabic and tri-
ton X-100. The conclusion is that the inhibition of lipid
absorption by chitosan is essentially due to a physicochem-
ical mechanism.

7. Conclusion

All the papers mentioned agree that chitosan has the capa-
bility to reduce significantly the intestinal metabolization
of all kinds of lipids. When the absorption of chitosan does
not exceed a critical amount, this activity seems to be

achieved without any damage whether to the intestinal
flora or to any tissue or mucous membrane in contact with
the polymer. It is also interesting to note that chitosan
seems to have no effect on the inhibition of lipid-specific
enzymes.

The inhibition of lipid metabolism by chitosan seems
essentially of physicochemical origin. In absence of chito-
san, the metabolism is attributed to the micellization of
lipids in the gastrointestinal tract thanks to the presence of
micellizing substances such as biliary acids. These aggre-
gates are stabilized by cholesterol and the whole can be
then recognized by intestinal cells and transfered in the
blood plasma.

When a solution of chitosan is added to a dispersion of
lipids at 37°C (for example, oleic acid or various edible
oils) in acidic conditions corresponding to the gastric me-
dia, no particular phenomena are observed and the disper-
sion is preserved after incubation during 30 min. If we in-
crease the pH to intestinal conditions, we observe the
formation of an impressive fatty coagulum contrary to the
control (without chitosan). This fat clot corresponds to a
coprecipitation of lipid aggregates formed in the presence
of chitosan (see Section III.C.2) in a three-dimensional net-
work. This clot obviously inhibits any possible recognition
by lipases and intestinal cells. This mechanism agrees with
all the results mentioned, especially the rejection of fatty
acids, cholesterol, and triglycerides as well as biliary acids
in feces. It also agrees with the noninhibition of lipases
and the fact that the antilipidic activity of chitosan is not
observed when chitosan is directly subjected to blood. It
finally agrees with the fact that the molecular weight of
chitosan is not very important except for molecular dimen-
sions below a critical limit where the three-dimensional
network cannot be formed. This mechanism, to be really
observed, needs the prior solubilization of chitosan. In
these conditions, we can observe in vitro a lipidic coagu-
lum containing up to 30 g lipid per 1 g chitosan. It is impor-
tant to remember that chitosan cannot be solubilized at pH
below 2, in that case if chitosan is absorbed in a free amine
form corresponding to a powder in capsules or tablets, the
efficacy is very low and limited to the high intestine at the
beginning of the increase of pH. This observation certainly
aggrees with the low efficacy of most commercial formula-
tions. It is also important to notice that all formulations
including polyanions such as ascorbic acid, etc., necessar-
ily contribute to limit this efficacy.

C. E-3-Pharmacology

Chitosan has very interesting physical and physicochemi-
cal poperties which provide it with numerous possible ap-
plications in the field of phamacolosy. Since another com-



206 Domard and Domard

plete chapter in this book is devoted to this application,
we will concentrate especially on the physicochemical and
physical aspects. Thanks to its properties, chitosan has
been extensively studied in the field of vectorization and
sustained release of drugs. The bioactivity of this biopoly-
mer has also been shown as favoring the targeting or the
induction of some synergistic effects.

1. Vectorization

Chitosan is a biodegradable, bioresorbable, biocompatible,
and bioactive polymer. Moreover, it is highly function-
alized and as a consequence it can be considered as an
interesting tool for the vectorization of drugs.

We first mention the simple case of the vectorization
of anionic forms of acids (17). Indeed, chitosan is a weak
alkali with a pK0 close to 6.5. Thus, the salts prepared from
weak acids and chitosan are easily displaced and anionic
forms of acids are then liberated in the media. We have
the particular case of α-hydroxyacids, which are weak
acids but are strongly complexed with chitosan by means
of hydrogen bonds between OH groups. This simple kind
of vectorization can also be observed at physiologic pH
where chitosan is essentially in the free amino form and
is then a strong complexing agent of metals. These com-
plexes are pending forms (27) and chitosan can be used
for the vectorization of some transition or alkaline earth
metals and actinides.

An important research activity has been developed dur-
ing the last 10 years in Japan on the vectorization of 5-
fluorouracyl. This drug is well known for its antitumoral
activity but unfortunately also for its high toxicity. It was
first bound covalently to a hexamethylene spacer by a car-
bamoyl bond (146), then to chitosan through an amide
bond on the amine groups of the glucosamine residues.
This system was successfully used to treat various tumors,
especially fibrosarcoma cells. After inoculation of these
cells to rats, the 5-fluorouracyl–chitosan conjugate was ad-
ministered to animals at different doses and at various
times. On day 30 after inoculation of the tumoral cells, the
mice were sacrified. The inhibition ratio was then mea-
sured for the different cases. It is interesting to note that
chitosan alone had an antitumoral activity. Also, a synergy
was observed with the drug vector compared to treatment
with the drug alone. In addition to the biological activity
of chitosan, this behavior was attributed to the protecting
effect brought about by the polymer avoiding the dilution
effect of the drug in the organism and to the targeting prop-
erty of chitosan toward the tumoral cells whose phospho-
lipidic composition of their membrane is relatively differ-
ent from that of healthy cells.

Magnetic microspheres of chitosan can be used to en-
trap some drugs. This complex system has the advantage
of being easily transported under a magnetic field toward
the site to be treated. We have a sort of a double vectoriza-
tion. A combined emulsion/polymer crosslinking/solvent
evaporation technique was used to obtain chitosan micro-
spheres containing the anticancer drug oxantrazole (147).
The particulates were crosslinked to minimize the biodeg-
radation and reduce the porosity. It was possible to entrap
up to 3% (w/w) oxantrazole. These particulates were ad-
ministered to rats intra-arterially with solutions of the same
drug as reference. After subjection of the animals to a mag-
netic field of 6000 G for 30 and 120 s, the observation of
different tissues revealed a concentration of the drug in
the brain 100-fold greater than that of reference with an
ipsilateral repartition. Therefore, there was a targeting ef-
fect toward the brain tissues with a maximum efficacy
achieved only after 30 s exposure to the magnetic field
(148). Chitosan is a good tool for this kind of application
involving magnetic particles. Indeed, as mentioned, this
polymer has excellent complexing properties especially
with metal oxides and hydroxides.

2. Chitosan as an Enhancer of the Permeability
of Epithelial Tissues

Several experiments reveal the property of chitosan to en-
hance the permeability of various mucosal surfaces. This
property has been tested on intestinal epithelial cells using
Caco-2 cell monolayers. Measurements of the transepithe-
lial electrical resistance (TEER) were performed at pH 6.2
after subjection to chitosan hydrochloride at a concentra-
tion within 0.25–1.5% (w/v). The presence of chitosan
caused an immediate and pronounced lowering in TEER
values of 84% after 2 h incubation. The permabilty was
then tested by means of hydrophilic radioactive markers
and revealed a large increase in the permeation of these
markers. The increase of the transport of 14C mannitol was
increased 34-fold in the presence of chitosan. In addition,
no deleterious effect to the cells could be demonstrated
with tripan blue exclusion studies and confocal laser scan-
ning microscopy. The conclusion is that chitosan, due to
its chemical structure, especially in the presence of cationic
charges even at physiologic pH, contributes to the opening
of the tight junctions and allows the paracellular transport
of drugs (149).

This kind of property contributed to the recent proposal
of chitosan for the nasal drug delivery of insulin (150).
Solutions or particulates of chitosan glutamate containing
insulin were prepared and administered to sheep. The re-
sults showed that in the presence of chitosan, the delivery
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of insulin in the blood plasma was multiplied by a factor
of 3 compared to the same treatment in absence of this
polymer. Moreover, it was observed that the level of deliv-
ery was also multiplied by 4 when chitosan was adminis-
tered in the solid form. These behaviors were attributed to
the fact that chitosan can bind to the negative sites of the
sialic residues in the nasal lining. Therefore, chitosan fa-
vors the paracellular transport of polar molecules thanks
to a weakening of the tight junctions between epithelial
cells. These interpretations are supported by an effect
which increases when DA and pH decrease in relation with
an increase of the charge density of the polymer chains.

3. Forms of Chitosan Containing Drug Delivery

The conjugation of all the properties of chitosan already
mentioned point to this polysaccharide as a polymer of
choice for drug delivery, via the two main routes, oral and
injectable, or other pathways.

a. Oral Administration

Oral administration is certainly the most interesting for its
easy processing by patients. Nevertheless, it exhibits nu-
merous disadvantages, which in numerous circumstances
limits its use. It is for this kind of drug administration that
we will find the most important number of available physi-
cal forms of chitosan.

Chitosan can be proposed in the formulation of tablets
in relation to several of its properties. Chitosan, especially
in the salt form, is a strong water absorbent and provides
tablets with the property of disintegrant in the gastrointesti-
nal tract (151). Due to its capability to give rise to all the
known chemical interactions, it constitutes an interesting
binder for the processing of tablets (152). Its antiulcer
properties related to its antiacid behavior in the free amino
form allows its association to the formulations of tablets
which can be used for the administration of ulcerogenic
drugs such as aspirin (153).

Granules of chitosan-containing drugs have been pro-
posed for their capability to slowly dissolve in the gastric
media. The main difference between granules and beads
is that in the former case, the disintegration is the major
mechanism of drug delivery whereas diffusion is in the
latter. These physical forms were tested by several authors
in vitro and in vivo for various drugs such as acetamino-
phen, ampicillin, indomethacin, nifedipine, prednisolone,
sulfadiazine, and theophiline (154–160). In vivo experi-
ments all agree and reveal a delayed and prolonged effect
and a high blood plasma level of drug quite different to
that obtained with other means of administration.

The production of microspheres and microcapsules of
chitosan-containing drugs has been extensively described
in the literature (161–168). In these papers, many parame-
ters were analyzed concerning their formation, their stabil-
ity, and their release of drugs. There also, various drugs
were tested including aspirin, diclofenac, furosemide, in-
domethacin, methotrexate, nifedipine, prednisolone, theo-
phyline, and others.

Numerous other kinds of chitosan drug delivery sys-
tems were also proposed. Thus, as already mentioned, chi-
tosan favors and stabilizes the micellization of lipids in-
cluding phospholipids (71–73,169,170). These properties
were applied to improve the oral absorption of insulin by
means of chitosan-coated liposomes (171). Capsules of
chitosan containing R68070 were recently used as antiin-
flammatory and for the treatment of ulcerative colitis, espe-
cially in the case of colon-specific delivery. A synergistic
effect due to chitosan was observed in comparison with
carboxymethylcellulose suspensions (172). We can also
mention the studies concerning the immobilization of pred-
nisolone (173) and indomethacin (174).

b. Administration by Other Routes

The oral route is limited by various problems, especially
those related to strong irritations, the nonmetabolization
through the intestinal mucosis, and the inactivation during
transit in the gastrointestinal tract. The injectable, nasal,
transdermal, and ophthalmic routes, can also be considered
for chitosan-containing drugs. These routes are described
elsewhere in this book.

D. Biomaterials

Chitosan can be processed according to a great variety of
physical forms and as a general rule most of the forms
used in the field of biomaterials can be processed from
either solutions or gels. If we add to this possibility the
fact that chitosan has very useful biological properties, we
must necessarily also consider that it represents a very in-
teresting tool for many applications in the field of biomate-
rials. Numerous results in the literature reveal that chitosan
is a bioactive material which stimulates cell proliferation
and contributes to tissue regeneration for either soft or hard
tissues, whatever the nature of the cell constitution.

1. Cell Activation

The first important fact is that chitosan has an immuno-
genic activity, which has been already discussed. Cell acti-
vation is another important factor. Cytocompatibility and
the cell adhesion observed in the presence of chitosan have
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also been addressed already. Administration of chitosan
contributes to activate inflammatory cells leading to an
enhancement of the antiphlogistic activity (175). In the
presence of chitosan, mesenchymal cells generate a well-
defined three-dimensional network. For most of the com-
partments of this scaffold an undifferentiated aspect is
observed showing sometimes an endothelial appearance
(176). In vivo studies on animals revealed that the organi-
zation of chitosan chains when submitted to living media
where the polymer is insoluble contributes to stimulate the
migration of polymorphonuclear and munonuclear cells
(175). In the case of wounds, the presence of chitosan lim-
its the exudates, thus demonstrating a positive response of
the biological media (175). In this paper, it was also re-
ported that chitosan is particuliarly effective in stimulating
the formation of granulated tissues.

Chitosan has a chemical structure which is not so far
from that of mammal glycosaminoglycans. Thus, it can
constitute a material which mimics the extracellular matrix
of numerous cells constituted partly of these molecules,
alone or included in the structure of glycoproteins

We now examine various examples of applications of
chitosan in the field of tissue regenaration.

2. Wound Healing of Soft Tissue

Artificial wounds created on animals, for example of 2
cm2, were treated by a chitosan material. On day 28 after
treatment, a lower level of inflammatory cells than in the
control was observed. Moreover, the esthetic quality was
much better (177). In another experiment performed on
beagles, a cotton fiber type chitosan was applied on open
skin wounds for 15 days. On day 3, a severe infiltration
of PMN cells was observed with an increase of effusion.
Granulation was more important in the presence of chito-
san than in the control on days 9 and 15. An increase of
the production of collagen III was also noticed. A mitotic
effect was apparent on day 6 and was delayed compared
to that of the control (178).

An interesting experiment was performed on a model of
abcess created experimentally in dogs after a subcutaneous
inoculation of Staphylococcus aureus T-6, with a 4-cm silk
suture (179). After draining the pus, the abscess was
treated with a suspention of finely granulated chitosan and
other systems. After euthanasia on day 8, the contraction
of the wound cavity was as high in the case of dogs treated
with a sufficient dose of chitosan (�0.1 mg) than for those
treated by ampicillin. Nevertheless the best results of heal-
ing on day 8 (90%) were obtained in the group of animals
treated with chitosan (only 40% with ampicillin and no
healing for the control groups or for those treated with a
dose of chitosan below 0.01 mg). Moreover, histological

observation showed the formation of highly vascularized
granulation tissue in the group subjected to chitosan from
0.1 mg.

Chitosan was tested in vivo in other difficult conditions
of wound healing. We can mention the case of the applica-
tion of chitosan on wounds of the genitourinary system in
dogs. Wounds were created in the kidney, ureter, and pe-
nile foreskin. Wound healing was normally acheived and
a decrease of fibrosis was seen in the presence of chitosan
compared to the control (180). Chitosan in the form of hy-
drogel obtained in the presence of ascorbic acid was also
used for the regeneration of gingival tissue after an impor-
tant surgical operation consecutive to the formation of den-
tal pockets. After 2 months, the result was quite interesting
and showed a very good tissue regeneration with the recov-
ery of the gingival tissue over the level before treat-
ment (181).

All the very good results mentioned concern epithelial
tissue regeneration. In the case of endothelial tissues, the
results are quite absent in the literature. This fact could be
related to the absence of satisfying results in this field. This
comment is corroborated by the experiments performed on
the eyes of rabbits. Chitosan was applied topically after
they had sustained central corneal wounds. Even after 21
days treatment, there were no apparent differences in cor-
neal wound tensile strength between the chitosan-treated
and the control eyes (182).

In the presence of cartilaginous material, chitosan can
induce typical reactions. Thus, the influence of the injec-
tion of a chitosan solution in the rat knee articular cavity
was studied up to 6 weeks after injection (0.2 mL of 0.1%
chitosan solution). It was noticed that chitosan slows sig-
nificantly the decrease in epiphyseal cartilage thickness
and increases significantly articular cartilage chondrocyte
densities. Nevertheless, also observed was an induction of
the proliferation of fibrous tissue with abundant fibroblasts,
fibrocytes, and monocytes (183). In fact, the latter problem
can be related to a possible coprecipitation of chitosan and
hyaluronane, proteins, etc., present in the joint cavity by
PEC formation. This problem possibly does not exist when
chitosan is introduced in the free amine form.

3. Osteogenesis by Chitosan

In vitro experiments can show the effect of chitosan on
osteoblast differentiation and bone formation. Wells pre-
treated with chitosan solutions were seeded with stem
cells. After 14 days of growth under optimal conditions,
histological studies confirmed the bone formation. Image
analysis led the authors to consider that chitosan potenti-
ates the differentiation of osteoprogenitor cells and may
facilitate the formation of bone (184).
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In vivo experiments reveal the osteoinductive property
of chitosan. Experiments were performed on rabbits by di-
rect application of a paste made from chitosan and hy-
droxyapatite after removal of the osteomembrane. After
1 week treatment, immature slender trabecular bone was
formed on the surface of the bone. At 2 weeks, the new
bone tissue matrix showed a mosaic pattern and osteoblasts
were arranged at the surrounding area. At 6 weeks the new
bone tissue began to mature and continued its maturation
up to 20 weeks. The new bone formation was observed to
appear only at the interface between the biomaterial and
the bone (185). Our experiment in this field (28) shows
that the osteoinduction is due to chitosan and that hydroxy-
apatite has only a kinetic role on the tissue regeneration.

VI. CONCLUSION

In this chapter we gave an overview of the properties of
chitosan, deliberately neglecting its derivatives. The rea-
son for that is simple: there is no example in the literature
showing better results obtained with chitosan derivatives
in the field of biomedical applications.

It is very important to understand all the properties of
this polymer in order to avoid misapplication or misinter-
pretation. Also, it is very important to consider that this
polymer may interact with numerous substances when is
introduced in the living media.

The results of the literature confirm quite well the inter-
est in the use of such a polysaccharide for numerous appli-
cations in the life sciences. In the near future, we should
see the application of this polymer in various physical
forms on the corresponding markets. Some new directions
solving the present limitations of its use should appear. To
mention a few: the use of chitin and chitosan gels and true
nanoparticles (no more than a few tenths of a nanometer).

Another field which is not sufficiently explored con-
cerns the research on the immunogenicity of chitosan,
which could give very interesting results from a molecule
completely absent in mammals.
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p. 56.

14. G. W. Rigby. U.S. patent US 204087 (1934).
15. E. I. du Pont de Nemours & Company. UK patent UK

458839 (1936).
16. A. Domard, M. Rinaudo. Int. J. Biol. Macromol. 5:49

(1983).
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Chitosan-Based Delivery Systems: Physicochemical Properties
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I. INTRODUCTION

A. Chemical Structure of Chitosan

Chitosan [a (1 → 4) 2-amino-2-deoxy-β-D-glucan] is
obtained by the alkaline deacetylation of chitin. Thus,
the chitosan molecule is a copolymer of N-acetylglucos-
amine and glucosamine (Fig. 1) (1–3). The sugar back-
bone consists of β-1,4-linked glucosamine with a high de-
gree of N-acetylation, a structure very similar to that of
cellulose, except that the acetyl amino group replaces the
hydroxyl group on the C-2 position. Thus, chitosan is po-
ly(N-acetyl-2-amino-2-deoxy-D-glucopyranose), where
the N-acetyl-2-amino-2-deoxy-D-glucopyranose (or Glu-
NH2) units are linked by (1 → 4)-β-glycosidic bonds
(4,5).

B. Availability of Chitosan

Chitin is the second most abundant polysaccharide in na-
ture, cellulose being the most abundant. Chitin is found
in the exoskeleton of crustacea, insects, and some fungi.
Chitosan has a rigid crystalline structure through inter- and
intramolecular hydrogen bonding. The main commercial
sources of chitin are the shell wastes of shrimp, lobster,
krill, and crab. In the world, several million tons of chitin
are harvested annually (4,6,18).

213

C. Chemical Methodology for the Preparation
of Chitosan

Shrimp or crab shell proteins are removed by treatment
with 3–5% (w/v) NaOH aqueous solution at 80–90°C for
a few hours or at room temperature overnight. Afterward,
the product’s inorganic constituents are removed by treat-
ment with 3–5% (w/v) HCl aqueous solution at room tem-
perature giving a white to beige colored sample of chitin.
The treatment of the sample with an aqueous 40–45%
(w/v) NaOH solution at 90–120°C for 4–5 h results in N-
deacetylation of chitin. The insoluble precipitate is washed
with water to give a crude sample of chitosan. The condi-
tions used for deacetylation will determine the polymer
molecular weight and the degree of deacetylation. The
crude sample is dissolved in aqueous 2% (w/v) acetic acid,
then the insoluble material is removed giving a clear super-
natant solution which is neutralized with NaOH solution,
resulting in a purified sample of chitosan as a white precip-
itate (7). Further purification may be necessary to prepare
medical and pharmaceutical grade chitosan.

D. Physicochemical and Biological Properties
of Chitosan

The word chitosan refers to a large number of polymers
which differ in their degree of N-deacetylation (40–98%)
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Figure 10.1 Structures of chitin (A) and chitosan (B).

and molecular weight (50,000–2,000,000 daltons). These
two characteristics are very important to the physicochemi-
cal properties of the chitosans and, hence, they have a ma-
jor effect on the biological properties (8).

Chitosan is a weak base with a pKa value of D-glucos-
amine of about 6.2–7 and, therefore, insoluble at neutral
and alkaline pH values. It does, however, make salts with
inorganic and organic acids such as hydrochloric acid, ace-
tic acid, glutamic acid, and lactic acid. In acidic medium,
the amine groups of the polymer are protonated resulting
in a soluble, positively charged polysaccharide that has a
high charge density (one charge for each D-glucosamine
unit). Chitosan can form gels by interacting with many
multivalent anions (9–14).

Chitosan salts are soluble in water, the solubility de-
pending on the degree of deacetylation (and thereby the
pKa value of the D-glucosamine) and the pH. Chitosans
with low degree of deacetylation (	40%) are soluble up
to a pH of 9, whereas highly deacetylated chitosans
(�85%) are soluble only up to a pH of 6.5. Addition of
salts to the solution interferes with the solubility of chito-
sans. The higher the ionic strength, the lower the solubility
as charge neutralization occurs by increasing concentra-
tions of counterion. Increasing degree of deacetylation in-
creases the viscosity. This can be explained by the fact that
high and low deacetylated chitosan have different confor-
mations. Chitosan has an extended conformation with a
more flexible chain when it is highly deacetylated because
of the charge repulsion in the molecule. However, the chi-
tosan molecule has a rodlike shape or a coiled shape at
low degree of deacetylation due to the low charge density
in polymer chain (12,15). The viscosity of chitosan solu-
tion is also affected by factors such as concentration and

temperature. As the chitosan concentration increases and
the temperature decreases, the viscosity increases. The
nearly linear negative dependence of viscosity on tempera-
ture could be explained by the enhanced chain flexibility
and reduced root-mean-square unperturbed end-to-end dis-
tance of the polymer chains with increasing tempera-
ture (16).

Chitosan in solution exists in the form of quasiglobular
conformation stabilized by extensive intra- and intermolec-
ular hydrogen bonding. The hydrogen bonding that might
attribute to the high viscosity of chitosan solutions exists
mainly between the amine and hydroxyl groups of the
polymer chains. Chitosans with lower degree of deacetyla-
tion have lower hydrogen bonding density because of the
lower number of amino groups in the polymer chains.
Since urea is capable of breaking the hydrogen bonding,
the chain conformation of chitosan changes from a spheri-
cal structure in acetic acid–NaCl to a random coil confor-
mation in acetic acid–NaCl–urea system (2). Intermolecu-
lar hydrogen bonding in chitosan is responsible for the film
and fiber-forming properties of the polymer. According to
Chen et al. (17), the degree of deacetylation of chitosan,
which will determine the number of intermolecular hydro-
gen bonds, was found to affect the rigidity of the polymer
film. For chitosan hydrogels, the extent of dissociation of
the hydrogen bonding may affect the swelling kinetics of
the gels. At low pH, the hydrogen bonding dissociates due
to the protonation of the amine groups leading to faster
swelling.

Because chitosan has favorable biological properties
such as biodegradability (18) and biocompatibility (19,20),
it has attracted a lot of attention in the pharmaceutical and
medical fields. Chitosan has low oral toxicity with an LD50

in rats of 16 g/kg (20,21). Toxicity of chitosan might de-
pend on different factors such as degree of deacetylation,
molecular weight, purity, and route of administration. Fur-
ther studies of toxicity need to be carried out for particular
application of the polymer.

The pharmaceutical requirements of chitosan are as fol-
lows: particle size �30 µm, density between 1.35 and 1.40
g/cc, pH 6.5–7.5, insoluble in water, and partially soluble

Table 10.1 Chemical Properties of Chitosan

Cationic polyamine
High charge density at pH �6.5
Adheres to negatively charged surfaces
Forms gels with polyanions
Low to high molecular weight range
High to low viscosity
Chelates certain transition metals
Reactive amino/hydroxyl groups

Source: Adapted from Ref. 22.
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Table 10.2 Biological Properties of Chitosan

Natural polymer
Biodegradable to normal body constituents
Safe and nontoxic
Hemostatic
Microbicidal
Spermicidal
Anticarcinogenic
Anticholesterolemic

Source: Adapted from Ref. 22.

in acids (11). The chemical and biological properties of
chitosan are summarized in Tables 1 and 2.

E. Chitosan as a Biomaterial

A biomaterial is defined as a material that is capable of
establishing an interaction with the surrounding biological
environment without stimulating an adverse response by
the host (23,24). Chitosan has a broad range of biological
activities and thus has many applications. It could be used
in wound healing by giving comfortable and painless
wound surface protection. For burns, chitosan can be used
for the development of an artificial skin that is devoid of
postoperative scar formation. Chitosan could also be ap-
plied as a topical treatment for certain infections like ath-
lete’s foot infections. In purulent diseases, chitosan can ac-
celerate the granulated tissue formation. Acting as a drug
delivery system, chitosan is also used for tumor-selective
drug delivery. Since chitosan acts as a chemotactic for
polymorphonuclear leukocytes it is promising for treating
mastitis. N-Acyl chitosan membranes and fibers are com-
monly used for artificial kidney. Since chitosan is highly
permeable to oxygen, contact lenses made from chitosan
could be worn for a long period of time. N-Octanoyl and
N-hexanoyl derivatives of chitosan have blood coagulant
and antithrombogenic effect. Chitosan acts as a hypocho-
lesterolemic agent since it binds bile acids. The biopolymer
has also found utility in agricultural, food, and cosmetic
industries (7,25).

II. CHITOSAN AS A BIOADHESIVE

A. Definition of Bioadhesion

Bioadhesion is defined as the ability of a synthetic or bio-
logical material to adhere to a biological tissue for an ex-
tended period of time (26).

B. Importance of Bioadhesion

Bioadhesive polymers have attracted a lot of attention as
they can increase the residence time and also can improve
the localization of controlled release formulations at the
mucosal sites of administration. Bioadhesive formulations
have been used for administration of drugs to the gastroin-
testinal tract and buccal, nasal, ocular, and vaginal routes
(27–29). Examples of bioadhesive polymers include cellu-
lose derivatives, alginates, natural gums (30–32), polya-
crylates (33), hyaluronic acid (34), scleroglucan (35), and
pregelatinized and modified starches (36,37).

C. Chitosan as a Bioadhesive

In the cationic form, the D-glucosamine residue of chitosan
could interact with the N-acetylneuraminic acid (sialic
acid) residues of mucin by electrostatic interactions
(32,38). The bioadhesive properties of chitosan may allow
a prolonged interaction of the delivered drug with the
membrane epithelia facilitating more efficient absorption.
Increased absorption of drugs at mucosal sites by chitosan
could be due to prolonged interaction with the membrane
epithelia, inhibition of degrading enzymes, or opening of
the tight junctions between cells to facilitate transport.

Table 3 illustrates the role of chitosan in increasing the
absorption of drugs at mucosal sites.

1. Bioadhesive and Rheological Properties

Ferrari et al. (39) studied the rheological and bioadhesive
properties of three viscosity grades of chitosan: high, me-
dium, and low. They found that the temperature and the pH
of the hydration medium could influence the rheological
properties of the three grades of chitosan. The polymer
solutions and polymer–mucin mixtures prepared at the
same concentrations were subjected to mucoadhesive test-
ing with a tensile stress tester. All of the grades of chitosan
were found to strongly interact with mucin and can be ex-
cellent candidates for use in bioadhesive formulations. Ta-
ble 4 illustrates the maximum force of detachment and the
work of adhesion of polymer solutions and the polymer–
mucin mixtures. For the high grade chitosan, the force of
detachment was 1038.8 mN for polymer alone and 1420
mN for the polymer–mucin mixture. The low grade chito-
san, on the other hand, had a force of detachment of 667.6
mN for polymer alone and 1345.9 mN for the polymer–
mucin mixture.

2. Bioadhesive Bilayered Devices as Buccal Drug
Delivery Systems

Bioadhesive bilayered devices were developed by Lopez
et al. (40). Chitosan was used as the adhesive material,
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Table 10.3 Chitosan as a Bioadhesive

Model compound Function of chitosan Reference

Nifedipine and propranolol Mucoadhesive 40
Ampicillin Mucoadhesive 41
Acyclovir Mucoadhesive 42
Bovine serum albumin Mucoadhesive 43
Insulin Enzyme inhibition 44
Leucine enkephalin Enzyme inhibition 45
NDa Enzyme inhibition 46
NDa Enzyme inhibition 47
Buserelin Absorption enhancer 48
14C mannitol Absorption enhancer 49
9-Desglycinamide,8-L- Absorption enhancer 50

arginine vasopressin
Insulin Absorption enhancer 52
Morphine-6-glucoronide Absorption enhancer 54
14C mannitol Absorption enhancer 56

a Not described.

while ethylcellulose was used as an impermeable backing
material. Adhesive capacity was estimated by measuring
the maximum detachment force using a tensile tester. Bo-
vine sublingual mucosa was used as the biological sub-
strate. The detachment force of buccal bilayered devices
based on chitosan was 0.5 N /cm2, while for the buccal
bilayered devices based on chitosan crosslinked with poly-
carbophil, the detachment force was 0.85 N/cm2. Cross-
linking of chitosan with polycarbophil allowed further
swelling and hence enhanced adhesion. To evaluate these
new devices as buccal drug delivery systems, a lipophilic
drug, nifedipine, and a hydrophilic drug, propranolol hy-
drochloride, were entrapped. Almost 100% of propranolol
was released within 4 h, while only 30% of nifedipine was
released within 6 h. Propranolol release was faster than
nifedipine because of the higher solubility of the drug in
the release medium.

Table 10.4 Force of Detachment and Work of Adhesion of the Three Viscosity Grades
of Chitosan Hydrated in 0.1 M HCl

Force of detachment (mN) Work of adhesion (µ joule)
Chitosan
grade Polymer alone Polymer � mucin Polymer alone Polymer � mucin

Low 667.6 1345.9 71.4 182.5
Medium 784.8 1154.9 85.8 170.2
High 1038.8 1420.0 101.3 166.6

Source: Adapted from Ref. 39.

3. Poly(Vinyl Alcohol) Gel Spheres Containing
Chitosan

Sugimoto et al. (41) formulated poly(vinyl alcohol) gel
spheres that contained chitosan. When administered orally,
the bioavailability of ampicillin, a poorly absorbable
drug, was significantly improved. The bioavailability was
further increased by the addition of chitosan. Seventy
percent of the ampicillin oral solution was unabsorbed
and entered the large intestine. The absorption of ampicil-
lin from chitosan-containing gel spheres occurred for a
longer period of time than from gel spheres without chito-
san. The residence time of the gel spheres in the small
intestine was increased by chitosan addition and the period
of absorption of ampicillin was increased. Table 5 illus-
trates the pharmacokinetic parameters of ampicillin after
oral administration of poly(vinyl alcohol) gel spheres and
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Table 10.5 Pharmacokinetic Parameters of Ampicillin After Oral Administration in Poly(Vinyl Alcohol)
Gel Spheres and Chitosan–Poly(Vinyl Alcohol) Gel Spheres

Dosage form AUCa(µg ⋅ h/mL) MRTb(h) MATc(h) Bioavailability

Solution medium 6.91 1.77 1.26 0.316
Poly(vinyl alcohol) gel spheres 8.6 4.08 3.57 0.393
Chitosan–poly(vinyl alcohol) gel spheres 10.63 4.79 4.28 0.485

Note: The dose of ampicillin was 50 mg/kg.
a AUC is the area under the plasma concentration–time curve of the drug for the different formulations.
b MRT is the mean release time of the drug for the different formulations.
c MAT is the mean absorption time of the drug for the different formulations.
Source: Adapted from Ref. 41.

chitosan–poly(vinyl alcohol) gel spheres in rats. The bio-
availability of ampicillin in solution medium is only
31.6%; however, the bioavailability of the drug was in-
creased up to 48.5% using chitosan–poly(vinyl alcohol)
gel spheres.

4. Acyclovir-Loaded Chitosan Microspheres

Since acyclovir is a relatively hydrophilic antiviral drug,
its permeability through the ophthalmic epithelium is very
low. A drug delivery system that can prolong the release
of acyclovir and increases the residence time at the site of
absorption will enhance the bioavailability of the drug in
the eye. Acyclovir-loaded chitosan microspheres with a di-
ameter of 	20 µm were prepared (42). Following adminis-
tration into the rabbit eye, the area under the aqueous hu-
mor concentration–time curve from 0 to 240 min of the
drug-loaded chitosan microspheres was 172 µg ⋅ min/mL.
However, for the control suspension formulation, the area
under the aqueous humor concentration–time curve from
0 to 240 min was only 39.3 µg ⋅ min/mL. The total dose
of acyclovir was 0.26 mg for both the microsphere formu-
lation and the suspension. The maximum drug concentra-
tion in the aqueous humor was reached after 240 min from
the drug-loaded chitosan microspheres. However, for sus-
pension formulation, the drug was not detected after 120
min. Chitosan microspheres were able to prolong the resi-
dence time and increase bioavailability of acyclovir.

5. Bioadhesion of Hydrated Chitosans

Freshly excised bovine corneas were treated with tritiated
[3H] chitosan in solution. A two-cubic factorial design was
used to find out the effect of parameters like pH, ionic
strength, residence time, and chitosan molecular weight on
the adsorption of chitosan on the corneal surface. All
of the parameters were significant for the adsorption. Also,
the interaction between these parameters was observed. In
the in vivo study, liposomes and chitosan-coated lipo-

somes, containing 125I-labeled bovine serum albumin
(BSA), were instilled into the eyes of anesthetized Wistar
rats. Liposomes were produced using egg L-α-phosphati-
dylcholine and egg L-α-phosphatidyl-DL-glycerol in a ra-
tio of 10:1. Free 125I-BSA (7 µL approximating 300–600
nCi) or BSA loaded in liposomes or chitosan liposomes
was applied to each eye. The eyelids and eyes were ex-
cised, and then the eyes were washed with 1 mL 1% Triton
X-100 to remove excess 125I-BSA on the surface. The re-
tention of radioactivity in the eyes at 10, 30, and 90 min
was measured. Table 6 shows the total recovery of free 125I-
BSA, or liposome and chitosan-coated liposome-entrapped
125I-BSA instilled into the eyes of anesthetized rats. Both
coated and noncoated liposomes had significantly higher
retention of 125I-BSA than from solution. The retention of
chitosan-coated liposomes, however, was not significantly

Table 10.6 Total Percentage Recovery of Free
Albumin, Albumin Loaded in Liposome
and Chitosan-Coated Liposome Instilled into
the Eyes of Anesthetized Rats

Average
Time percentage
(min) Formulation in the eye

0 Free BSA 42.2
10 Free BSA 6.8

Liposomes 17.3
Chitosan-coated liposomes 23.9

30 Free BSA 8.1
Liposomes 23.7
Chitosan-coated liposomes 20.2

90 Free BSA 5.4
Liposomes 10.3
Chitosan-coated liposomes 11.0

Note: Bovine serum albumin was labeled with iodine-125 and
administered at a dose of 7 µL, approximating 300–600 nCi.
Source: Adapted from Ref. 43.
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different from noncoated liposomes (43). After 90 min, the
percent retention in the eye of BSA in solution was 5.4%,
while for liposomes and chitosan-coated liposomes the ad-
hesive percentage was around 11%.

6. Chitosan-Coated Liposomes

Takeuchi et al. (44) developed polymer-coated liposomes
as a novel drug carrier system for the oral administration of
insulin. The polymers were chitosan, poly(vinyl alcohol)
having a long alkyl chain, and poly(acrylic acid) that had
cholesteryl groups. Isolated rat intestine was used for the
in vitro evaluation of the bioadhesiveness of the polymer-
coated liposomes. The number of liposome particles was
measured with a Coulter counter after administering the
liposome suspension in the isolated rat intestine. The adhe-
sive percentage was calculated by dividing the difference
between the number of liposomes before and after con-
tacting with the intestine by the number of liposomes in
suspension multiplied by 100. The particle counting
method was adopted after confirming a linear relationship
between the number of chitosan and the lipid concentra-
tion. Table 7 illustrates the adhesive percentage of lipo-
somes coated with various polymers to the rat intestine.
The polymer-coated liposomes showed higher adhesive
percentage than the noncoated liposomes. The bioadhesive
polymer layer on the surface of the liposomes resulted in
the attachment of these liposomes to the intestinal mucosa.
Chitosan-coated liposomes had the highest adhesive per-
centage among all of the polymer-coated liposomes tested.
For in vivo study, rats were used for the drug absorption.
For all the formulations administered orally, 24 IU was
used as a dose of insulin. Insulin solution, at an equivalent
dose, was used as a reference, and the blood glucose level
without administering any formulation was kept as control.
After the oral administration of chitosan-coated liposomes
loaded with insulin, the reduction in the basal blood glu-

Table 10.7 Adhesive Percentage of Liposomes Coated
with Various Polymers to the Rat Intestine

Adhesive
Liposomes formulation percentage

Noncoated liposomes 3
Chitosan-coated liposomes 45
Poly(acrylic acid) with a cholesteryl group 12
Poly(vinyl alcohol) having a long alkyl chain 22

Notes: The polymers were dissolved in phosphate buffer solution (pH
7.4) at a concentration of 0.75% (w/v). Adhesive percentage was deter-
mined as discussed in the text.
Source: Adapted from Ref. 44.

cose level was more than that caused by noncoated lipo-
somes or insulin solution for at least 12 h. For instance, a
10% reduction in the basal blood glucose level occurred
following the administration of noncoated liposomes or in-
sulin solution after 8 h. However, the reduction in the basal
glucose level increased to 33% after the administration of
chitosan-coated liposomes in the same time period.

7. Chitosan–Ethylenediaminetetraacetic
Acid Conjugate

Schnurch et al. (45) have developed a chitosan-based bio-
adhesive system in which leucine enkephalin was pro-
tected from luminal degradation, particularly by amino-
peptidase N, one of the most abundant membrane-bound
peptidases. Ethylenediaminetetraacetic acid (EDTA), a
chelating agent that can complex with divalent metal ions,
was conjugated with chitosan. The conjugate was able to
bind with zinc, a cofactor for aminopeptidase N activity.
The hydrolysis of L-leucine-p-nitroanilide by aminopepti-
dase N was completely inhibited in the presence of the
chitosan–EDTA conjugate. Schnurch et al. (46) showed
that the detachment force of chitosan–EDTA conjugates
with a D-glucosamine subunit of chitosan to EDTA at a
molar ratio of 1:20 was 43.7 mN with mucin, while for
unmodified chitosan the detachment force was only 33.1
mN. Also, it was noticed that chitosan–EDTA conjugates
do not precipitate once they form complexes with low con-
centrations of bivalent cations.

Chitosan–EDTA conjugates were found to inhibit the
enzymes carboxypeptidase A and aminopeptidase N. After
13 min, the substrate hippuryl-L-phenylalanine was com-
pletely hydrolyzed by carboxypeptidase A in the presence
of 0.125% chitosan. However, in the presence of the chito-
san–EDTA conjugate with a molar ratio of 1:20, 60% in-
hibition of the enzyme was observed. para-Nitroaniline is
produced from the hydrolysis of L-leucine-p-nitroanilide
by aminopeptidase N. In the presence of 1% chitosan, the
concentration of p-nitroaniline after 120 min was almost
170 µM. This concentration was reduced to 60 µM in the
presence of chitosan–EDTA conjugate. Chitosan–EDTA
conjugate, therefore, was able to partially inhibit the pro-
teolytic enzyme without compromising the bioadhesive
property.

8. Chitosan–EDTA Linked with Bowman–
Birk Inhibitor

In a separate study, Schnurch et al. (47) examined the bio-
adhesive polymer that can protect peptide drugs from deg-
radation by the most abundant enzymes in the small intes-
tine. The Bowman–Birk inhibitor (BBI), a protein of a
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molecular weight of 8000 daltons derived from soybean,
inhibits serine proteases such as trypsin and chymotrypsin.
The bioadhesive polymer chitosan–EDTA that was found
to inhibit carboxypeptidase A and aminopeptidase N (45)
was covalently linked to the BBI. Using native porcine
mucosa, tensiometer studies showed that the bioadhesion
of polymer-inhibitor conjugates was less than that of un-
modified chitosan–EDTA. The loss in bioadhesion was
proportional to the inhibitor concentration. The average
adhesive strength of unmodified chitosan–EDTA was 54.4
mN, while for the comparably most adhesive polymer-
inhibitor conjugate was 21.0 mN. Hydrolysis of the sub-
strate N-α-benzoylarginine ethyl ester to N-α-benzoylargi-
nine by trypsin was determined at 1-min intervals for 9
min at pH 6.8 and 20°C. After 9 min, using 0.055% of
chitosan–EDTA conjugate, 10% of the enzyme activity
was inhibited. Using the same concentration of chitosan–
EDTA–BBI conjugate (5:1 ratio), 70% of the enzyme ac-
tivity was inhibited. Hydrolysis of the substrate hippuryl-
L-phenylalanine to L-phenylalanine and hippurate by chy-
motrypsin was also inhibited by chitosan–EDTA–BBI
conjugate. Although this novel drug carrier matrix can pro-
tect peptides from the enzymatic attack in the intestine
after oral administration, there was a compromise in the
bioadhesion property of chitosan.

9. Chitosan as an Absorption Enhancer
of Buserelin

Luessen et al. (48) showed that the intestinal absorption
of buserelin, a synthetic nonapeptide with a molecular
weight of 1240 daltons, was enhanced by chitosan in rats.
Since chitosan did not inhibit the proteolytic enzyme activ-
ity, it was assumed that opening of the intercellular junc-
tions by chitosan could lead to the enhancement of peptide
absorption across the mucosa. Table 8 lists the pharmaco-

Table 10.8 Pharmacokinetic Parameters After Intraduodenal Administration
of Buserelin

Absolute
bioavailability

Polymer Tmax (min) Cmax (ng/mL) (%)

Buserelin in buffer mediuma 60–90 6.7 0.1
C934P gel (0.5%)b 40–90 112.1 1.9
FNaC934P gel (0.5%)c 40–60 45.8 0.6
Chitosan–hydrochloride gel (1.5%) 40–90 364.0 5.1

Note: The dose of buserelin administered was 500 µg per rat.
a Buserelin in a buffer solution (pH 6.7) was used as control.
b C934P is the crosslinked form of poly(acrylic acid) available as Carbopol 934P.
c FNaC934P is the freeze-dried sodium salt of crosslinked poly(acrylic acid).
Source: Adapted from Ref. 48.

kinetic parameters after intraduodenal administration of
buserelin at a total dose of 500 µg. The bioavailability of
buserelin was higher when delivered with chitosan poly-
mer than that of the crosslinked polyacrylate. While the
absolute bioavailability of buserelin was 0.6% using
freeze-dried sodium salt of crosslinked poly(acrylic acid),
the bioavailability increased to 5.1% for chitosan formula-
tion when the same dose of buserelin was administered.
The authors concluded that the enhancement of buserelin
bioavailability was probably by opening of the intercellular
junctions. The enzyme inhibitory activity was thought not
to be as important as the opening of tight junctions, thus
enhancing the permeability.

10. Chitosan Glutamate as an Absorption
Enhancer of 9-Desglycinamide,
8-L-Arginine Vasopressin

Borchard et al. (49) used well-characterized colon carci-
noma (Caco-2) cell culture system as an in vitro model for
the intestinal epithelium. Chitosan glutamate influenced
the structure of the epithelial tight junctions, thus enhanc-
ing the peptide uptake through the paracellular route.
Transepithelial electrical resistance (TEER) is an indicator
of the permeability of ionic molecules across the cell
monolayer. Chitosan glutamate decreased TEER indicat-
ing that the polymer was able to affect the permeability of
epithelial cell monolayers in vitro.

Using chitosan glutamate having a concentration of 1%
(w/v), almost 1.2% of the total dose of 9-desglycinamide,
8-L-arginine vasopressin, a peptide containing eight amino
acids, was transported in vitro across the Caco-2 cell
monolayers within 4 h. While for the control only 0.2%
of the total dose of 9-desglycinamide, 8-L-arginine vaso-
pressin dissolved in the culture medium was transported
in the same time period (50).
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11. Chitosan as an Absorption Enhancer of Insulin

It is believed that the structural reorganization of tight
junction–associated proteins could happen as a result of
the interaction of chitosans with the cell membrane. This
leads to the enhanced transport through the paracellular
pathway (51). Illum et al. (52) showed that chitosan can
enhance the absorption of insulin, a polypeptide composed
of 51 amino acids and having a molecular weight of 6000
daltons, from the nasal cavity in sheep. The area under the
plasma insulin concentration–time curve was 1346 mIU/
L following the nasal administration of 2 IU/kg sodium
human insulin solution in sheep. The area under the plasma
insulin concentration–time curve increased to 9809 mIU/
L after the nasal administration of 2 IU/kg sodium human
insulin solution with 0.5% (w/v) chitosan solution. The
histological studies were conducted using light micros-
copy. Using the epithelium of the nostril of rat that was
not treated with chitosan formulation as a control, the nasal
epithelium of the other nostril was more disordered than
the control after exposure to chitosan formulation. Normal
permeability properties of the nasal membrane were re-
gained after 60 min. Thus, chitosan acted as an absorption
enhancer on the nasal membrane in a reversible fashion.
Eventually, this chitosan delivery system enhanced the na-
sal uptake of insulin without using penetration-enhancing
agents that could be damaging to the nasal mucosa. Further
studies are necessary to investigate how chitosan affects
the integrity of the nasal epithelial cells. In addition, open-
ing the tight junction for 60 min might lead to certain com-
plications such as the passage of foreign particles through
the nasal mucosa that could be dangerous, especially if
these particles reach other areas of the body.

12. Chitosan as an Absorption Enhancer
of Morphine-6-Glucuronide

Although chitosan could affect the integrity of the tight
junction between cells, it also can delay the mucociliary
clearance. The mucociliary transport rates were depressed
longer by increasing the molecular weight of chitosan (53).
Chitosan, an absorption enhancer, was administered na-
sally in combination with morphine-6-glucuronide, a mor-
phine metabolite that has a molecular weight of 461.5. Ta-
ble 9 shows the pharmacokinetic parameters for morphine-
6-glucuronide after intravenous and nasal administration
to sheep. Following nasal administration, the maximum
plasma concentration was obtained after 13 min. Relative
to intravenous injection, the bioavailability of morphine-6-
glucuronide after nasal administration in sheep was 31.4%.
Nasal administration of morphine-6-glucuronide combined
with chitosan could be a good route of administration for
this analgesic compound for pain relief that necessitates a

Table 10.9 Pharmacokinetic Parameters of
Morphine-6-Glucuronide After Intravenous and Nasal
Administration to Sheep

Pharmacokinetic
parameter Intravenous Nasal

Cmax (ng/mL) 50 132
Tmax (min) 3 13.2
AUC (ng ⋅ min/mL1 ⋅ kg1) 2,928 9,314
Bioavailability (%) 100 31.4

Note: The doses of morphine-6-glucuronide administered intra-
venously and nasally were 0.015 mg/kg and 0.15 mg/kg, re-
spectively, in 0.9% (w/v) sodium chloride solution.
Source: Adapted from Ref. 54.

rapid onset of action. Unfortunately, in this study the au-
thors have failed to show a comparative bioavailability as-
sociated with the nasal administration of morphine-6-gluc-
uronide in saline solution without chitosan (54).

13. N-Trimethyl Chitosan as an
Absorption Enhancer

Chitosan salts, such as chitosan hydrochloride or gluta-
mate, can enhance the absorption of large hydrophilic com-
pounds through the mucosal surfaces. Chitosan salts, how-
ever, will only be soluble at pH �6.5. To enhance the
solubility at neutral pH, N-trimethyl chitosan chloride was
synthesized (55). Reduction in the TEER of Caco-2 cells
by 25% was observed when chitosan derivative was ap-
plied at 0.25% (w/v) concentration. Using the same poly-
mer concentration, the transport rate of [14C]-mannitol was
increased by 11-fold. Confocal laser scanning microscopy
study showed that N-trimethyl chitosan chloride was able
to open the tight junctions of the intestinal epithelial cells
increasing the transport of hydrophilic compounds through
the paracellular transport pathway. The authors, however,
did not examine the bioadhesive properties of N-trimethyl
chitosan for comparison with unmodified chitosan (56).

III. pH-SENSITIVE CHITOSAN
HYDROGELS

A. Definition of Hydrogels

Hydrogels are defined as three-dimensional crosslinked
polymeric material that can absorb significant amounts of
water (57). Implants (58), contact lenses (59), and con-
trolled-release drug delivery systems (60) are examples of
different biomedical applications where hydrogels have
been used. Changes in the environmental factors such as
temperature, pH, light, and electrical field might cause a
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phase transition of certain hydrogels. These hydrogels are
important as physiologically responsive drug delivery de-
vices (61,62).

B. Interpenetrating Polymer Networks

Interpenetrating polymer networks (IPNs) are blends of
polymers in a network configuration. They are intimate
mixtures of two or more different crosslinked polymer net-
works without covalent bonding between the polymers.
Thus, each polymer is crosslinked only with other mole-
cules of the same polymer to provide the physical and
chemical combination of two or more structurally dissimi-
lar polymers. In this way, the properties of the polymers
such as processing, flexibility, tensile and impact strength,
and chemical and flammability resistance could be modi-
fied to meet specific needs (63). Semi-IPN is defined as a
graft copolymer in which one of the polymers is cross-
linked, while the other is linear, so different morphologies
and properties are developed (64).

C. pH-Sensitive Chitosan Hydrogels

In acidic environment, the primary amine group of the D-
glucosamine residue is protonated making chitosan posi-
tively charged. Like charges on the polymer chains lead
to electrostatic repulsion and swelling in the network,
probably due to the osmotic effect of bound counterions.
In the neutral or alkaline environment, the decrease in cat-
ionic charge density leads to the collapse of the hydrogel
network. The pH-sensitive swelling system would be use-
ful for localized drug delivery in a specific region of the
gastrointestinal tract (65).

Table 10 illustrates the different types of semi-IPNs of
chitosan that have been evaluated.

1. pH-sensitive Semi-IPN by Crosslinking
Chitosan with Glutaraldehyde

Chitosan–poly(propylene glycol) blends were crosslinked
with glutaraldehyde by Schiff’s base reaction mechanism

Table 10.10 pH-Sensitive Swelling Hydrogels

Type of semi-IPN Drug Reference

Crosslinked glutaraldehyde chitosan semi-IPN NDa 66
Chitosan–poly(propylene glycol) semi-IPN Chlorhexidine acetate 67
Chitosan–poly(ethylene glycol diacrylate) semi-IPN NDa 68
Chitosan–poly(ethylene oxide) semi-IPN Riboflavin 69
Freeze-dried chitosan–poly(ethylene oxide) semi-IPN Amoxicillin and metronidazole 71

a Not described.

to form novel pH-sensitive semi-IPNs (66). In the presence
of the polyether, infrared analysis showed that the semi-
IPN was formed by crosslinking the amine groups of chito-
san with the aldehyde groups of glutaraldehyde. Also,
there was hydrogen bonding between amino hydrogen and
oxygen from polyether. The semi-IPN response to pH
changes was reversible. At pH 1, the ionization of the
amino groups occurred leading to dissociation of the hy-
drogen bonding in the network. At pH 13, however, the
association of the hydrogen bonding occurred because of
the increase in the unionized fraction of the amino groups.

2. Chitosan–Poly(Propylene Glycol) Semi-IPN

The pH-sensitive swelling behavior of chitosan–poly(pro-
pylene glycol) semi-IPN was examined by Yao et al. (67).
The swelling kinetics experiments were conducted by plac-
ing the preweighted initially dry samples of semi-IPN gel
in the buffer solution and the weight of the swollen sam-
ples was measured as a function of time. The degree of
swelling at predetermined intervals was measured by di-
viding the difference between the weight of the swollen
gel and the dry gel by the weight of the swollen gel multi-
plied by 100. At pH 3.19 the swelling was maximal was
maximal having a swelling ratio of 10% after 50 min,
while at pH 13.0 the swelling was minimal having a swell-
ing ratio of 0.2%. Infrared analysis confirmed that when
the hydrogels were transferred from an acidic medium to
an alkaline medium, the NH3

� → NH2 transition was re-
versible.

3. Chitosan–Poly(Ethylene Glycol Diacrylate)
Semi-IPN

Semi-IPN hydrogels composed of β-chitosan and poly(eth-
ylene glycol diacrylate) macromer (PEGM) were synthe-
sized by adding 10 wt% PEGM aqueous solution into 2
wt% β-chitosan solution that was prepared by dissolving
β-chitosan in acetic acid aqueous solution. Hydrogel films
were prepared by casting the PEGM–β-chitosan solution.
The hydrogels were formed by 2,2-dimethoxy-2-phenyla-
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cetophenone, a nontoxic photoinitiator, using ultraviolet
radiation. High equilibrium water content in the range of
77–83% was observed for the photocrosslinked hydrogels
and was mainly attributed to the free water content rather
than the bound water, hydrogen bonded with components
of the semi-IPN hydrogels. The crystallinity, thermal prop-
erties, and mechanical properties of semi-IPN hydrogels
were examined as well. The crystallinity of chitosan–
PEGM photocrosslinked hydrogels was reduced. Cross-
linked PEGM segment in the semi-IPNs showed higher
glass transition temperature than that of poly(ethylene gly-
col) itself. The number of crosslinkable acrylate end
groups that contribute to the lower glass transition temper-
ature decreased by increasing the β-chitosan content in the
semi-IPNs. Since hydrogels in the wet state are more rub-
bery, the tensile strength values of semi-IPNs in the wet
state were much lower than those in the dry state (68).

4. Chitosan-Poly(Ethylene Oxide) Semi-IPN

By crosslinking blends of chitosan and poly(ethylene ox-
ide) (PEO) with an average molecular weight of 1,000,000
daltons with glyoxal, a pH-sensitive semi-IPN hydrogel
system was prepared (69). The swelling of chitosan hy-
drogels was not significant in simulated gastric fluid (SGF)
of pH 1.2 or simulated intestinal fluid (SIF) of pH 7.0.
However, after 6 h in SGF, the swelling of chitosan–PEO
semi-IPNs was about six times higher than that of chitosan
hydrogels. The increase in the internal osmotic pressure of
the network with the addition of high molecular weight
PEO could explain the higher swelling ratio. In other
words, at higher osmotic pressure, hydronium ions were
able to diffuse into the network at a faster rate leading to
a higher charge density. Also, the crystallinity of chitosan
matrix might be decreased as a result of the intermolecular
association between chitosan and PEO in the semi-IPN. In
addition, the presence of PEO in the network may also
facilitate the absorption of aqueous medium.

The swelling ratio of the hydrogel increased by increas-
ing the molecular weight and the amount of incorporated
PEO. High molecular weight PEO was important for the
initial swelling of the hydrogels. Thus, PEO having molec-
ular weight of 1,000,000 daltons was chosen to prepare
chitosan–PEO semi-IPN. The swelling ratio of chitosan–
PEO semi-IPN in SGF was ten times higher than that in
SIF. After 6 h, almost 50% of riboflavin was released from
chitosan–PEO semi-IPN in SGF. However, only 30% of
the drug was released from chitosan–PEO semi-IPN in the
intestinal fluid after 6 h. The drug release from chitosan
hydrogels was significantly lower than from chitosan–
PEO semi-IPN. Only 30.2 and 6.6% of riboflavin was re-

leased from chitosan hydrogels after 6 h in SGF and SIF,
respectively (70).

5. Freeze-Dried Chitosan–Poly(Ethylene Oxide)
Semi-IPN

For stomach-specific antibiotic delivery, freeze-dried chi-
tosan and chitosan–PEO semi-IPN hydrogels containing
PEO of molecular weight 1,000,000 daltons were prepared
for faster swelling and drug release (71). Because of the
rapid influx of simulated gastric fluid (pH 1.2) into the
porous matrix by capillary action, the swelling of freeze-
dried hydrogels was faster than for air-dried hydrogels.
The swelling and drug release properties of the freeze-
dried chitosan–PEO semi-IPN were affected by the poros-
ity of the matrix, the ionization of glucosamine residues in
acidic medium, and the presence of high molecular weight
PEO. After 2 h in SGF, the freeze-dried chitosan–PEO
semi-IPN released about 65 and 59% of the entrapped
amoxicillin and metronidazole, respectively.

IV. CHITOSAN FOR GENE DELIVERY

The course of many hereditary diseases could be reversed
by gene delivery. In addition, many acquired diseases such
as multigenetic disorders and those diseases caused by vi-
ral genes could be treated by genetic therapy (72–75).
Gene delivery systems include viral vectors, cationic lipo-
somes, polycation complexes, and microencapsulated sys-
tems (76–82).

A. Advantages and Disadvantages
of Viral Vectors

Viral vectors are advantageous for gene delivery because
they have high efficiency and a wide range of cell targets.
However, when used in vivo they might exert potential
immune responses and oncogenic effects. In addition, it is
sometimes difficult to reproducibly prepare viral vectors
in large batches (83).

B. Nonviral Delivery Systems

To overcome the limitations of viral vectors, nonviral de-
livery systems are considered for gene therapy. Nonviral
delivery systems have certain advantages like ease of prep-
aration, cell/tissue targeting, low immune response, un-
restricted plasmid size, and large-scale reproducible pro-
duction (83).
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C. Chitosan as a Gene Delivery Vehicle

Chitosan could be used as a carrier of DNA in gene deliv-
ery systems. It is biocompatible, biodegradable, and has
an average amino group density of 0.837 per monosaccha-
ride D-glucosamine unit. This amino group density de-
pends on the degree of deacetylation. The cationically
charged chitosan will form polyelectrolyte complexes with
the negatively charged plasmid DNA. Chitosan could be
modified by coupling with specific ligands, such as lactose,
so the chitosan–DNA complex could be targeted to cells
that express a galactose-binding membrane lectin. Chito-
san–DNA complexes could be protected from DNase to
improve the bioavailability of the plasmid DNA delivered
into the body for gene therapy.

Table 11 summarizes the different types of chitosan or
modified chitosan that have been used for gene delivery.

1. Chitosan as a Delivery System for Plasmids

Negatively charged plasmid DNA will form polyelectro-
lyte complexes with chitosan, a polycation. Chitosan was
first described as a delivery vehicle for plasmids by
Mumper et al. (84). They showed that the molecular
weight of chitosan ranging from 2000 to 540,000 daltons
had significant influence on the particle size of chitosan-
condensed DNA particles. As the molecular weight de-
creased, a more monodisperse particle size distribution
was obtained.

2. Self-Aggregates–Plasmid Complexes

Lee et al. (82) showed that self-aggregates, which were
stable in aqueous media, were formed when chitosan was
modified with deoxycholic acid. The hydrophobically
modified chitosan self-aggregates were relatively small
with a mean diameter of 160 nm and a unimodal size distri-
bution. After mixing with plasmid of cytomegalo virus en-
coding chloramphenicol acetyltransferase (pCMV-CAT),
the self-aggregates formed charge complexes and were

Table 10.11 Chitosan as a Gene Delivery System

Carrier type Reference

Chitosan 84,87,88
Deoxycholic acid–modified chitosan 82
Complex coacervation of DNA with chitosan 83,85
Chitosan and depolymerized chitosan oligomers 86
Modified chitosan microspheres with transferrin and PEG 89
Lactosylated chitosan 90
N,N,N-trimethyl chitosan–galactose conjugate 91

used for in vitro transfection of genes into mammalian
cells. The self-aggregates–plasmid complex formation was
confirmed by gel electrophoresis. The transfection effi-
ciency of self-aggregates–plasmid complexes in kidney-
derived cells (COS-1) was measured by assaying chloram-
phenicol acetyltransferase activity. Chloramphenicol and
the products of its enzymatic hydrolysis were analyzed by
thin layer chromatography and autoradiography. The trans-
fection efficiency of chitosan self-aggregates–plasmid
complexes was slightly lower than that of the commercial
cationic liposome transfecting agent Lipofectamine but
higher than the transfection efficiency of the plasmid in
phosphate buffer solution (pH 7.2). Using Lipofectamine,
1-acetate, 3-acetate, and 1,3-acetate metabolites were
formed, while with chitosan self-aggregates–plasmid com-
plexes only 1-acetate and 3-acetate metabolites were
formed.

3. Complex Coacervation of DNA with Chitosan

A nanosphere delivery system based on the complex coac-
ervation of DNA with chitosan was developed by Leong
et al. (83). The advantages of this gene delivery system
are (1) the ability of conjugating these nanosphere with
ligands that might help in targeting purposes or stimulating
receptor-mediated endocytosis, (2) that DNA degradation
could be reduced in the endosomal and lysosomal compart-
ments by incorporating lysosomolytic agents, (3) the coen-
capsulation of bioactive agents or multiple plasmids, (4)
the protection of the DNA from serum nuclease degrada-
tion, and (5) the stability of the nanosphere formulation
after lyophilization. In addition, since polymers can reduce
the degradation of plasmid by DNase, the DNA bioavail-
ability could be improved. Plasmid–chitosan nanoparticles
with a diameter of 200–300 nm were prepared using a
complex coacervation method. Chitosan solution (0.02%
w/v) in acetate buffer was vortexed with equal volume of
DNA solution (100 µg/mL in 50 mM of sodium sulfate
solution) at 55°C. Human embryonic kidney cells (HEK
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293) were transfected in vitro using these nanoparticles.
The transfection efficiency was evaluated with luciferase
activity and green fluorescence protein. The transfection
efficiency of the chitosan nanospheres was compared to
that of Lipofectamine reagent. The percentage of cells
transfected with the nanospheres having 5 µg of DNA was
80% of that transfected with 1 µg of standard Lipofectam-
ine (85).

4. Chitosan and Depolymerized
Chitosan Oligomers

MacLaughlin et al. (86) showed that plasmid DNA con-
taining cytomegalo virus promoter sequence and a lucifer-
ase reporter gene could be delivered in vivo by chitosan
and depolymerized chitosan oligomers to express a lucifer-
ase gene in the intestinal tract. The morphology and size
of plasmid–chitosan complexes were characterized by
transmission electron microscopy. The transfection of kid-
ney-derived cells (COS-1) with complexes was assayed by
measuring the relative luciferase unit per milligram of pro-
tein. The expression level of chitosan complexes (chitosan
molecular weight 102,000 daltons) was 250-fold less than
that of the plasmid–Lipofectamine, a positive control. By
incorporating an endosomolytic peptide GM227.3 (Gen-
emedicine, Inc., The Woodlands, TX), the transfection was
increased four times as compared with the complex with-
out the peptide. A plasmid consisting of cytomegalo virus
promoter sequence and a chloramphenicol acetyltransfer-
ase reporter gene was complexed with chitosan and admin-
istered in the upper small intestine or in the colon of female
New Zealand rabbits. At 72 h postinstillation, the rabbits
were sacrificed and tissues were collected for chloram-
phenicol acetyltransferase expression. The average chlor-
amphenicol acetyltransferase expression after plasmid–
chitosan–GM227.3 complex administration was 7.06 pg/
mg in the mesenteric lymph nodes. However, for the con-
trol (plasmid in 10% lactose), there was no detectable
chloramphenicol acetyltransferase activity in the mesen-
teric lymph nodes.

5. Biodistribution of Chitosan-Complexed DNA

The bioadhesion of intravenously injected chitosan and the
ability to complex and prevent DNA degradation was in-
vestigated by Richardson et al. (87,88). The molecular
weight of highly purified chitosans varied from �5000 to
�10,000 daltons. For the low molecular weight 125I-la-
belled chitosan (�5000), 26.5% of the dose was in the
liver, 32.2% in the blood pool, and 19.1% in the urine after
1 h of administration. In contrast, 82.7% of the high molec-
ular weight chitosan (�10,000) was in the liver and only
2.6% in the blood pool after the same time period. The

hemolytic potential of chitosans in terms of percent hemo-
globin released was evaluated spectrophotometrically at
550 nm. For all of the chitosans, less than 10% of hemoly-
sis was observed even after 5 h of incubation. Agarose gel
electrophoresis showed that all chitosans complexed with
DNA. DNA degradation was assayed spectrophotometri-
cally at 260 nm and the degradation by DNase II was re-
duced in vitro when condensed with chitosan.

6. Modified Chitosan Nanospheres

Chitosan nanospheres containing 2 µg of plasmid DNA
encoding luciferase gene and containing respiratory sync-
tial virus promoter sequence were modified with trans-
ferrin and poly(ethylene glycol) (PEG) (89). The size range
of these microspheres was between 200 and 700 nm as
determined by differential interference microscopy and
photon correlation spectroscopy. The transfection of HEK
293 cells was measured by assaying the luciferase activity
in permeabilized cell extracts. The transfection efficiency
of chitosan–DNA nanospheres was not significantly
higher than that of the Lipofectamine control. After lyophi-
lization, the PEG-treated nanospheres were also capable
of transfecting cells and the luciferase expression was 7 �
107 light units/min ⋅ mg protein. The transfection efficacy
of the PEG-treated nanospheres was maintained for 1
month. The higher transfection of lyophilized PEG-treated
nanospheres could be due to the fact that PEG might stabi-
lize the nanospheres against aggregation.

7. Lactosylated Chitosan for Cell Targeting

One of the promising uses of chitosan for targeted gene
delivery was described by Erbacher et al. (90). The authors
developed a lactose conjugate of chitosan and condensed
DNA to form stable complexes with a size of about 100
nm. The complex formation was confirmed by transmis-
sion electron microscopy. Interestingly, after the chemical
modification by lactose, chitosan could be targeted to cer-
tain cells like hepatocytes since they have galactose-bind-
ing membrane lectins. The authors conducted several
transfection experiments mediated by chitosan and lacto-
sylated chitosans. Utrocervical carcinoma cells (HeLa)
were transfected with luciferase gene with cytomegalo vi-
rus promoter sequence plasmid complexed with chitosan.
The gene expression was measured by luciferase assay and
expressed as relative luciferase unit (RLU) per milligram
of protein in cell lysates. Chitosan–DNA complexes with
the number of chitosan nitrogen per DNA phosphate ratio
(N/P) of 3 gave the highest transfection efficiency of 3 �
107 RLU/mg protein after 72 h post-transfection. To selec-
tively deliver a gene, lactosylated chitosans were used as
vectors for targeted delivery to cells expressing a galac-
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tose-specific membrane lectin [normal mouse liver cells
(BNL CL2) or human hepatoma cells (Hep G2)]. These
cells were poorly transfected by lactosylated chitosan with
the luciferase activities below 105 RLU/mg of protein. The
low transfection efficacy could be explained by the fact
that the lactosylated chitosan complexes do not have as
many cationic amino groups. Lack of cationic charge on
chitosan may decrease DNA complexation or charge-
mediated interactions with the cell surface.

8. Quaternary Chitosan with Galactose Residues

Murata et al. (91) synthesized N,N,N-trimethyl chitosan–
galactose conjugate, a quaternary chitosan with recogniz-
able galactose residues. This conjugate was targeted to hu-
man hepatoma cells (HepG2) which express galactose
binding membrane lectin receptors on the surface. After
interacting with the plasmid, a formation of a neutral poly-
electrolyte complex was confirmed by gel electrophoresis.
After incubating the human hepatoma cells in a culture
medium, the expression of β-galactosidase activity by the
polycation–luciferase with simian virus promoter se-
quence plasmid complex was measured using a microplate
reader at 420 nm. An absorbance value of 0.1, reflecting
low β-galactosidase activity, was obtained by the conju-
gate. A similar β-galactosidase activity was observed for
diethylaminoethyl dextran–complexed plasmid, used as a
control.

V. CHITOSAN AS A VACCINE CARRIER
AND MUCOSAL ADJUVANT

A. Vaccine Carriers

Many approaches to enhance the absorption of proteins
and peptides across the gastrointestinal, urinogenital, and
nasal mucosae have been developed. Among these ap-
proaches are the use of absorption enhancers and coadmin-
istration of enzyme inhibitors. However, the implication
of this approach is to alter the membrane permeability, thus
allowing foreign particles to go through. For this reason, a
better approach is to deliver antigens entrapped in a carrier

Table 10.12 Chitosan as a Vaccine Carrier

Carrier type Antigens Reference

Chitosan–ethylene oxide–propylene Bovine serum albumin and tetanus 93
oxide block copolymer (Pluro- and diphtheria toxoids
nic F68)

Glutaraldehyde crosslinked chitosan Bovine serum albumin, diphtheria 94
microspheres toxoid

system. These carriers could be liposomes, poly(methyl
methacrylate), poly(ethylene vinyl acetate), poly(lactide-
co-glycolide), albumin, and starch (92).

Chitosan has interesting features that render it as a good
vaccine carrier. This compound is mucoadhesive, biocom-
patible, and can enhance the penetration of proteins and
peptides across the nasal, gastrointestinal, and urinogenital
mucosae. Chitosan could be associated with proteins and
vaccines by electrostatic interactions between the positive
amine group of chitosan and the negative acidic groups of
proteins. Vaccine carrier systems that are prepared with
chitosan could maintain the stability of proteins, allowing
them to be released in their active form (93).

The different types of chitosan that have been used as
vaccine carriers are shown in Table 12.

1. Chitosan Nanoparticles as a Novel Carrier
for Vaccines

Chitosan nanoparticles, prepared by a simple precipitation
method with tripolyphosphate, were evaluated as carriers
of proteins and vaccines by Calvo et al. (93). Transmission
electron microscopy showed that chitosan nanoparticles
were uniformly solid and had consistent structure. Proteins
and vaccines were associated with chitosan nanoparticles
probably by electrostatic interactions between the positive
ammonium group of chitosan and the negative acid groups
of proteins. Table 13 compares the uptake of bovine serum
albumin (BSA), tetanus toxoid, and diphtheria toxoid to
chitosan nanoparticles prepared at pH 5. The proteins were
incorporated into the chitosan solution after they were dis-
solved in tripolyphosphate solution. Although the uptake
of toxoids to the nanoparticles was efficient, BSA uptake
was higher than that of toxoids. The isoelectric point (pI)
of BSA is 4.8 and the pI of toxoids varies from 4 to 6
as the toxoids are a mixture of proteins. Thus, different
ionization of the toxoids, caused by different pI values,
will lead to different uptake by nanoparticles. However,
the pH value of 5 is very close to the pI of BSA. Also the
positively charged amino group of chitosan was cross-
linked with the negative groups of tripolyphosphate, so
positively charged amino groups of chitosan are not avail-
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Table 10.13 Entrapment Efficiency of Bovine Serum Albumin and Tetanus
and Diphtheria Toxoids into Chitosan Nanoparticles

Molecular Entrapment
weight Protein/chitosan Isoelectric efficiency

Protein (daltons) (%) point (%)

BSA 69,000 12 4.5–4.8 100.0
Tetanus toxoid 150,000 6 4.4–5.9 53.30

12 56.73
Diphtheria toxoid 62,000 6 4.1–6.0 55.10

Source: Adapted from Ref. 93.

able to provide electrostatic interactions. As a result, it
could be concluded that other forces such as hydrogen
bonding and hydrophobic interactions may have led to the
high uptake of BSA into the nanoparticles. A prolonged
release of the entrapped and active protein was obtained.
Nanoparticles with BSA loading of 25% released the en-
trapped protein without burst effect and at a fairly constant
rate. The amount released of BSA was almost 14% after
4 h and about 30% after 8 h. For tetanus toxoid, the release
profile was biphasic. After incubating the particles for al-
most 9 days in an aqueous 5% (w/v) trehalose solution,
a slower second phase release profile was achieved. The
amount of tetanus toxoid released after 9 days was 16%,
and an additional 2% was released for up to 18 days.

2. Crosslinked Chitosan Microspheres as Carriers
of Macromolecular Drugs

Some biological macromolecules are sensitive to pH, or-
ganic solvents, surfactants, and temperature. Loading them
passively into hydrophilic matrices would preserve the bio-
logical activity of the protein molecules. For this reason,
bovine serum albumin and diphtheria toxoid were loaded
by passive absorption from aqueous solutions into per-
formed glutaraldehyde crosslinked chitosan microspheres
(300–600 µm) (94). The drug release into phosphate buffer
(pH 7.4) was modulated after coating the bovine serum
albumin–loaded particles with paraffin oil or with a po-
ly(L-lactic acid). Although there was an initial burst of
drug seen at day 1 from poly(L-lactic acid)–coated parti-
cles, the release rate increased as a function of time for
nearly 2 months. Diphtheria toxoid–loaded chitosan mi-
crospheres were injected intramuscularly in Wistar rats and
showed a constant antibody titer for up to a 5-month pe-
riod. Tissue compatibility was confirmed by histological
studies after intramuscular injection of placebo chitosan
microspheres (150–300 µm diameter) into rats. The cross-

linked chitosan microspheres were retained in the rat mus-
cle for up to 6 months without any degradation.

B. Chitosan as a Mucosal Adjuvant

Parenteral route is the most common method for the ad-
ministration of vaccines. Since this route is invasive, ad-
ministration of vaccines into mucosal surfaces such as the
nasal, urinogenital, pulmonary, and peroral mucosae has
been investigated (50,95–97). However, these routes have
limitations because of the chemical and physical instability
of vaccines, the high metabolic activity, and the low per-
meability of the mucosal barrier (98). These limitations
can be overcome by using enzyme inhibitors, absorption
enhancers, and colloidal carriers (99,100).

Adjuvants are substances that can enhance the immuno-
gen effectiveness by enhancing the immune response.
Sometimes antigens on their own may produce a weak spe-
cific immune response and hence are ineffective as vac-
cines. By adding adjuvants, the immune response can be
elevated to an effective level. The production of viral vac-
cines in large quantities is very difficult and expensive.
Growing and expanding the viral particles and the ex-
tracting and purifying of the effective antigens require so-
phisticated equipment, highly trained personnel, and pre-
pared biochemicals. Thus, using adjuvants to elevate the
immune response to an effective level would enhance the
action of small doses of vaccine. Different adjuvants had
been investigated for the immunogenicity enhancement of
vaccines. The adjuvants include cholera toxin (101,102),
poly(L-lactide-co-glycolide) microspheres (103–105), li-
posomes (106), pluronics surfactants (107), lipopolysac-
charides, and aluminum salts (108).

Chitosan can affect the permeability of the epithelial
membrane by opening the tight junctions between the cells
leading to enhancement of absorption. Chitosan can act
as an enzyme inhibitor and a good mucoadhesive. All the
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Table 10.14 Chitosan as a Mucosal Adjuvant

Immune response enhancement Reference

Mucosal and systemic immune response 108
Mucosal immune response 109

previous properties make chitosan a good candidate as a
mucosal adjuvant to enhance the immune response by in-
creasing the residence time of vaccine available at the mu-
cosal site for specific immunity.

Table 14 summarizes the various examples of chitosan
used in enhancing immune response.

1. Enhancement of the Immune Response

When antigens were administered nasally in rats, the im-
mune response was enhanced by chitosan. Both serum and
mucosal immune responses after intranasal immunization
of mice with filamentous haemagglutinin (FHA) and per-
tussis toxin (rPT) doses of 2 µg combined with chitosan
were higher than those of the solution of FHA and rPT
administered intranasally. This could be explained by
higher retention time of the antigen at the absorption site
in the chitosan formulation. Two doses (2 µg/mL) of FHA
combined with chitosan were also administered in mice
nasally. While the mucosal response was 100 times higher
than that produced after the nasal administration of FHA
by itself, the systemic response was 60 times higher. The
results show that chitosan can serve to enhance both muco-
sal and systemic immunity after mucosal administration of
vaccine (108).

2. Mucosal Vaccination with Chitosan

The immune response to an antigen that is delivered
through the mucosa could be enhanced by chitosan, as
shown by Makin et al. (109). After nasal administration of
purified surface antigen (PSA) of influenza B virus com-
bined with chitosan to mice, the serum antibody response
was similar to that produced after the subcutaneous immu-
nization of PSA combined with aluminum hydroxide adju-
vant. While the subcutaneous administration of the antigen
did not cause any mucosal response, the nasal administra-
tion of PSA–chitosan formulation did. The results clearly
showed that chitosan could enhance mucosal immuno-
genic response probably by increasing the residence time
of the immunogen at the site of absorption or by increasing
the fraction of dose absorbed across the membrane. The
combined effect was to enhance the exposure of the anti-
gen to the immune cells of the mucosal epithelia (108).

VI. MISCELLANEOUS APPLICATIONS
OF CHITOSAN

A. Chitosan Microspheres for Controlled
Release of Drugs

Microspheres in drug formulation offer many advantages
such as controlled drug release, large surface area, protec-
tion against unpleasant tastes, and separation of incompati-
ble drugs. Since microspheres have uniform distribution
over absorption sites in the gastrointestinal tract, higher
absorption and less irritation could be obtained (110,111).

Table 15 summarizes the various examples of chitosan
microspheres that have been used for drug delivery. Differ-
ent methods had been used to prepare chitosan micro-
spheres, such as crosslinking with glutaraldehyde (112),
interfacial acylation (113), precipitation (114), spray-
drying technique (115), ionotropic gelation (116), solvent
evaporation (117), and capillary extrusion (118).

1. Crosslinked Chitosan Microspheres

An aqueous acetic acid dispersion of chitosan containing
progesterone was crosslinked—using glutaraldehyde—in
a dispersion of liquid paraffin and petroleum ether (112).
The resulting crosslinked chitosan microspheres were
characterized by being smooth, spherical, and in the size
range of 45–300 µm. The crosslinking density of the mi-
crospheres was an important factor affecting the extent of
drug release. Microspheres prepared by using 4 mL of glu-
taraldehyde-saturated toluene were considered weakly
crosslinked, while those prepared by adding 1 mL of aque-
ous glutaraldehyde were highly crosslinked. Seventy per-
cent of the incorporated steroid was released in 40 days
from the weakly crosslinked microspheres, whereas only
35% of the drug was released from the highly crosslinked
spheres. After intramuscular injection of the microsphere
formulation in rabbits, the plasma level of progesterone of
1 to 2 ng/mL was maintained for up to 5 months. The
authors have failed to examine the biodegradation of mi-
crospheres after intramuscular administration.

2. Interfacial Acylation

To minimize stomach irritation, chitosan microspheres
containing oxytetracycline were prepared by interfacial
acylation method by Mi et al. (113). These microspheres
had particle diameters between 420 and 590 µm and were
used for intramuscular injection for controlled drug release
property. In the simulated stomach medium, the oxytetra-
cycline release was significantly reduced in the micro-
sphere formulation. Using chitosan having a molecular
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Table 10.15 Chitosan Microspheres for Controlled Release of Drugs

Microsphere preparation method Drug Reference

Crosslinked microspheres by Progesterone 112
glutaraldehyde

Spray-hardening and interfacial Oxytetracycline 113
acylation

Precipitation process Prednisolone sodium phosphate 114
Spray-drying technique Diclofenac sodium 115
Ionic gelation Bovine serum albumin 116
Solvent evaporation Diclofenac sodium, bovine serum 117

albumin
Capillary extrusion Diclofenac sodium 118

weight of 2,000,000 daltons, it took almost 9 h to release
50% of the drug. The release of the drug was prolonged
in the stomach as acetylation of the amino group of D-
glucosamine will reduce the charge density of the polymer
leading to lower swelling of the microspheres.

3. Precipitation Technique

Using sodium sulfate as a precipitant, chitosan micro-
spheres were prepared by Berthold et al. (114). Photon cor-
relation spectroscopy and centrifugal sedimentation were
used to measure the particle size, found to be between 1.5
and 2.5 µm. Side-by-side diffusion cells having a dialysis
membrane in between made of cellulose acetate with a mo-
lecular weight cut-off of 12,000–14,000 daltons was used
to measure the release of prednisolone sodium phosphate
from the microsphere formulation. The drug/polymer ratio
was a significant factor that affected the release of the drug
from the microspheres. As the chitosan/drug ratio in-
creased, the release rate decreased. For instance, 23% of
prednisolone sodium phosphate was released after 6 h from
microspheres having a chitosan/drug weight ratio of 1:1.
However, when the chitosan/drug weight ratio increased
to 7:1, the percentage of the drug released after the same
period was only 13%.

4. Spray-Drying Technique

Using spray-drying technique, diclofenac sodium was
loaded into chitosan microspheres. The drug-loaded micro-
spheres were further microencapsulated with Eudragit L-
100 and Eudragit S-100 using an oil-in-oil solvent evapora-
tion method to form a multireservoir system (115). Eu-
dragit L-100 and Eudragit S-100 are anionic copolymers of
methacrylic acid and methyl methacrylate, used for enteric
coating, with ratio of the free carboxyl groups to the ester
groups of approximately 1:1 in Eudragit L-100 and about
1:2 in Eudragit S-100. By coating the chitosan micro-

spheres with Eudragit, perfect pH-dependent release pro-
files were obtained. Although no release was detected at
acidic pH, a continuous release for about 8–12 h was ob-
served at the pH of Eudragit solubility. Eudragit L-100 is
soluble at pH above 6, while Eudragit S-100 is soluble
at pH above 7. The dissolution of chitosan gel cores, the
dissolution of the Eudragit coating, and the swelling of the
chitosan microspheres were factors that affected the re-
lease of diclofenac sodium. Controlled drug release was
also achieved by the ionic interaction between the carboxyl
groups of Eudragit and the amine groups of chitosan. Coat-
ing of chitosan microspheres with anionic polymers, such
as Eudragit, could be useful for delivering drugs to specific
regions of the gastrointestinal tract.

5. Ionic Gelation

Ionic gelation is a simple technique that involves the mix-
ing of an aqueous phase of chitosan and a diblock copoly-
mer of ethylene oxide and propylene oxide with an aque-
ous phase of sodium tripolyphosphate (116). The size of
these microspheres was between 200 and 1000 nm. The
particle size increased by increasing the concentration and
molecular weight of the diblock copolymer of ethylene ox-
ide and propylene oxide. Up to 80% of bovine serum albu-
min was entrapped within these microspheres. About 25%
of BSA was released after 2 days, and after 6 days the
percentage release of BSA increased up to 82%. Almost
all of the entrapped drug was released in one week.

6. Solvent Evaporation

Chitosan microspheres, prepared by methylene chloride
solvent evaporation technique, were entrapped in a hy-
drophobic polymer made of cellulose acetate butyrate and
ethyl cellulose (117). The loading of diclofenac sodium
was almost 100% in these microspheres. The loading of
the drug was not affected by the amount of chitosan or the
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molecular weight of the polymer. One hundred percent of
the drug was released after 8 h in a controlled release form
from the chitosan microspheres coated with ethyl cellu-
lose, and about 85% was released from chitosan micro-
spheres coated with cellulose acetate butyrate in the same
period of time. Since this method of microsphere prepara-
tion does not require a crosslinking agent, it could be an
alternative method of chitosan microsphere preparation.

7. Capillary Extrusion

Diclofenac sodium was loaded into chitosan microspheres
that were prepared by capillary extrusion (118). The micro-
spheres were characterized by having a narrow size distri-
bution with a particle of diameter 760 µm. Four different
formulations were evaluated for oral administration. The
formulations were (1) drug powder, (2) empty chitosan mi-
crospheres, (3) sustained-release pellets, and (4) optimum
diclofenac sodium–containing chitosan microspheres. In
vitro release study was carried out in simulated intestinal
medium at a pH of 6.8 and 37°C. A slow release of diclo-
fenac sodium from the optimum microsphere formulation
was observed. Nearly 45% of the drug was released from
the microspheres after 6 h. To evaluate the efficacy of the
product in treatment of ulceration, rabbits were given a
dose of 5 mg/kg body weight of the free drug or in the
microspheres form once a day by gastric tubing for 21
days. After sacrificing the rabbits, the mucosa of the stom-
ach was examined under a low power (20�) dissecting
microscope. The degree of ulceration was determined
qualitatively by using a scale of 0 to 4 (4 being highly
ulcerative). The ulcerogenic index (UI) was calculated
from the degree of ulceration and the percentage of the
rabbits that had ulcer in the study. No difference in gastric
lesions and ulcerogenic index was observed between the
optimum formulation and the commercial product of diclo-
fenac sodium. The microsphere formulation had a lower
level of ulcerogenic index (UI 0.25) than the plain drug
(UI 1.5), which suggests that chitosan could protect the
gastric mucosa from ulceration by nonsteroidal antiin-
flammatory drugs.

B. Implantable Sustained Release Forms of
Chitosan

Surgical implants devices in the body tissues could provide
sustained release of a drug at the site of action (119). One
of the most promising materials that could be used for im-
plantable devices is a polymer that can degrade at the site
of delivery. Biodegradable polymeric devices could be
useful as a second surgery to remove the implant after drug
release is avoided. The biodegradable polymer should also

have good mechanical properties, not form harmful degra-
dation products, have capability to be fabricated into de-
vices with different geometry, and be sterilizable (120).
Chitosan and chitosan derivatives have been used to de-
velop implantable sustained release dosage forms.

Table 16 shows the different examples of chitosan be-
ing used for implantable sustained release systems and the
drugs that have been incorporated.

1. Implantable Chitosan Using Uracil
as a Model Drug

Chitosan with a degree of deacetylation of �85% and hy-
droxypropyl chitosan were used to prepare an implantable
sustained release form of uracil (121). For in vitro studies,
lysozyme was used to ensure the enzymatic degradation
of chitosan and hydroxypropyl chitosan. The enzymatic
degradation was confirmed by gel filtration chromatogra-
phy. For in vivo studies, 100 mg spherical polymer with
an approximate diameter of 5 mm was implanted subcuta-
neously in the backs of Wistar rats. After 1 month, the
weight of chitosan and hydroxypropyl chitosan samples
were reduced to 69 and 50% of the original weight, respec-
tively. Extrusion-in-air method was used to design film-
and stick-type implantable dosage forms of chitosan con-
taining uracil. After the implantation of 50 mg stick-type
dosage form containing 5 mg of uracil into the back of a
Wistar rat, controlled release of the drug was achieved for
almost 3 days. Following subcutaneous injection of uracil,
the peak drug concentration was 3.282 µg/mL after 1 h.
No uracil was found after 24 h, and the area under the
plasma concentration–time curve was only 9 µg ⋅ h/mL.
After subcutaneous implantation of the chitosan-based de-
vice, however, the peak concentration of uracil was 0.422
µg/mL after 3 h, and the concentration was sustained at
0.024 µg/mL for up to 3 days. The area under the plasma
concentration–time curve was also 9 µg ⋅ h/mL. Both
methods of administration had the same area under the
plasma concentration–time curve, meaning that the release
of the drug was prolonged without changing the overall
bioavailability. The results of this study showed that a chi-
tosan-based implantable delivery system could be used for
sustained release of the anticancer drug. The devices were
able to release the drug for up to 3 days in vivo.

2. Local Implantation of Chitosan Microspheres
Containing Bisphosphonates

Suberoylbisphosphonate, an agent that is used clinically to
inhibit bone resorption in the treatment of hypercalcemia,
which may lead to calcification of bioprosthetic heart valve
tissue, was loaded into chitosan microspheres (122). The
in vitro release rate of the drug in TRIS buffer (pH 7.4)
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Table 10.16 Implantable Sustained Release Forms of Chitosan

Carrier type Drug Reference

Film- and stick-type implantable Uracil 121
dosage form

Chitosan microspheres prepared Pamidronate, suberoylbisphosphonate 122
from water-in-oil emulsion

N,O-Carboxymethyl chitosan Human coagulation factor IX 123
Glutaraldehyde crosslinked Mitoxantrone 125

microspheres
N-Succinyl–chitosan–mitomycin Mitomycin C 126

C conjugate

was retarded in the chitosan microspheres. Almost 100%
of the drug was released in 24 h from the microsphere
formulation. Chitosan films were used to grow endothelial
cells to prove biocompatibility. The results showed that the
cells were viable on the polymer surface. After implanting
suberoylbisphosphonate microspheres (500 µm diameter)
containing 10% (w/w) of the drug subdermally in rats, the
bioprosthetic heart valve tissue calcification was inhibited.
Sixty-eight percent reduction in calcium concentration of
the valve was achieved in 35 days.

3. Chitosan as a Delivery System
for Coagulation Proteins

An aqueous formulation of human coagulation factor IX
was developed for hemophilia treatment. As compared to
intravenous dose, the bioavailability of 16% of human co-
agulation factor IX was achieved after bolus subcutaneous
injection in rabbits. When osmotic pumps were implanted
subcutaneously in rabbits, human coagulation factor IX
reached a plasma plateau that is equivalent to 2.5% of the
normal human levels. A chitosan derivative, N,O-carboxy-
methyl chitosan, was used to prepare hydrogels containing
human coagulation factor IX. Using the same dose (8000
units/kg body weight) of intravenous or subcutaneous bo-
lus injections as controls, higher levels of human coagula-
tion factor IX were maintained in mice plasma following
subcutaneous injection of the hydrogels. After 72 h, the
concentration of human coagulation factor IX in mouse
plasma was 0.1 units/mL from the hydrogel, while from
the intravenous or subcutaneous bolus injection, the con-
centration was only 0.05 units/mL (123).

4. Crosslinked Chitosan Microspheres

Jameela et al. (124) prepared glutaraldehyde crosslinked
chitosan microspheres. Chitosan microspheres, without the
drug, were implanted in the skeletal muscle of rats. The

tolerability of the microspheres in muscle tissue was con-
firmed by histological analysis. There was a moderate cel-
lular response with a few macrophages encircling the
beads. All of the loaded mitoxantrone was released into
phosphate buffer (pH 7.4) in 1 day from the weakly cross-
linked spheres that were made with 2 mL of of glutaralde-
hyde-saturated toluene followed by 0.2 g of additional glu-
taraldehyde. However, only 25% of the drug was released
after 36 days from the highly crosslinked spheres prepared
with 10 mL of glutaraldehyde-saturated toluene followed
by 0.2 g of additional glutaraldehyde. For 3 months, the
microspheres remained intact in the skeletal muscle of rats
without any degradation.

Mitoxantrone-loaded chitosan microspheres were in-
jected intraperitonealy in mice with Ehrlich ascites carci-
noma. The mean survival time of mice treated with mitox-
antrone-loaded chitosan microspheres containing 2 mg of
the drug was 50 days. Mice receiving 2 mg of the drug in
solution, however, had a mean survival time of only 2.1
days. Thus, mitoxantrone-loaded chitosan microspheres
could enhance the therapeutic efficacy of anticancer drugs
like mitoxantrone (125).

5. N-Succinyl–Chitosan–Mitomycin C
as an Implant

Water-soluble carbodiimide was used as a coupling agent
between N-succinyl–chitosan and mitomycin C (126). A
total weight of 20 mg of the drug was incorporated in the
conjugate N-succinyl–chitosan–mitomycin C as a tablet
form. After implantation subcutaneously into the back of
a male Wistar rat, mitomycin C was released gradually for
almost 1 week. For tumor inhibition study, 0.1 mL of the
ascitic fluid containing 1 � 107 Sarcoma cells was injected
subcutaneously into the axillary tissue of 6-week-old mice.
To investigate the antitumor effect, the tumor size was
measured with calipers at appropriate times. The percent-
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age growth ratio was calculated by dividing the volume of
the tumor after 19 days of drug administration over the
volume of the tumor after 7 days following inoculation.
After intratumoral administration of 5 mg/kg of mitomycin
C in the mice, the percentage of tumor growth ratio was
30.5%. However, the percentage of tumor growth ratio
was reduced to 17.5% after the administration of the conju-
gate N-succinyl–chitosan–mitomycin C containing 15 mg
equivalent mitomycin C/kg by the same route. The conju-
gate was more effective than free mitomycin C in reducing
the tumor growth, but at a much higher dose.

C. Chitosan for Colon-Specific Drug Delivery

Following oral administration, peptide and protein drugs
suffer from poor intestinal absorption due to susceptibility
of these drugs to the proteolytic enzymes in the gastrointes-
tinal tract and poor membrane permeability. The absorp-
tion of peptide and protein drugs could be enhanced in the
colon because of the low activity of proteolytic enzymes
there and the long residence time. In addition, it is more
effective to treat colonic diseases such as ulcerative colitis,
colorectal cancer, and Crohn’s disease with direct delivery
of drugs to the affected area (127).

Many pH-sensitive or bacterial degradable polymers
have been used for colon-specific drug delivery. These
polymers include chitosan (127), methacrylic acid or hy-
droxyethyl methacrylate (128), azoaromatic polymers
(129), methacrylated inulin (130), and cellulose deriva-
tives such as ethyl cellulose (131), hydroxypropyl methyl-
cellulose acetate succinates, cellulose acetate phthalate
(132), and cellulose acetate butyrate (133).

Chitosan was used in oral drug formulations to provide

Table 10.17 Chitosan as a Pharmaceutical Excipient in Tablet

Chitosan
Drug DDa % Tests conducted Reference

No drug 92.7 Disintegration test 134
No drug 92.7 Disintegration test 135
Propranolol ⋅ HCl 92.7 In vitro drug release 138
No drug 92.7 Disintegration test 139
Chlorpheniramine maleate NDb In vitro drug release 140
Theophylline ND In vitro drug release 141
Ketoprofen 80 In vivo drug absorption, In 32

vitro and in vivo adhesion 32
Diltiazem 80 In vitro drug release, In vitro 142

adhesion 142

a DD refers to the degree of deacetylation of chitosan in the tablet formulation.
b ND � not determined.
Source: Adapted from Ref. 143.

sustained release of drugs. Recently it was found that chi-
tosan is degraded by the microflora that are available in
the colon. As a result, this compound could be promising
for colon-specific drug delivery (127).

1. Improvement of Insulin Absorption
Using Chitosan

Hydroxypropyl methylcellulose phthalate, an enteric-coat-
ing material, was used to coat chitosan capsules loaded
with insulin (127). After 2 h following oral administration,
the capsules were eliminated from the stomach. After 2 to
6 h, the capsules moved into the small intestine and were
in the large intestine after 6 to 12 h. For in vitro release
medium, cecal content from rats was suspended in two vol-
umes of bicarbonate buffer and the pH was adjusted to 7.0.
The release of 5(6)-carboxyfluorescein loaded in chitosan
capsules, a model water-soluble compound, was increased
in the rat cecal content suspension as compared to simu-
lated gastric juice (pH 1.2) and simulated intestinal juice
(pH 6.8). While all of the drug was released after 12 h in
the cecal suspension, only 20% was released in the simu-
lated intestinal juice after 6 h, and none was released in the
simulated gastric juice after 2 h. Degradation of chitosan
capsules in cecal contents facilitated the release of 5(6)-
carboxyfluorescein. Using male Wistar rats, insulin-con-
taining chitosan capsules were administered orally with a
total dose of 20 IU into the stomach with a polyethylene
tubing. The hypoglycemic effect started 6 h after the ad-
ministration, when the capsules were in the colon and
lasted for 24 h. The peak plasma insulin concentration of
326 µunit/mL was noticed after 7 h of administration. To
find out the insulin bioavailability, insulin solution (0.1 IU)
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was injected intravenously by bolus injection and the area
under the plasma concentration–time curve was normal-
ized according to the dose. The bioavailability of insulin
from the chitosan formulation was 5.73% as compared to
the intravenous one.

D. Chitosan as a Pharmaceutical Excipient
in Tablet

Table 17 provides the various examples of chitosan when
used in the preparation of tablet dosage forms.

1. Angle of Repose Reduction
of a Powder Mixture

Angle of repose is defined as the base angle of the cone
formed when a powdered or granular material falls freely
on a flat surface from an orifice. By adding chitosan to
other conventional tablet excipients such as mannitol, lac-
tose, or starch, the angle of repose was decreased. Thus,
the fluidity of the powder from the hopper into the die
cavity in the tablet machine would be increased. The angle
of repose decreased from 65° to 39° in the presence of
80% (w/w) chitosan. In the presence of microcrystalline
cellulose, on the other hand, the angle of repose was re-
duced to 45° at the same concentration (134,135).

2. Chitosan as a Binder in Wet Granulation

When chitosan was used as a binder in wet granulation,
the binding efficiency was less than that of hydroxypropyl
methylcellulose, but more than that of methylcellulose or
sodium carboxymethyl cellulose (136). The binding effi-
ciency was evaluated based on the properties of tablet
hardness, friability, and disintegration time. Thus, by di-
viding the hardness by the friability value, the hardness/
friability ratio was obtained. The binder efficiency parame-
ter was obtained by dividing the hardness/friability ratio
by the disintegration time. Table 18 compares the binder

Table 10.18 Binding Efficiency Parameter
of Chlorpheniramine Maleate

Binding efficiency
Polymer parameter (kg/s)

Chitosan 0.116
Hydroxypropyl methylcellulose 0.215
Methylcellulose 0.101
Sodium carboxymethyl cellulose 0.037

Note: The binding efficiency was measured using a 2% (w/v)
solution of the various polymers.
Source: Adapted from Ref. 136.

Table 10.19 Disintegration Times
of Paracetamol Tablets

Disintegration time
Disintegrants (min)

Chitosan 0.6
Corn starch 2.65
Microcrystalline cellulose 7.05

Note: Tablets were compressed at 600 pounds force us-
ing the various disintegrating agents.
Source: Adapted from Ref. 137.

efficiency parameter of chlorpheniramine maleate using
2% (w/v) granulating fluid of different polymers. The
binding efficiency of chitosan was found to be 0.116 kg/
s, and that of sodium carboxymethyl cellulose was 0.037
kg/s.

3. Chitosan as a Disintegrant

When chitosan was used in tablets at a concentration above
5% (w/w), its disintegration efficiency was higher than
starch and microcrystalline cellulose. Table 19 lists the dis-
integration times of paracetamol tablets compressed at two
forces using different disintegrants (137). The disintegra-
tion time of chitosan tablet compressed at 600 pounds
force was 0.6 min. The disintegration time of 7.05 min,
however, was obtained from tablets made with microcrys-
talline cellulose.

VII. CONCLUSION

Chitosan is an abundant natural polymer, obtained by alka-
line N-deacetylation of chitin. The physical and chemical
properties of chitosan, such as inter- and intramolecular
hydrogen bonding and the cationic charge in acidic me-
dium, makes this polymer attractive for the development
of conventional and novel pharmaceutical products. As a
bioadhesive polymer, chitosan has been found to increase
residence time of dosage forms at mucosal sites, inhibit
enzymes, and increase the permeability of protein and pep-
tide drugs across mucosal membranes. Chitosan networks
can serve as pH-sensitive swelling system for region-
specific drug delivery in the gastrointestinal tract. Chito-
san–DNA complexes have been shown to facilitate trans-
fection and inhibit degradation of DNA by DNase. A num-
ber of investigators have also shown that chitosan could
be used as a mucosal vaccine carrier and may have adju-
vant effect. The future of chitosan as a pharmaceutical aid
looks very bright as a number of derivatives have been
synthesized that will lead to more useful applications.
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Plasma–Functionalized Surfaces for the Creation of Molecular
Recognition and Molecular Manufacturing Systems
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University of Wisconsin, Madison, Wisconsin

I. INTRODUCTION

Biomaterials can be broadly defined as specially designed
inorganic materials (e.g., ceramics, metals) and organic
polymers (e.g., natural or synthetic polymers or their sur-
face-modified versions) whose surfaces are in direct con-
tact with biological components such as blood, tissue fluid,
proteins, cells, etc. The interaction of these substrates with
biological components, including covalent coupling, and
adsorption of these materials on polymer surfaces depend
greatly on their surface properties, including surface en-
ergy, surface functionality, composition, and surface mor-
phology.

Depending on the intensity of the interaction (chemical
bonding or adsorption), biomaterials are involved in differ-
ent applications. Biomaterials for in vivo applications
should not adsorb any proteins and should not induce any
activation of complementary systems. Similarly material
surfaces involved in food processing industry should have
antifouling characteristics in order to avoid biofilm forma-
tion. On the contrary, biosensor applications require func-
tionalized surfaces (e.g., polymer surfaces), which should
selectively interact (e.g., covalently link) with specific
molecules, cells, etc. Significant biological effects can also
be induced by strongly adsorbed or covalently attached
specific biomolecules (e.g., albumin) on polymer surfaces.

239

Biosensors combine the selective interaction between
the immobilized biological molecules and entities, such as
DNA, enzymes, and antibodies as well as certain mole-
cules (biological or nonbiological), cells, bacteria, etc.,
with detection systems based on electrical or optical sig-
nals. The transducer of the detection system recognizes the
molecular interaction between the target molecules and the
detector biomolecules and converts the electrical, electro-
chemical, optical, thermal, or mass changes of the nascent
surface layers generated as a result of the interaction into
electrical or optical signals.

The first step in the preparation of molecular recogni-
tion systems is the surface functionalization of specific
substrates. The resulting active layers should anchor, in a
next step, covalently or by physical adsorption, biomolec-
ules with highly selective activity.

Molecular recognition between biological macromole-
cules, small molecules, and macromolecules and specific
surfaces plays a crucial role both in the understanding of
various biological systems and in the design of artificial,
intelligent surfaces (molecular manufacturing systems)
with tremendous practical potential. As soon as a primitive
molecular assembler, which is able to self-replicate by
atomic precision positional control is constructed, migra-
tion pathways will allow the generation of increasingly so-
phisticated assemblers.
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In order to understand the molecular basis of the inter-
action, controlled immobilization of biomolecules must be
performed by taking into account the chemical and physi-
cal (crystallinity, morphology) structure of the substrates,
the nature of the bonding between the biologically active
molecules and substrates, the surface density of immobi-
lized molecules, and the distance between the anchored
biomolecules and the substrate. By understanding and con-
trolling of surface functionalization and the consequent an-
choring reaction mechanisms, tailored and very specific re-
action pathways (molecular recognition) can be developed.

The nature of surface topographies of ‘‘host substrates’’
plays a significant role both in the efficiency and selectivity
of the immobilization processes. Biologically active mole-
cules like enzymes and nucleotides usually favor a single,
initial conformation to ‘‘catalyze’’ reactions. However, re-
cently it has been found that over time an enzyme can
adopt more than one functional conformation with differ-
ent catalytic efficiencies (1). The bonds responsible for the
existence of secondary, tertiary, and quaternary structures
are based on noncovalent-type ionic, hydrogen, and van
der Waals interactions. The high number of these relatively
labile individual bonds involved in the interactions assure
the stability of the bimolecular structures. However, the
labile nature of individual linkages restricts significantly
their handling parameters. Mild pH and temperature condi-
tions are usually required.

Conformational changes of biomolecules as a result
of replica interactions (presence of amorphous or crystal-
line surfaces) and multiple bonding between the surface
of the substrate and the biomolecules can alter significantly
the efficiencies of catalytic activities. As a consequence,
the activities of immobilized biomolecules usually are
modest (e.g., immobilized enzymes) in comparison to the
free molecules. However, controlled substrate–molecule
interactions might open up a novel route for generating
optimal substrate surfaces for the immobilization of bio-
molecules. Molecularly imprinted polymer surfaces and
the corresponding technologies are already a rapidly
emerging area in which synthetic polymer surfaces are
generated in the presence of the ‘‘print molecules.’’

The preparation of oligonucleotides for clinical trials
will require kilogram to ton amounts of specific oligonu-
cleotide derivatives, while the preparation of oligonucleo-
tide libraries requires nanoscale beads that have high load-
ing characteristics and optimal accessibility of their
surfaces to biomacromolecules. Conventional rigid-lattice
supports have their limitations due to the nonspecific
inside/outside loading. Controlled pore glass (CPG) or
macroporous polystyrene exhibit, for instance, nucleoside
loading of 0.8–0.9 µmol/m2 regardless of porosity or size

dimensions. Swellable resins show at the same time diffu-
sion-retarded kinetics in the diverse reactions of the elon-
gation cycle. Hence, the yields from oligonucleotide chain
extension mechanisms do not exceed 97%, which would
be required for application purposes. A solution to this
problem would be the preparation of surface-function-
alized, nonporous, inert, inorganic and organic polymeric
beads. These support systems would allow oligonucleotide
extension yield of 99%, and solutionlike kinetics could be
achieved, while having oligonucleotide capacities of 100–
200 µmol/g in comparison to 50–70 µmol/g of the cur-
rently used systems. Thus, polymer supports of the core
shell type may lead to a 3- to 4-fold increase in the output
of therapeutic oligonucleotides per batch (2,3).

Polymer-bound oligonucleotides will find their applica-
tions in hybridization-based diagnostics and in the discov-
ery of new therapeutics based on molecular recognition.
Prenatal diagnostics of genetic aberrations, identification
of virus-borne diseases, detection of mutations of regula-
tory proteins controlling carcinogenesis, and novel hybrid-
ization-based identification techniques oriented to forensic
or archeology fields are only some of potential applica-
tions.

Molecular recognition will also play an essential role
in areas other than medicine, pharmaceutics, and biotech-
nology. Development of ultraselective chemical sensors
and absorbent surfaces is crucial for creating environmen-
tally safe processes. Monitoring the quality of water is one
of the major demands in this area. Bimolecular-based
chemical sensors and filters for toxic chemicals and micro-
organisms (e.g., Escherichia coli) will play a significant
role in future technologies.

Current accurate tests for DNA sequences are based on
fluorescent signals. Analytical set-ups for quantitative
evaluations usually are time consuming and expensive. Re-
cently it has been demonstrated that hybridization (when
a single DNA strand ‘‘bumps’’ into a complementary part-
ner, it will hybridize) can be detected by changes in an
electrochemical signal through a redox or conducting mol-
ecule, which behaves differently in the presence of a DNA
hybrid than in the presence of a single strand (4). The ad-
vantage of using electrical signals (current or voltage) in-
stead of fluorescence for detecting hybridization would be
the rapidity of the assay and the possibility of using large
area arrayed DNA-immobilized surfaces for the develop-
ment of automated hybridization monitoring procedures.
The electrochemical approach ab initio involves surfaces,
e.g., DNA immobilized on solid electrodes. In many sys-
tems under investigation electroactive groups that mediate
electron transfer (e.g., ferrocene complexes) are attached
to molecules that preferentially bind double-stranded
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DNA. Recently DNA-functionalized conducting polymers
like polypyrolle, polytiophene, etc., have been employed
as well.

Polyanilines have received increased attention due to
their ease of synthesis and doping and stability in the doped
state; their processability; and their great versatility. For
example, polyanilines can be tuned to conductivities in the
range from insulators to conductors, and there is a large
variation in the chemical nature of the dopants that can
be employed. Controlled thickness, ultrathin polyaniline
films and self-assembled polyion-containing (e.g., protein-
containing) polyaniline layers can conveniently be pre-
pared. These polymeric structures are very promising can-
didates for mediating electric signal–based detection of
hybridization mechanisms.

Most of the natural and synthetic polymeric substrates
can easily be functionalized through polymer–analog reac-
tions. Main chain and side group homogeneous reactions
are the most common approaches in this field. The use of
polymers as ‘‘carriers’’ or ‘‘supports’’ for chemical re-
agents, catalysts, or substrates represents a relatively new
significant rapidly developing area. In this case the poly-
mer is in the form of an insoluble inert substrate that may
be a solvent-swollen crosslinked gel or a surface-active
solid. This approach eases the separation of reagents or
catalysts (e.g., enzymes) from the reaction products, per-
mitting consequently the automation of the complex chem-
istry. However, the specific structure of the repeating units
of the macromolecules often limit considerably the variety
of polymer–analog reactions. These reactions are even
more difficult to develop under heterogeneous environ-
ments. Natural and even some synthetic polymeric sub-
strates can also undergo undesired chemical modifications
and sometimes biodegradation during the polymer-sup-
ported organic reactions. Inert polymeric substrates, e.g.,
polyethylene (PE), polypropylene (PP), poly(ethylene ter-
ephthalate) (PET), polytetrafluoroethylene (PTFE) and in-
organic supports (e.g., glass, silica), however, cannot be
functionalized efficiently by using conventional wet chem-
istry approaches.

II. CONVENTIONAL FUNCTIONALIZATION
AND COATING FOR BIOTECH
APPLICATIONS

The immobilized affinity ligand technology (5,6) has
grown rapidly in recent years. Starting as a purification
method, it has now become a technique also for scavenging
reagents to remove unwanted contaminants (7–11), for
modification and catalysis to effect specific transforma-

tions (12–21), and for separation tools to develop sensitive
and highly accurate analytical techniques (5,8,22).

The affinity ligand technique is based on the combina-
tion of a ligand with a matrix (a solid insoluble substance).
The ligand usually is a well-known structure (e.g., oligonu-
cleotide (7), biotin (9), enzyme (5,12–21), bacteria (10),
fungi (11), etc.) and is firmly attached to the surface of the
support by physical forces (23–25), covalent bonds (most
used method), or autocoupling (26). The matrix can be any
material to which a biospecific ligand may covalently be
attached. Each component of the molecular assembly in-
fluences the partner molecules, and the entire combination
matrix must function as a unique system in an environ-
ment. A ‘‘matrix effect’’ or an ‘‘activation effect’’ occurs
when a change in the matrix material or activation chemis-
try will result in a radically different behavior of the same
ligand from that seen on a reference support.

A. Natural and Synthetic Supports

The preferable functional group for conventional function-
alization reactions is the primary hydroxyl group (5). It is
amenable to various activation procedures, but does not
contribute to nonspecific binding of nontarget molecules.
Agarose, which has a natural abundance of primary and
secondary OH groups, represents an ideal surface for func-
tionalization: the secondary hydroxyls preserve the hydro-
philic nature of the matrix even after the primary hydroxyls
are consumed in activation or crosslinking process. The
abundance of primary amine or carboxylic acid functional-
ities on supports like polyethyleneimine or carboxymethyl
cellulose (15) improve the functionalization possibilities.
However, the resulting support may exhibit nonspecific ion
exchange effects.

1. Natural Supports

Natural polysaccharide matrices (7,12,13,24,25) such as
agarose and cellulose or naturally occurring materials such
as silica, alumina, and glass (6,9,14,23) must be processed
before they can be exploited as affinity supports. Table 1
summarizes the chemical structure and the required engi-
neering of natural materials in order to convert them into
the desired affinity ligand supports.

2. Synthetic Supports

The synthetic supports (5,10,16–21) typically have supe-
rior physical and chemical durability in comparison to the
natural matrices. Most synthetic polymer supports can
withstand higher-pressure environments without structural
collapse and can work under high-pressure gradient and
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Table 11.1 Natural Supports and the Required Engineering for Their Modification

Support Primary structure Engineering Observations

Agarose Alternating residues of β-D- Contains primary and second-
galactose and 3-anhydroga- ary alcohol groups
lactose Secondary and tertiary struc-

Crosslinking (30–50% loss ture can be described as
of hydroxyl groups) single fibers spun into a

Crosslinked agarose stability: yarn of multiple fibers
110–120°C and pH 3–14 Remarkable fabric with large

Working pH 4–9 accessible pores
Tolerates a wide range of wa- Beads can be dissolved by

ter-miscible solvents such heating or by strong dena-
as alcohols, dioxane, tetra- turants such as guanidine
hydrofuran, dimethyl- hydrochloride
formamide, dimethylsulf-
oxide, pyridine, etc.

Cellulose Linear polymer of 1,4-β-D- Contains primary and second-
glucose ary alcohol groups

Easy derivatization (substitu- Simple secondary and ter-
tion) tiary structure

Stability: 115°C at pH 7 Tangled wad of string
Working pH 3–10 Low level of effective poros-
Can withstand a wide range ity or extended surface

of solvents, denaturating, area
and mild oxidation condi-
tions

Silica and Glass with covalent coating Contain silanol groups
controlled such as glycerol Porous glass, silica, alumina,
pore glass Dissolved in deionized water and zeolites relatively

Working buffers should be rigid
neutral or acids (pH lower
than 8) and with at leastMacromolecular anorganic structures
0.05 M salt

Can withstand enormous pres-
sure, any organic solvent,
or temperature in excess
of 300°C

flow rate conditions. Various-geometry (spheres, tubes,
sticks, plates, etc.) porous or nonporous polymeric materi-
als have already been successfully involved in the immobi-
lization and affinity ligand techniques. Commercially
available synthetic supports for affinity chromatography
applications are presented in Table 2.

B. Functionalization

Functionalization is a process of chemical modification of
the matrix (support) in order to form a covalent bond with
the ligand. The chemistry of the process must be compati-

ble with both the support and the ligand. It is required that
the activation of the matrix and the coupling of the ligand
should not add any nonspecific characteristics to the sys-
tem. The major objectives of the functionalization pro-
cesses are to create a stable binding of ligand to the support
without changing the porosity or the surface topography
of the substrate, and without generating nonspecific ef-
fects, and to be rapid, efficient, and user friendly.

The functionalization process should be specific for
the active groups present both in matrix and ligand. Table
3 summarizes the most used classical chemical derivati-
zation techniques for commercial available affinity sup-
ports.
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Table 11.2 Synthetic Support and the Required Engineering for Their Modification

Support Primary structure Engineering Observations

Acrylamide derivatives

Polyacrylamide Copolymer of acrylamide Resistance to microbial at-
and N,N′-methylene-bis tack
(acrylamide) (crosslink- pH stability: 2–10
ing agent) Excellent chemical stability

Poor mechanical stability Low nonspecific binding
Low working flow rates characteristics
Dimensional changes when

working with various sol-
vents (shrink or swell)

Trisacryl Copolymerimer of trihy- Resistance to microbial at-
droxylic derivative of tack
acrylamide and N,N′-dial- pH stability: 2–11; more ba-
lyltartra-diamide (cross- sic pH can slowly hy-
linking agent) drolize it

Good mechanical properties Excellent chemical stability
Can withstand a wide range Stability: �20 to 120°C

of solvents

Sephacryl Copolymer of allyl dextran Resistance to microbial at-
and N,N′-methylene-bis tack
(acrylamide) (crosslink- Stable to 0.5 N NaOH solu-
ing agent) tion

Increased mechanical prop- Excellent chemical stability
erties Stable in autoclave condi-

Can withstand a wide range tions
of organic solvents with-
out shrinking or swelling

Ultrogel Complex mixtures of polyacrylamide and agarose poly- Matrices resulting from a Working pH range: 3–10
mers knitted together blend of agarose and Working temperature range:

polyacrylamide 2 to 36°C
Denaturants or detergents

can affect and destroy
the integrity of macromo-
lecular structure

Some organic solvents may
damage the gel
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Table 11.2 Continued

Support Primary structure Engineering Observations

Azlactone Copolymer of vinyldi- Stability, pH range: 1–14
methyl azlactone and Working pH range: 4–9
N,N′-methylene- Proteins and small ligands
bis(acrylamide) are coupled in high
(crosslinking agent) yields and short times

Slightly hydrophobic; for Maintains high coupling
some proteins a lyo- capacity even at ele-
tropic agent is required vated flows

Allows high pressure and
high flow rate operation

Methacrylate derivatives

TSK-gel toyo- Copolymer of glycidyl Stability, pH range: 2–12
pearl HW methacrylate (1), pentae- Do not support microbial

rythritol dimethacrylate growth
(2), and polyethylene Stable in detergents, or-
glycol (3) ganic solvents, or con-

Surface mildly hydrophilic centrated denaturants so-
Hydrophobic properties lutions

under certain conditions Originally designed for
Good mechanical stability GPC

HEMA Copolymer of 2-hydroxye- Stability, pH range: 2–13
thyl methacrylate (1) Can be washed with 2 N
and ethylene dimetha- NaOH or 2 N HCl for
crylate (2) (crosslinking short period of time
agent) Termal stability: 170°C

Micropore and mac- Very resistant to deter-
ropores structures gents, organic solvents,

Can withstand pressures or concentrated buffers
exceeding 1,000 psi solutions
(4,400 psi for some Contains numerous ter-
products) and very high tiary α-carbonyl esters
flow rates of pivalic acid (most sta-

ble and least hydrolysa-
ble ester known)
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Table 11.2 Continued

Support Primary structure Engineering Observations

Eupergit Copolymer of methacry- Very good chemical and
lamide (1), N,N′-methy- physical stability
lene-bis(methacrylam- Porous or nonporous vari-
ide) (2), and allyl eties
glycidyl ether (3) or
glycidyl methacrylate

Can withstand pressures
up to 4,000 psi

Polystyrene derivatives

Poros Copolymer of styrene (1) Resistant to extreme pH:
and divinylbenzene (2) 1–14
(crosslinking agent) Robust chemical and phys-

Maximum operational ical structures
pressure: 3,000 psi

Large pores passing
through particles that
allow high flow rates

Polystyrene Nonporous particles with Not suitable for chromato-
balls, different geometries graphic applications
plates, and Surface etched to increase Can easily be mixed or
devices area for affinity interac- separate from solvents

tions Good optical properties in
Polymer surface blocked visible range for light

by adsorption with a absorption diagnostic us-
nonrelevant substance ing enzyme-linked
to prevent nonspecific assay
hydrophobic interac-
tions (e.g., bovine al-
bumin)

III. DEPOSITION OF ANTIFOULING
LAYERS

The growth of living organisms and the attachment of bio-
logically active molecules on solid surfaces exposed to
aqueous media present one of the most important prob-
lems to be considered for food industry and medicine.
Bacterial adherence to various solid surfaces is a naturally
occurring process. Many bacterial species live and prolif-

erate under ‘‘attached’’ conditions or embedded in poly-
meric matrices, called biofilms, generated by their own
metabolism. Adherence of bacteria on various substrates
and the subsequent biofilm formation can lead to the enzy-
matic degradation of the host materials or to the develop-
ment of biofilm-related infections. It is recognized that
adhesion of microorganisms to surfaces represents the ini-
tiating step in the development of biofilms and, as a conse-
quence, of many infectious diseases. Biofilm environ-

(text continues on p. 252)
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Table 11.3 Functionalization Processes in Respect to Matrix and Ligand Active Groups

Matrix Ligand Functionalization Binding

�OH �NH2

Cyanogen bromide

N-Hydroxy succinimide esters
(N,N′-disuccinimidylcarbonate)

Sodium borohydrideSodium periodate

2-Fluoro-1-methylpyridinium toluene-4-sulfonate (FMP)



Biopolymers from Cold Plasma–Functionalized Surfaces 247

Table 11.3 Continued

Matrix Ligand Functionalization Binding

p-Toluenesulfonyl chloride (tosyl chloride)

2,2,2-Trifluoroethanesulfonyl chloride (tresyl chloride)

Trichloro-s-triazine (TsT) (cyanuric chloride)
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Table 11.3 Continued

Matrix Ligand Functionalization Binding

1,4-Butanedioldiglycidylether
�OH �OH

Divinyl sulfone
�COOH �NH2

Carbonyldiimidazole

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)



Biopolymers from Cold Plasma–Functionalized Surfaces 249

Table 11.3 Continued

Matrix Ligand Functionalization Binding

Azlactone ring
�COOH �SH

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide

�NH2 �SH

Iodoacetic acid or bromoacetic acid

Succinimidyl-4-(N-maleimidomethyl)-cyclohexane-1-
carboxylate (SMCC)
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Table 11.3 Continued

Matrix Ligand Functionalization Binding

5,5-Dithio-bis-(2-nitrobenzoic acid) (Ellman’s reagent)
�NH2 Phenol group

Diazonium



Biopolymers from Cold Plasma–Functionalized Surfaces 251

Table 11.3 Continued

Matrix Ligand Functionalization Binding

Mannish condensation
�SH �SH

2,2′-Dipyridyl disulfide

Divinyl sulfone

5,5-Dithio-bis-(2-nitrobenzoic acid) (Ellman’s reagent)
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Table 11.3 Continued

Matrix Ligand Functionalization Binding

�CHO �CHO

Adipic dihydrazide
�CHO �NH2

Cyanoborohydride

ments protect microorganisms, through the embedding
phenomenon, against substrate-origin defense mecha-
nisms and antibiotics, enhancing in this way the survival
of microorganisms and making extremely difficult treat-
ments against biofilm-origin infections.

When a typical material is placed in a biological fluid
or in a microorganism-containing liquid environment, pro-
teins are adsorbed rapidly and usually nonspecifically on
its surface. It is suggested that this physicochemical protein
adsorption process is mediated by entropic phenomena as-
sociated with the presence of a highly ordered water mono-

layer on protein molecule surfaces and electrostatic and
van der Waals long- and short-range interactions. The ad-
sorbed protein molecules act as ligands and the cell surface
proteins and proteoglucans produced by the cells as the
receptor counterparts in the molecular recognition mecha-
nism.

Adherence of microorganisms to polymer or metal sur-
faces and subsequent colonization of the exposed surfaces
are the major initial steps in the pathogenesis of foreign
body infections. Two approaches have been developed for
avoiding polymer surface–mediated infections (9): devel-
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opment of polymers with antiadhesive characteristics and
development of polymers with antimicrobial properties. A
large number of polymers were tested for antiadhesive
properties. It has been found that bacterial strains usually
exhibited a high adhesion to polymers with a high surface
energy and having rough surface topographies, and that
ionic groups are also involved in the adhesion mechanism.
Most bacteria exhibit in an aqueous environment a nega-
tive surface charge; accordingly, it has been shown that
negatively charged polymer surfaces can reduce bacterial
adhesion. However, none of the attempts focused on the
generation of antiadhesive polymeric surfaces resulted in
a total reduction of bacterial attachment. It was also em-
phasized that the adhesion of bacteria to biomaterials in
vivo is also mediated by bacterial adhesion. It was demon-
strated, for instance, that preadsorption of albumin de-
creases bacterial adhesion, while fibronectin promotes ad-
herence. By considering polymeric materials which
selectively adsorb proteins, potential routes could be de-
veloped for the reduction of bacterial adhesion, and thus
prevention of foreign body–mediated infections.

It has been shown that coating surfaces with noncharged
hydrophilic polymers resulted in reducing protein and cell
adsorption on a variety of surfaces due to the elimination
of electrostatic attractive forces and the hydrophobic inter-
actions between the solid surfaces (usually polymeric ma-
terials) and proteins in solutions. Most of the research in
this area involved poly(ethylene glycol) or its derivatives;
however, polysaccharides and nonionic cellulose ethers
were also considered.

A. Conventional Approaches for Avoiding Protein
Adsorption, Bacterial Attachment, and Biofilm
Formation

Poly(ethylene oxide) (PEO), -[ECH2ECH2EOE]n
�, [or

polyethylene glycol (PEG) (when the molecular weight is
less than 10,000 Daltons)] is highly water soluble and has
a good structural fit with the water molecules, which ex-
plains the presence of a strong hydrogen bonding between
the ether oxygen atom of PEG and hydrogen atoms of the
water molecules. Its decreased solubility in water at ele-
vated temperatures is also related to the hydrogen bonding;
higher temperatures result in decreased hydrogen bonding
and in an increase of hydrophobic interactions between the
macromolecular chains.

Poly(ethylene oxide)–containing surfaces have been
prepared by a number of approaches including physical
adsorption and entrapment, covalent grafting, photo-
induced grafting, high-energy radiation grafting, and glow
discharge–mediated grafting (27–42). It has been shown
that only relatively high molecular weight PEO

(�100,000) can be effectively adsorbed on hydrophobic
surfaces, and that the adsorption of PEO-containing am-
phiphatic block copolymers and multiblock copolymers
(pluronics) would result in stable adsorbed layers. Homo-
polymers or copolymers of PEO containing shorter hy-
drophobic segments can be displaced by other macromole-
cules that have higher affinity for the specific base polymer
surfaces. Entrapment of PEO chains or its copolymers
bearing hydrophobic segments is achieved by surface
swelling of polymeric supports, which will allow the en-
tanglement of loosened macromolecular chains of the sub-
strate with the hydrophobic segments of the PEO-based
copolymer. The process is usually completed by immers-
ing the system into a nonsolvent of the base polymer. The
limitations of this approach are related to the toxicity of
the solvents and their removal from the surface layers. Co-
valent grafting of PEO or its copolymers can only be
achieved in the cases of functional polymer surfaces (e.g.,
PET, polyurethane, etc). Poly(ethylene oxide) can only be
covalently linked to chemically inert substrates such as PE,
PP, and Teflon when their surfaces are prefunctionalized.
Photo-induced and high-energy radiation–mediated graft-
ing and grafting/crosslinking processes represent an addi-
tional approach to this problem. However, the complex wet
chemistry required for the generation of photoactive
groups bearing PEG and the often undesired high-energy
radiation-induced structural modification of the bulk
of polymeric systems are limitations for application pur-
poses.

Literature data indicate that most of approaches for the
generation of PEO-rich polymeric surfaces involving
physical adsorption or entrapment (including the genera-
tion of interpenetrating PEO-containing polymeric net-
works) and covalent grafting of PEO on a variety of sub-
strate surfaces (PET, polyurethane, PVC, cellulose,
functionalized glass, gold, etc.) have resulted in signifi-
cantly reduced protein, platelet, and bacterial adsorption
and in enhanced biocompatibility.

B. Silver as an Antimicrobial Molecular
Recognition Agent

Another approach to prevent biofilm formation and conse-
quently foreign body infections is to create antimicrobial
polymeric materials by loading the substrates with antibi-
otics, detergents, disinfectants, iodine, or metals (e.g., sil-
ver) (27). These composite materials gradually release the
antibacterial agents and can in this way prevent coloniza-
tion. However, most of the organic bacteriostatic com-
pounds incorporated in biomaterials have limited action
due to the limited loading, and they only can be used for
short-term biofilm prevention.
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Silver was considered in many investigations due to its
good antimicrobial activity and low toxicity. Silver is one
of the most powerful natural disinfectants known. Re-
search indicates that resistant strains do not appear in con-
nection with the use of colloidal silver. Other metals also
have germicidal effects, such as copper and mercury. How-
ever, most of these metals are toxic to mammalian cells.
Bacteria have a strong ability to adapt to various sub-
stances. Antibiotics, for instance, destroy bacteria which
are susceptible to them; however, they can become resis-
tant by mutation.

Colloidal silver is a dispersion of tiny silver particles
in water. The ultimate colloidal silver suspension would
be at the molecular level. It has been suggested that the
smaller the silver particles, the more effective the colloid
is.

Silver occurs under several oxidation states. The most
common are elemental silver (Ag0) and the monovalent
silver ion (Ag�). However, higher oxidation states of silver
are also known (Ag2�, Ag3�). It has been proposed that
silver could be prepared in a molecular crystal form (an
oxide lattice where one pair of silver ions in the molecule
is trivalent and another pair of silver ions is monovalent)
(43,44). This tetrasilver tetroxide is suggested to have bio-
cidal properties through an electron release mechanism.
The exact antimicrobial action of silver is not completely
understood. Several possible mechanisms have been pro-
posed which involve the interaction of silver with biologi-
cal macromolecules, such as enzymes, DNA, etc. (45–49).

The deposition of silver or silver oxide on polymer
(plastic) surfaces is rather difficult. Conventional silver
coatings involve the preparation of silver-containing poly-
mer solution (e.g., silicon, latex) that can be applied in the
next step to polymer surfaces. However, most of the silver
is buried into the bulk of the coating, and accordingly the
resulting low silver surface area reduces significantly the
efficiency of the molecular interaction. Sputtering and ion
beam–assisted deposition of silver on plastic surfaces have
also been evaluated. These processes are energy intensive
and most of the silver is lost through undesired reactor
wall deposition processes, and it can be applied only on
substrates of high thermal stability.

These conventional approaches focused on the genera-
tion of antifouling layers on various substrate surfaces, in-
cluding deposition of PEO and PEO-based copolymers. In-
corporation of antimicrobial substances into common or
modified polymeric structures and deposition of thin silver
layers have the following limitations for their application:

Physical adsorption of PEO or PEO-based copolymers
on polymeric surfaces usually results in the forma-

tion of labile films and even in less stable layers in
the cases of low surface energy polymeric materials
(e.g., PP, PE, Teflon).

PEO structures cannot be deposited on metal surfaces
and exploited in water environments due to their
high water solubility, while less-soluble PEO-based
structures require complex procedures for their syn-
thesis and deposition.

Conventional grafting processes developed for the co-
valent anchorage of PEO type structures on hy-
drophobic polymeric substrate surfaces require com-
plex wet chemistry processes and often the presence
of toxic solvents. The removal the trace solvent
amounts or other chemicals (toxic materials incorpo-
rated into the surface layers of the substrates as a
result of swelling processes) from the structure of
surface layers of the base polymers is sometimes
very difficult.

Photochemical grafting mechanisms have low efficien-
cies and the high-energy radiation processes usually
alter the bulk characteristics of the materials.

Polymeric materials are not conductive electrically;
consequently, thin silver layers cannot be deposited
using conventional electrochemical techniques. Sil-
ver does not have stable, volatile organometallic
compounds except a low–vapor pressure complex
derivative: perfluoro-1-methyl propenyl silver (50),
and as a result plasma-enhanced chemical vapor de-
position (PECVD) is also less attractive. The sput-
tering approach is also excluded for polymeric mate-
rials; their surface structures would be damaged by
the energetic (high temperature) metal particles.
Sputtering is also usually limited to low surface area
coatings.

IV. SURFACE FUNCTIONALIZATION
OF BIOMATERIALS USING
A COLD PLASMA APPROACH

Literature data accumulated in the last two decades indi-
cate that active species of cold plasma environments can
induce significant chemical reactions in the surface layers
of various substrates including organic or inorganic materi-
als. It has been demonstrated that surface characteristics
like surface energy, surface roughness, and optical and
electrical properties can conveniently be tailored under
plasma conditions. Due to the fairly high energy levels of
the plasma particles, even surface characteristics of materi-
als as inert as quartz or Teflon can be altered by selecting
the proper discharge environments (51–57).
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A. Cold Plasma State

The plasma state, the fourth state of matter, is associated
with the high energy content of the matter, and it can be
broadly defined as a collection of an equal number of oppo-
sitely charged gas phase carriers with a net zero electrical
charge. It is estimated that more than 95% of the known
universe exists in the plasma state. All active celestial bod-
ies are plasmas, and the interstellar space is also considered
as rarefied plasma. Lightning, the Northern lights, and the
ionosphere surrounding our planet are plasma states as
well.

Manmade plasmas can be created by increasing the en-
ergy content of matter regardless of the nature of the en-
ergy source. Mechanical, chemical, thermal, radiant, and
electrical energies can be employed for the creation of
plasma state. Plasmas are losing energy toward the walls
which confine them, and in order to sustain the discharge,
energy must be supplied into the system continuously. The
easiest way to supply energy into the plasma on a continu-
ous manner is by using electrical energy. This explains
why electrical discharges are the most common manmade
plasma states.

Depending on the nature of the electric or electromag-
netic fields that generate the plasma, DC, low- and high-
frequency AC, and microwave glow discharges can be de-
fined.

Close to totally ionized gases are termed as hot plasmas
(near-equilibrium discharges). In these cases, the tempera-
ture of both the charged species of atomic or molecular
origin and the electrons is extremely high.

Cold plasmas (glow discharges, silent discharges, and
nonequilibrium discharges) are produced in matter with
much lower energy contents. The degree of ionization is
small (10�1 to 5 � 10�3%), and the atomic and molecular
charged and neutral species have low energies, while the
electrons have relatively high energies. These electrical
discharges are nonequilibrium plasmas and, owing to the
low energy levels of the species composing the plasma,
they alone are suitable for modifying organic matter. Elec-
trical energy–initiated cold plasma states arise when the
accidentally free electrons (e.g., created by cosmic rays)
of a low pressure gaseous environment are accelerated by
electric or electromagnetic fields to kinetic energy levels at
which ionization, excitation, and molecular fragmentation
processes are generated. These energies are usually ex-
pressed in energy or temperature units (1 eV � 11,600K)
based on the kinetic theory. The mass of electrons being
much smaller than those of molecular or atomic species,
their velocities and consequently their kinetic energies will
be much higher in comparison to ions or free radicals.

Characteristic 3- to 4-eV electron energies of glow dis-
charges would be equivalent to 34,800–46,400K. How-
ever, owing to the low heat capacity of electrons these en-
ergies will not raise significantly the temperatures of the
surfaces which confine the plasma. These systems are char-
acterized by the simultaneous presence of photons, elec-
trons, ions of either polarity, neutral atoms and gas mole-
cules and their corresponding excited species, and
molecular fragments (mono and multiple free radicals).
They can be considered as quasineutral gases exhibiting
a collective behavior (local concentration of charges can
influence, for instance, the motion of particles through
long-range Coulomb effects) (58–61).

Depending on the nature of the electric or electromag-
netic fields that generate the plasma, DC, low- and high-
frequency AC (e.g., radiofrequency plasmas), and micro-
wave glow discharges can be defined.

B. Plasma Chemistry

The electron energy distribution of nonequilibrium (low
pressure) plasmas can be often described by a Druyvesteyn
approximation (Fig. 1) when the temperature of the elec-
trons is considered much higher than that of the ions and
when it is assumed that the only energy losses are by elas-
tic collisions (the electric field strength in the plasma is
sufficiently low to neglect inelastic collisions). However,
at higher degrees of ionization the influence of electron
density on the energy distribution can be significant
(60,61). It can be observed that a small number of electrons
have relatively high energies (5–15 eV), while the bulk of
the electrons belong to the low energy electron range (0.5–
5 eV). Since the ionization potentials of the atoms of com-

Figure 11.1 Druvesteyn electron energy distribution of a cold
plasma (average electron energy: 3 eV).
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mon organic structures belong to the tail region of the elec-
tron energy distribution (e.g., C� � 11.26 eV; H� � 13.6
eV; O� � 13.6 eV; N� � 14.53 eV, etc.), the low degrees
of ionization of cold plasmas appear obvious.

However, it is important to note that the energy range
of most of the electrons (2–8 eV) is intense enough to
dissociate almost all chemical bonds involved in organic
structures (62) and to create free radical species capable
of reorganizing into macromolecular structures. As a con-
sequence, all volatile organic compounds and organic de-
rivatives containing main group elements can be frag-
mented and/or converted into high molecular weight
compounds, even if they do not have the functionalities
peculiar for common monomers (63,64). The plasma-
generated macromolecular networks do not retain the
structural characteristics of the starting materials, they are
not based on repeating units. Consequently, the term
plasma polymers which is often used is inappropriate for
describing these structures. Higher energies are required
only for the dissociation of unsaturated linkages and the
formation of free radicals from a small number of atoms
(CH:, SiCl :, etc.). Thus, it can be understood why plasma-
generated macromolecular structures are usually character-
ized by unsaturation and branched and crosslinked archi-
tecture.

Besides the recombination mechanisms developed on
the surfaces which limit the plasma, the active species of
the discharge interact and continuously tailor the artifi-
cially exposed (reactor walls, various substrates, etc.) and
self-generated (e.g., plasma-synthesized macromolecular
structures) surface layers. The competition between the re-
combination–deposition processes and interaction of
plasma species with the nascent macromolecular structures
(etching) will control the intensities and the predominance
of ablation, surface functionalization, or macromolecular
film formation reactions.

Macromolecular plasma chemistry has developed in the
last two decades in the following directions: plasma-en-
hanced synthesis (deposition and/or grafting) of thin layer
macromolecular structures; conventional graft-polymer-
ization reactions from plasma-activated substrate surfaces;
surface functionalization of polymeric materials; and etch-
ing of inorganic or polymeric substrate surfaces.

C. Plasma Reactors

The most commonly used plasma reactors for the synthesis
of macromolecular structures and surface modification of
various substrates are radiofrequency (RF) installations
(62,65). These discharges can be excited and sustained
even by using insulated electrodes located inside or outside
the reaction chamber. This is an important feature relative

to DC plasmas because in the case of RF discharges dielec-
tric material depositions on the electrodes during the
plasma process will not significantly influence the regime
of the discharge. Radiofrequency plasmas can also be sus-
tained under lower pressure conditions and have higher
ionization efficiencies than DC discharges. The energies
of sample-bombarding ions of RF plasmas can conve-
niently be controlled by adjustable negative bias, while in
the case of DC plasmas this possibility is limited by the
breakdown voltage.

The main advantages of plasma chemistry versus con-
ventional wet chemistry approaches in the areas of coating
and modification (e.g., functionalization, ablation) of sur-
faces are

The energies of the active species of plasmas are com-
parable with the bond energies involved in all or-
ganic compounds and organic compounds con-
taining main group elements, and as a result all
volatile derivatives can be converted from their
plasma-generated molecular fragments into thin
layer macromolecular film depositions. This practi-
cally assures unlimited possibilities for the develop-
ment of structure- and functionality-controlled coat-
ings.

The controlled interaction of plasma state with surfaces
allows the tailoring of surface characteristics (chemi-
cal functionalities) and morphologies of even the
most inert substrates (e.g., Teflon, silica, etc.).

Cold plasma treatments are dry chemistry technologies.
The reaction mechanisms are mediated by the inter-
action of gas phase active species of the discharge
with solid surfaces (metal, inorganic, and organic
macromolecular compounds).

Plasma chemistry technologies usually require moder-
ate vacuum environments (100–10,000 mTorr) and
the active species of the discharge alter only the very
top layers of the substrates (deposition/etching). As
a consequence, these processes require very low
quantities of starting materials.

Plasma chemistry technologies are cost effective and
environmentally friendly.

V. PLASMA TECHNOLOGIES
FOR THE PREVENTION
OF PROTEIN ADSORPTION,
BACTERIAL ATTACHMENT,
AND BIOFILM FORMATION

The cold plasma state can be used to create new surface
functionalities, morphologies, and chemistries that will re-



Table 11.4 Cold Plasma–Enhanced Modification of Surfaces for the Control of Protein and Cell Adhesion

Results
Objective Experimental conditions Ref.

Covalent immobilization of PEO on al- 13.56 MHz RF reactor with external Successful cyanuric chloride–mediated 70
lylamine (AA) and allyl alcohol moving (controlled speed of capaci- immobilization of PEO from AA
(AAl) plasma–treated PET tor plates in same direction with va- and AA plasma–coated PET sur-

por flow) copper plate electrodes faces. AA-treated PET surfaces ex-
hibit higher PEO attachment than
AAl-modified PET substrates.

Evaluation of S. epidermis adhesion to Stainless steel, capacitively coupled, The S. epidermis adhesion on PS discs 71
hydrophilic films deposited on PS parallel plate reactor (RF power: coated with HEMA plasma films
from hydroxyethyl–methacrylate 40–100 W; base pressure: 15 Pa; was significantly higher than on PS.
(HEMA) plasma and the effects of gap between electrodes; 10 cm), The number of bacteria adhered to
surface energetic parameters on the with samples located on the water- plasma-coated and oxygen plasma–
bacteria–synthetic surface interaction cooled ground electrode treated PS was comparable. It is sug-

gested that a significantly higher
Lewis base characteristic associated
with the plasma-modified substrates
is responsible for this phenomenon.

Study of cell adhesion on ammonia, di- RF (125–375 kHz and 13.56 MHz) re- Surfaces resulting from oxygen-con- 72
methyl acetamid, methanol, and actor; specially designed vapor flow taining vapors do not bind sufficient
methyl methacrylate RF plasma– system for the controlled introduc- Fn from fetal bovine serum (FBS) to
coated fluoroethylenepropylene co- tion of vapors directly into discharge support cell attachment, and the ini-
polymer substrates evaluating the pu- zone (4–15 sscm); tape type sub- tial adhesion of HUEV cells has a
tative role of serum fibronectin (Fn) strate; reversible, speed-controlled high dependence upon FBS-origin
and vitronectin (Vn) in the initial at- transport mechanism for the tape Vn. Surfaces based on nitrogen-
tachment of human vein endothelia (0.05–0.4 m/min) containing gases/vapors more effec-
(HUVE) and human dermal fibro- tively bind FBS-origin Fn, resulting
blast (HDF) to surfaces coated under in a higher dependence of cell attach-
oxygen- and nitrogen-containing va- ment upon serum Fn. It was con-
por conditions cluded that cell adhesion to the nitro-

gen-based substrates is dependent
upon either Vn or Fn, but not exclu-
sively to one of them.

Evaluation of the platelet-adhesion ac- Tubular Pyrex glass reactor; degassed Fibrinogen adsorbs strongly on both 73
tivity of fibrinogen adsorbed on tetra- monomers; substrates initially treated TFE- and TCE-treated PET. It is sug-
chloroethylene (TCE) and tetrafluor- with Ar plasma (2.5 W; 3 cm3/min; gested that this tenacious binding be-
oehtylene (TFE) plasma–treated PET 0.1 mmHg; 3.3 mm/s) havior is related to the conforma-
surfaces tional rearrangement of fibrinogen,

which results in a molecular state,
that prevents its recognition and bind-
ing by platelet receptors.

Investigation of the adsorption and sub- 13.56-MHz, 300-W RF capacitively The adsorption of fibrinogen and albu- 74
sequent detergent elutability of fi- coupled tubular glass reactor pro- min to plasma-treated PET are com-
brinogen and albumin on virgin and vided with external movable (1–4 parable to their adsorption to PTFE
tetrafluoroethylene and perfluoropro- mm/s electrodes (Ar etched sub- and PET; however, their elutability
pane (PFP) plasma–treated polymer strates; TFE: 15 sscm; 200 µmHg; with SDS is much lower in compari-
(PET) surfaces, evaluating their rela- 30 W; 3.3 mm/s; and 3 sscm, 200 son to PTFE and PET.
tive adsorption-related thromboresis- µmHg; 2.5 W; 3.3 mm/s; PFP: 3
tance sccm; 200 µmHg; 2.5 W; 1 mm/s)

Study of deposition of ultrathin poly(2- Capacitively coupled, external elec- Plasma HEMA films deposited at low 75
hydroxyethylmethacrylate (PHEMA) trode, tubular glass, RF plasma reac- temperatures were similar in nature
by simultaneous condensation and tor provided with a liquid nitrogen and interacted similarly with fibrino-
RF plasma exposure of HEMA va- cooling system of the substrate gen in comparison to conventional
pors, comparing interaction of holder (0.2 Torr; 20 W; Ar plasma– PHEMA structures.
plasma and conventional PHEMA activated substrate: PE; deposition
surfaces with 125I-radiolabelled fi- time: 5 min for cooled and 15 min
brinogen for noncooled substrates.
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Table 11.4 Continued

Results
Objective Experimental conditions Ref.

Study of nitrogen and oxygen plasma– Plasmafab 505 (Electrotech, Bristol, Oxygen and nitrogen plasma–treated 76
mediated modification of PTFE for UK) plasma reactor (20 Pa for N2; 9 PTFE have improved wettability and
enhancement of adhesion of endothe- Pa for O2 plasmas; 250 W) human endothelial cell adhesion
lial cells and serum fibronectin (from serum-containing culture me-

dium) comparable to tissue culture
PS. The amounts of serum proteins
including fibronectin adsorbed to
plasma-modified substrates are larger
than those adsorbed on virgin PTFE

Study of the platelet activation and ad- 13.56-MHz inductively coupled, Pyrex Hydrophilic EO- and VP-based 77
hesion to ethylene oxide (EO) and glass RF plasma reactor [Ar plasma plasma-created macromolecular lay-
N-vinyl-2-pyrrolidone (VP) plasma– pretreatment; EO plasma: 15–100 ers do not prevent platelet adhesion
coated dimethyldichlorosilane mTorr; 20–80 W; EO flow: 0.8–8.6 and activation. The film thickness
(DDS)-treated glass substrates mL/min (STP); treatment time: 5–30 does not influence significantly these

min; VP plasma: 30 mTorr; 0.1 mL/ parameters. Based on adhesion data
min (STP); 30 W]. resulting from Pluronic structures, it

is suggested that steric repulsion
might be involved in the protein and
platelet repelling mechanisms

Evaluation of protein adsorption, cell Ar plasma–treated and oxygen-exposed Protein adsorption of high MPC con- 78
attachment, and biocompatibility of SR membranes sealed in glass am- centration pMPC-SR surfaces was re-
2-methacroyiloxyethyl phosphoryl- poules containing degassed MPC/eth- duced in comparison to SR. Epithe-
choline–grafted silicon rubber sur- anol solution and heated for a preder- lial cell attachment and growth onto
faces (pMPC-SR), prepared by mined time at 75°C the grafted samples were suppressed.
plasma-induced reaction mechanisms Platelet adhesion data indicate good

biocompatibility.
Evaluation of fibrinogen adsorption and RF pulsed allyl alcohol, allylamine, per- Surface functionalities do significantly 79

host tissue responses to hydrophilic fluorohexenes (PH), and hexamethyl- influence both the adsorption and de-
and hydrophobic plasma-function- disiloxane (HMDSO) plasma environ- naturation of adsorbed fibrinogen,
alized PET substrates ments (0.1 ms on, 3 ms off; 200 W) and these surfaces provoke different

degrees of acute inflammatory re-
sponses. It is suggested that surface-
induced conformational changes of
adsorbed fibrinogen may be critical
to the recognition of biomaterial im-
plants by phagocytes.

Analysis of the influence of free en- Tubular Pyrex glass, capacitively cou- TFE-treated polymers retain a larger 80
ergy of polymers (PET, PE, PTFE, pled reactor with external, stationary fraction of the adsorbed albumin
PDMS, and fluorocarbon-copolymer- or movable electrodes (2.5 W; 3 than ethylene- and HMDSO-modi-
coated PET) on resistance of ad- cm3/min; 0.1 Torr; 3.3 mm/s) and fied surfaces. It is suggested that the
sorbed albumin to sodium dodecyl presence or absence of Ar plasma albumin retention is closely related
sulfate (SDS) elution for untreated precleaning to their surface free energy, and that
and TFE, ethylene, and HMDSO RF the tight binding of albumin to the
plasma–exposed surfaces fluorocarbon polymers may be re-

lated to the strong hydrophobic inter-
actions.
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Table 11.4 Continued

Results
Objective Experimental conditions Ref.

Preparation of fouling-resistant PE, Capacitively coupled, external elec- Adsorption of 125I-labelled fibrinogen, 81
PTFE, TCPS, and glass surfaces by trode, RF tubular, heated glass reac- albumin, and IgG from buffer and
plasma deposition of macromolecu- tor (Ar plasma; 40W; 0.175 mmHg; plasma on plasma-treated polymer
lar layers from tetraethylene glycol 5 min) surfaces was very low in comparison
dimethyl ether (TEGDME) to unmodified substrata. Coated glass

substrates adsorbed more protein
than plasma-treated PE and PTFE.
Short-term nonadhesiveness of plate-
let and endothelial cells to plasma-
treated substrates was also observed.

Evaluation of five different gram-posi- 13.56-MHz RF tubular, capacitively Hydrophobic bacteria attached more to 82
tive and gram-negative bacteria and coupled, external electrode plasma re- hydrophobic (unmodified) Vicryl sus-
the different strains’adhesion to actor (plasma vapors: dimethylami- tures. Both plasma treatments gener-
plasma-treated Vicryl sutures noethylmethacrylate (DMAEMA) ated significant decrease in bacterial

and acrylic acid (AAc); 10 W; 5 attachment. The effect of AAc
min; 0.5 Torr; monomer flow: 30 plasma was more pronounced.
mL/min)

Study of adhesion of S. epidermis to Capacitively coupled, parallel plate re- Bacteria adhered more to the plasma- 83
plasma-deposited HEMA macromo- actor (gap between the electrodes: deposited or plasma-treated surfaces
lecular layers deposited on PS sub- 10 cm); water cooled electrodes than to PS. Experimental conditions
strates (HEMA plasma: 40–100 W; 15 Pa; did not have a significant influence

monomer temperature: 75°C; mono- on the adhesion efficiencies. It is sug-
mer flow: 10 cc(STP)/min; oxygen gested that electron donor–electron
plasma: 20 cc(STP)/min; 80 W; 20 acceptor interactions control the ad-
Pa) hesion mechanism.

XPS and SSIMS characterization of 13.56-MHz RF tubular, capacitively The surfaces of oligo(glyme)-origin de- 84
glass surfaces modified by plasma- coupled (external copper electrodes), posited layers appear to be populated
modified oligo(glyme) films glass reactor (20–80 W, base pres- with methyl-terminated oligo(ethy-

sure: 14–18 mT; oligo-glyme flow: lene oxide) chain ends. At higher RF
50 sccm; deposition time: 20 min) power values, the oxygen-based func-

tionalities are lost; the deposited lay-
ers have an unsaturated hydrocarbon
type character.

Evaluation of controlled release of anti- Glow discharge deposition of triglyme- The rate of initial bacterial cell adhe- 85
biotic (Ciprofloxacin) of triethylene and pBMA-origin layers (‘‘mono- sion to triglyme-coated PEU was
glycol dimethyl ether (triglyme) and mer’’ temperature: 60°C) 0.77% and to the pBMA-coated
poly(butyl methacrylate) (pBMA) PEU releasing ciprofloxacin was 6%
plasma–modified polyurethane mem- of the observed adhesion rates for
branes (PEU) to prevent bacterial the control PEU.
(Pseudomonas aeruginosa) adhesion
and biofilm formation

sult in a different interaction of discharge-exposed surfaces
with biomacromolecules and cells in comparison to the
nonmodified materials. Literature data indicate that a large
variety of plasma reactors, precursor plasma gases/vapors
(selected for the creation of specific surface functionalities
and surface layers), and experimental parameters has been
employed to control protein and cell adsorption and conse-
quently biofilm formation and foreign body–mediated in-
fections (66–69).

A. Plasma-Enhanced Modification
of Polymeric Substrates

Owing to this ‘‘multidirectional approach’’ the compari-
son and evaluation of experimental data and theoretical
considerations is very difficult and often the results are ap-
parently inconsistent. Accordingly, a tabular comparison
of experimental parameter space, objectives, and findings
appears more adequate (Table 4).



260 Denes and Manolache

Figure 11.2 Survey ESCA diagram of polyethylene, formaldehyde plasma–treated polyethylene, and silver-coated polyethylene.

Figure 11.3 High resolution C1s ESCA diagrams of untreated polyethylene (U), formaldehyde plasma–treated polyethylene (P), and
silver-coated polyethylene (Ag).
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B. Silver Deposition on Polymers

Plasma-enhanced deposition of thin silver layers on poly-
mer (dielectric) substrate surfaces and the production of
large quantities of high-concentration (200–400 ppm) col-
loidal silver solutions under dense medium plasma (DMP)
conditions have also been accomplished (86–88). Thin sil-
ver layers were deposited on formaldehyde plasma-func-
tionalized PE surfaces by involving ex situ, second-stage
Tollen’s reaction in the absence of plasma, where diammi-
nosilver (I) ions are reduced by the discharge-generated
aldehyde functionalities to metallic silver according to the
following reaction:

Figure 11.4 AFM images of untreated (left) and silver deposited (right) polyethylene.

The implantation of aldehyde functionalities was achieved
using paraformaldehyde (PF)–origin formaldehyde–RF
plasma environments. Formaldehyde is only available
commercially in water solution, and other aldehydes (alde-
hyde group precursors) are usually less volatile and would
also generate under plasma conditions undesired hydrocar-
bon-type fragments. Paraformaldehyde is a solid phase
material that decomposes at relatively elevated tempera-
tures into formaldehyde. Accordingly, a temperature-
controlled ‘‘formaldehyde feeder’’ was designed and em-
ployed. Aldehyde functionalities were implanted onto PE
surfaces under the following experimental conditions:
stainless steel, cylindrical, parallel-plate, capacitively cou-
pled reactor; frequency of the driving field: 40 kHz; base
pressure: 50 mTorr; formaldehyde pressure in the absence
of plasma: 200 mTorr; formaldehyde pressure in the pres-
ence of discharge: 400 mTorr; RF power dissipated to the
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Figure 11.5 SEM images of untreated (left) and silver-coated (right) polyethylene. Magnification: �24,000 (top); � 125,000 (bottom).

electrodes: 250 W; reaction time: 10 min; temperature of
the PF container: 170°C. Survey (Fig. 2) and high resolu-
tion C1s (Fig. 3), O1s, and Ag3d ESCA data indicate the
presence of silver on the surface of PE films and the forma-
tion of ECOOH functionalities as a result of the Tollen’s
reaction. Visual observation (metallized surface appear-
ance), AFM (Fig. 4), SEM, and energy dispersive x-ray
spectroscopy (Fig. 5) substantiate the presence of silver
particles of the plasma/Tollen’s modification of PE.

C. DMP Plasma Generation of Colloidal Silver

Water-based colloidal silver nanoparticles were prepared
in a redesigned version of DMP reactor. The DMP, a new
plasma tool, developed at the Center for Plasma Aided
Manufacturing (C-PAM), University of Wisconsin—Mad-
ison, allows the initiation and sustaining of discharges in
coexisting liquid/vapor medium at atmospheric pressure
and may offer a significantly higher efficiency for the pro-
cessing of liquid phase materials in comparison to common
plasma technologies.

The reactor (Fig. 6) is composed of a cylindrical glass
chamber (7), provided with two stainless steel upper and
bottom caps (9,17), and a cooling jacket (4). The rotating,
cylindrical, stainless steel, upper electrode (19) is equipped
with a quartz jacket for avoiding the penetration of the
reaction media to the electrode-sustaining central shaft and
bearings. The upper electrode has a cylindrically shaped,
cross-section disc end, which is terminated in an inter-
changeable ceramic pin array (8) and holder (23). The
lower electrode is hollow, has also an interchangeable con-
ical cross-section end piece, and in addition is provided
with channels (25) for the recirculation of the reaction me-
dia. Both the spirally located pin array and the interchange-
able metallic part of the lower electrode can be made of
different metals required by the specific plasma treatment.
In this case, for the synthesis of colloidal silver solutions,
both the spirally located pin array and the interchangeable
metallic part of the lower electrode are made of pure silver.
The distance between the pin array and the lower electrode
can be varied by a micrometric (thimble) screw system.
The reactor is vacuum tight (copper gasket sealings to
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Figure 11.6 Redesigned version of dense medium plasma reac-
tor. 1—DC power supply; 2—gases evacuation; 3, 26—coolant
exit and inlet; 4, 7—glass cylinders; 5—electrical contact; 6—
coolant; 8—ceramic pin array; 9, 17—caps; 10—nonrotating
electrode; 11—ground; 12—gas inlet; 13—motor; 14—digital
controler; 15, 18—magnetic coupling system; 16—liquid inlet;
19—rotating electrode; 20—sealed volume; 21—quartz isolator;
22—recirculating pump; 23—pins; 24—electrical discharges;
25—recirculated flux; 27—valve.

avoid the escape of the components of the reaction medium
into the environment), and the rotation of the upper elec-
trode is assured through magnetic coupling system (15,18).
The reactor can be operated in a batch-type or continuous
flow mode, depending on the specific application. The ro-
tation of the upper electrode is digitally controlled in the
range of 0–5000 rpm. The plasma (multitude of spark dis-
charges) can be initiated and sustained using adjustable
and commercially available DC or AC power supplies. Al-
though the actual mechanism for electron emission and en-
ergy transport through the liquid is not well characterized
at this time, the rotation of the electrode, and the spirally
arranged pin array system (which acts as a high current
density field emission arc source) will generate under DC

or AC voltage conditions many microdischarges covering
the whole area of the electrode surfaces.

Rotating the electrode serves several important pur-
poses. The action spatially homogenizes the multiple mi-
croarcs, activating a larger effective volume of fluid. Spin-
ning the electrode also simultaneously pumps fresh liquid
and vapors into the discharge zone, and it thins the bound-
ary layer between the emission tips and the bulk liquid.

Reactive or inert gases can also be introduced into the
reaction media during the plasma process through the hol-
low, lower electrode. The simultaneous presence of a gas
environment contributes also to the homogenization of the
reaction system and enhances the microarc formation pro-
cess owing to the lowered density of the media.

The DMP reactor shows an attractive potential for the
creation of an efficient way for the synthesis of nanopar-
ticle systems: the rapid spinning of the pin array electrode,
and consequently the microarc system, essentially converts
a surface process to a volume process. The individual ar-
clets, under spin, sweep out a circular volume of plasma
while simultaneously pumping fresh fluid into the reaction
zone, thus thinning the diffusive boundary layer and en-
hancing mobility of free radicals into the bulk. Accord-
ingly, all plasma-initiated and -sustained processes will be
more efficient and will have a volume character.

Typical colloidal silver solutions were prepared under
the following experimental conditions: initial liquid media:
200 mL pure water; angular speed of the upper electrode:
1000 rpm; DC voltage: 200 V; DC current during the pro-
cess: 1.0–1.5 A; flow rate of Ar (bubbled through the liq-
uid medium): 20 sccm; reaction time: 1 min; temperature
of the reaction medium: 8°C; modus operandi: batch-type.
SEM images of nanoparticle silver clusters formed by the
evaporation of 100 µL colloidal silver solution (200 mL
initial water; 20-s reaction time) show the nano-scale na-
ture of the DMP-plasma generated silver particles (Fig. 7).
It was demonstrated that the colloidal silver solutions have
very strong bactericid characteristics (Table 5). Extremely
short plasma treatment times are enough to kill high con-
centrations of bacterial populations. The following can be
concluded:

Cold plasma reaction mechanisms allow the deposition
of macromolecular layers, which, depending on the
starting components and the selected plasma param-
eters, can enhance or diminish the adsorption of pro-
teins and cells on various substrate surfaces.

For each application the specific plasma gases and reac-
tion conditions should be carefully selected.

Systematic investigations targeting the deposition of an-
tifouling layers should be developed for the specific
PEG precursor material (influence of experimental
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Figure 11.7 SEM image of nanoparticle silver clusters formed by the evaporation of 100µL colloidal silver solution. Magnification:
� 1,000 (upper left), � 50,000 (upper right), � 175,000 (bottom). Measured diameter: 33 nm.

parameters on the molecular fragmentation and sur-
face mediated recombination reaction mechanisms).

VI. PLASMA-MEDIATED IMMOBILIZATION
OF ACTIVE BIOMOLECULES

The advantages of using enzymes in chemical synthesis
are related to their very high specificity (regio- and stereo-
specificity) and versatility, to their mild reaction conditions
(close to room temperature and to pH neutral media), and
to their high reaction rates (89–91). However, due to the
poor recovery yields and reusability of free enzymes, much
attention has been paid to the development of efficient en-
zyme immobilization processes.

Immobilized enzymes are defined as enzymes physi-
cally confined in a certain region of a substrate with reten-
tion of their catalytic activities. The immobilization pro-
cess includes the localization of enzymes chemically or
physically on various insoluble (usually water-insoluble)
organic or inorganic polymer matrices. This research area
is currently generating increased interest among biochem-
ists, biophysicists, chemists, and physicists due to its inter-
disciplinary nature. Two main reasons attracted the atten-
tion of scientists in this field: first, it was obvious that the
results of these investigations can lead to potential for us-
ing immobilized enzymes as stable and renewable indus-
trial catalysts, and second these investigations might help
to understand the influence of heterogeneous environments
on enzyme-catalyzed reactions. Most biologically active in
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Figure 11.8 pH diagrams of enzyme assay involving free enzyme, one-step spacer-attached AC, three-step spacer-attached AC, and
directly attached AC to the polyethylene substrate. Experimental conditions: DS functionalization: base pressure: 40 mTorr; pressure
in the absence of plasma: 200 mTorr; pressure in the presence of plasma: 220 mTorr; RF power: 100 W; treatment time: 30 s; flow
rate DS: 6 sccm. Oxygen functionalization: base pressure: 40 mTorr; pressure in the absence of plasma: 200 mTorr; pressure in the
presence of plasma: 220 mTorr; RF power: 200 W; treatment time: 60 s; flow rate O2: 6 sccm.

Table 11.5 Bacterial Inoculum Treated in DMP Reactor

Plate counts of
surviving bacteria

No. Sample (log CFU/mL) (CFU/mL)

1 Initial inoculum of water 5.73 537,032
2 Water held until treated samples were plated 5.41 257,040
3 Bacteria sample treated for 5 s �1.0 0
4 Bacteria sample treated for 10 s �1.0 0
5 Bacteria sample treated for 1 min �1.0 0
6 Water ACS treated for 1 min and added 1:1 �1.0 0

to bacteria sample
7 1 mL of bacteria sample treated for 10 s 3.69 4,898

added to 200 mL untreated bacteria
sample

Note: Reactor: 200 V; 1 A.
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vivo species, such as enzymes and antibodies, function in
heterogeneous media. These environments are difficult to
reproduce in vitro for applicative purposes. Immobilized
enzyme systems are useful for experimental and theoretical
research purposes for understanding the mechanisms of in
vivo biocatalyzed reactions, and can offer solutions for use
in batch-type reactions where there is a poor adaptability
to various technological designs and recovery of the en-
zymes is difficult. Most of the intracellular enzymes are
working under such environments and do not meet the Mi-
chaelis–Menten dilute solution conditions.

The molecular recognition ability and activity of en-
zymes (polypeptide molecules) are based on their complex
three-dimensional structures containing sterically exposed,
specific functionalities. The polypeptide chains are folded
into one or several discrete units (domains) which repre-
sent the basic functional and three-dimensional structural
entities. The cores of domains are composed of a combina-
tion of motifs which are combinations of secondary struc-
ture elements with a specific geometric arrangement. The
molecular structure–driven chain-folding mechanisms
generate three-dimensional enzyme structures with protein
molecules orienting their hydrophobic side chains toward
the interior exposing a hydrophillic surface. The
EC(R)ECOENHE based main chain is also organized
into a secondary structure to neutralize its polar compo-
nents through hydrogen bonds. These structural character-
istics are extremely important, and they make the enzyme
molecules very sensitive to the morphological and func-
tional characteristics of the potential immobilizing sub-
strates. High surface concentrations of enzyme-anchoring
functionalities can result, for instance, in excessive enzyme
densities or multipoint connections which can ‘‘neutral-
ize’’ the active sites or can alter the three-dimensional mor-
phologies of the enzyme molecules through their mutual
interaction and their interaction with the substrate surfaces.
These are just a few of the factors that may be responsible
for the significantly lower activities of immobilized en-
zymes in comparison to the activities of free enzyme mole-
cules. Rough substrate surface topographies or stereoregu-
lar surfaces (e.g., isotactic or syndiotactic polymers) might
also influence, in a positive or negative way, the specific
activities. Morphologically ordered surfaces might induce
changes of the stereoregular shapes of protein molecules.
Recently it has been found that enzymes can adopt more
than one functional conformation other than its lowest po-
tential energy state (92). Consequently, one of the potential
solutions for achieving enhanced immobilized enzyme ac-
tivities, comparable to that of the free enzymes, would be
to intercalate selected length and densities of spacer mole-
cules between the substrate and the enzyme molecules dur-
ing the immobilization reaction processes (93–97).

Techniques for immobilizing enzymes can broadly be

divided into two categories: chemical and physical meth-
ods. Chemical methods of immobilization involve the for-
mation of at least one covalent bond between one or more
enzyme molecules and the polymer matrix. These pro-
cesses are usually irreversible. Physical methods include
adsorption (e.g., electrostatic interaction) and entrapment
within microcompartments (e.g., entrapment of enzyme
within gel matrices or semipermeable microcapsules, etc.)
and are usually based on reversible bond formations.

The classification of enzyme immobilization techniques
can also be made according to the binding procedure: car-
rier binding, crosslinking, and entrapping (98). Carrier
binding can be accomplished by physical adsorption, ionic
bonding, and covalent bonding, while entrapping can be
achieved by microencapsulation and lattice entrapping.
According to the carrier binding technique, the amount of
the enzyme bound to the carrier and the activity after im-
mobilization depend on the nature of the inorganic or or-
ganic carrier. An increase of the densities of the hydro-
philic groups on the carrier surfaces and the concentration
of the bounded enzymes results in enhanced activity of the
immobilized enzyme.

Covalent attachment of enzymes to a solid phase matrix
must involve only functional groups of the enzyme that
are not essential for catalytic action. This immobilization
approach is much more complex and less mild than those
based on physical adsorption and ionic binding procedures.
As a consequence, covalent binding may alter the confor-
mational structure and the active centers of the enzyme,
resulting in diminished activity. However, due to the cova-
lent bonding, the immobilized enzyme will not be released
into the surrounding liquid environment even in the case
of reactive substrates and under high ionic strength condi-
tions.

Physical adsorption immobilization of enzymes causes
little or no conformational change of the enzyme or annihi-
lation of its active centers. However, due to the much
weaker forces (van der Waals, hydrogen bonding, etc.)
which retain the protein molecules on the carrier surfaces,
the enzyme may be released from the carrier surface and
diffuse into the surrounding solution.

The ion binding method relies on the attachment of the
enzyme molecules by charged functionalities (e.g., ion ex-
change residues) present on the surfaces of water-insoluble
carriers. This approach causes little change in the confor-
mation and the active site of the enzyme, and as a conse-
quence the activity of the immobilized enzyme is usually
high. The enzyme-to-carrier linkages are significantly
stronger in this case, in comparison to the physically ad-
sorbed enzyme systems, but are less strong than in covalent
binding. Dissociation of the enzyme from the carrier sur-
face under high ionic strength solution conditions (specific
pH values) is one of the weak points of this approach.
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A. Plasma Functionalization of Natural
and Synthetic Supports

Immobilization of active enzymes from 40 kHz and 13.56
continuous wave (CW) and pulsed MHz, capacitively cou-
pled, RF plasma–functionalized natural and synthetic
polymer surfaces has been accomplished in the absence
and presence of spacer molecular chains intercalated be-
tween the polymeric substrates and the immobilized en-
zyme (99–102). It has been demonstrated that oxygen, hy-
drazine, and dichlorosilane RF plasma environments are
proper for the implantation of carbonyl, primary amine,
and halosilane functionalities onto various polymeric sub-
strate surfaces, including poly(ethylene terephthalate),

(A)

(B)

Scheme 11.1 (A) Direct immobilization of enzyme from oxygen plasma–functionalized PE (aldehyde and ketone groups). (B) Immobi-
lization of enzyme involving SiHxCly functionalities, from SiH2Cl2 RF plasma–functionalized PE. (C) Immobilization of enzyme involv-
ing spacer molecules from SiH2Cl2 RF plasma–functionalized PE.

polypropylene, polyethylene, atactic and isotactic polysty-
rene (APS, IPS), and cellophane, and that α-chymotrypsin
can conveniently be immobilized under ex situ plasma
conditions directly to the substrate surfaces or by involving
spacer chain molecules generated under in situ conditions
in the absence of the discharge, according to the reaction
mechanisms shown in Scheme 1 (99–101).

The activity of the immobilized enzymes was evaluated
by monitoring the pH change as a result of the enzyme-
induced hydrolysis of acetyl tyrosine ethyl ester. The pH
values were recorded using a Virtual instrument (Lab-
View) serial connected to a pH meter. The enzyme activity
was also tested by reusing thoroughly washed enzyme-
immobilized substrates for as many as five cycles.
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(C)

Scheme 11.1 Continued

The presence of the enzyme on the polymeric substrate
surfaces and the covalent nature of the anchorage was dem-
onstrated by x-ray photoelectron spectroscopy, attenuated
total reflectance, Fourier transform IR spectroscopy,
atomic force microscopy, and laser desorption Fourier
transform ion cyclotron resonance mass spectroscopy tech-
niques. It was shown that the tacticity of the polystyrene
substrates do not influence the activity of the immobilized
α-chymotrypsin; however, spacer molecules intercalated
between the synthetic polymeric substrates and enzyme
significantly increase the enzyme activity (Fig. 8) (99,100).
It was suggested based on computer-aided conformational
modeling of the substrate–spacer system (Fig. 9) that the
enhanced enzyme activity might be related to the increased
freedom of mobility of α-chymotrypsin as a result of the
intercalation of spacer-chain molecules. The stability of

Figure 11.9 Space-filling models of the conformations of
HFGA and HFGA-PD-HFGCl spacers attached onto polyethyl-
ene surface.
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the immobilized enzyme was found to be fairly good in all
cases; it retained most of its activity after several washing/
assay cycles.

Cellophane (CE), a natural polymeric material which
swells in water-based environments, has also been tested
as a substrate for the plasma-enhanced immobilization of
α-chymotrypsin (101). Results from 40 kHz and 13.56
MHz CW and pulsed hydrazine plasma treatments of CE
revealed that the 40-KHz plasma environments generate
significantly rougher cellophane surfaces in comparison to
the pulsed 13.56-MHz plasma conditions (Figs. 10 and 11).
It also has been shown that the longer the plasma treatment
time (e.g., the longer the plasma-on interval of the duty
cycle), the higher the surface roughness of the plasma-
exposed CE, regardless of the low or high driving fre-
quency conditions. Accordingly, most of the enzyme im-

Figure 11.10 Surface topography of the untreated (A—SEM; D—AFM) and 40-kHz HY plasma–treated cellophane for the lowest
(B—SEM; E—AFM) experimental conditions (power: 100 W; treatment time: 15 min) and the highest (C—SEM) experimental condi-
tions (power: 150 W; treatment time: 25 min) crystallinity index samples.

mobilization reactions were carried out using cellophane
substrates exhibiting the lowest surface roughness in order
to avoid the influence of the plasma-created cavity struc-
tures on the physical retention of the enzyme on the CE
surface (Tables 6 and 7). Enzyme assay data indicate that
the activities of the immobilized enzyme from CEE

COE(CF2)3E COEOH and CEE[COECOE

NHE(CH2)2ENH]n ECOECOECl (where n � 1, 2,
and 4) spacer-chain segments and that of the enzyme di-
rectly immobilized to the CE substrate from CCCO
groups are comparable with the activity of the free enzyme
(Fig. 12). It was also found that the presence of CE in the
free enzyme solution reduces significantly the activity of
the enzyme, and that the spacer molecular chains interca-
lated between the substrate and the enzyme do not enhance
the activity of the immobilized enzyme in comparison to
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Figure 11.11 Surface topography of the 13.56-MHz HY plasma–treated cellophane surfaces for the lowest (A—SEM; C—AFM)
experimental conditions (power: 140 W; treatment time: 22 min; pulse period: 700 µs; duty cycle: 35%) and the highest (B—SEM;
D—AFM) experimental conditions (power: 140 W; treatment time: 22 min; pulse period: 300 µs; duty cycle: 65%) crystallinity index
samples.

Table 11.6 Activity of Cellophane-Absorbed AC after Successive Washing

pH after pH after pH after
Ultrasonic Ultrasonic

No. Substrate 5 min 20 min washed 5 min 20 min washed 5 min 20 min

1. Cellophane 6.3 5.3 None 5.6 5.6 None 5.7 5.6
2. Cellophane 6.2 5.3 Yes 5.9 5.8 Yes 5.2 5.1
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Table 11.7 Activity of AC Covalently Linked to Cellophane

Plasma conditions Activity pH after

No. Sample Gas Power supply Spacer Enzyme 5 min 20 min

1. Cellophane — — — — 7.1 7.0
2. Free enzyme — — — Yes 4.5 4.1
3. Free enzyme/ — — — Yes 4.9 4.8

cellophane
4. Cellophane HY 140 W, 22 min, pulsing — Yes 6.6 6.1

700 µs, 35% duty
5. Cellophane HY 140 W, 22 min, pulsing HFGA Yes 6.4 6.0

700 µs, 35% duty
6. Cellophane HY 140 W, 22 min, pulsing OC Yes 5.5 5.1

300 µs, 65% duty
7. Cellophane HY 140 W, 22 min, pulsing OC Yes 5.6 5.2

700 µs, 35% duty
8. Cellophane HY 140 W, 22 min, pulsing OCE(EDA-OC)2 Yes 5.1 4.7

700 µs, 35% duty
9. Cellophane HY 140 W, 22 min, pulsing OCE(EDA-OC)4 Yes 5.2 4.7

700 µs, 35% duty
10. Cellophane O2 140 W, 11 min, pulsing — Yes 5.0 4.5

700 µs, 35% duty
11. Cellophane O2 140 W, 11 min, pulsing — Yes 5.0 5.0

300 µs, 65% duty

Figure 11.12 Activities of the free enzyme and the enzyme immobilized on cellophane samples expressed as time-dependent pH
changes.
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the enzyme directly, covalently attached in the absence of
spacer molecules. It is suggested that the swollen state of
the CE plays a significant role in the deactivation both
of the free and immobilized enzyme molecules as a result
of the entrapment of the enzyme molecules into the three-
dimensional complex CE matrix. The incorporation of en-
zyme molecules into the swollen environment might result
in reduced freedom of mobility and might also alter the
supramolecular morphology of the enzyme through the de-
velopment of multipoint connections (Scheme 2).

Papain has also been immobilized on RF plasma–func-
tionalized polyethylene and glass substrate surfaces in the
presence and absence of spacer molecules (Scheme
3) (102).

It has been shown that the activities of the papain, im-
mobilized involving dichlorosilane (DS), propylenedia-
mine (PD), oxallyl chloride (OC), and DS–PD–hexaflu-
oroglutaric anhydride (HFGA)–based one- and multistep
spacer chains, are comparable with the activity of the free
enzyme, and that the activity of papain anchored directly
to the oxygen plasma–functionalized PE substrate surfaces
is significantly lower (Fig. 13). However, the papain cova-
lently anchored to the PE surface by involving a longer
spacer chain (PEEDSE[PDEOC]3EPDEOC) has
considerably lower activity (pH after 25 min: 5.7) in com-
parison to that of two-step spacer chain–linked papain
(PEEDSEPDEOCEPDEOC) (pH after 25 min: 4.6)
(Fig. 14). Computer-aided conformational modeling of the
two- and four-step spacer chains revealed that the most
probable conformations for two- and four-step systems
render distances between the terminal active sites
(ECOCl) and the PE substrate surface of 5.3 and 3.1 Å,
respectively (Fig. 15). Accordingly, it is suggested that the
distance of the immobilized enzyme relative to the surface
of the substrate might influence significantly the activity
of the enzyme.

The influence of the concentration of N-α-benzoyl L-
arginine ethyl ester (BAEE) substrate on the activities of
free and immobilized enzyme were also evaluated. It was
found that at higher BAEE concentrations (12 mM) the
activities of immobilized enzymes are comparable with
that of the free enzyme, and that at lower concentration
values of BAEE the activity of the directly connected pa-
pain to the PE is significantly diminished relative to the
free and spacer chain–anchored enzyme molecules. It is
suggested that the modification of the conformational
shape of papain as a result of the close vicinity to the PE
substrate might be responsible for this phenomenon.

The Lineweaver–Burk diagrams plotted for the free pa-
pain and for the enzyme anchored directly and by involv-
ing spacer chains (Fig. 16; Table 8) indicate that the Mi-
chaelis constant, Km, of spacer-immobilized papain are

(A)

(B)

Scheme 11.2 (A) Immobilization of enzyme involving
NHENH2 and NH2 functionalities from N2H4 RF plasma–func-
tionalized PE. (B) Immobilization of enzyme involving spacer
molecules from N2H4 RF plasma–functionalized PE.
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Scheme 11.3 Immobilization of papain involving RF plasma–functionalized polyethylene (PE).

higher in comparison to the Km values of free and directly
anchored enzyme. On the other hand, the maximum reac-
tion velocity (Vm) value of spacer chain (one-step)–immo-
bilized papain is comparable to that of the free enzyme,
while the Vm value of the directly connected papain is sub-
stantially lower. It is suggested that the activity of the di-
rectly anchored papain to the PE was diminished signifi-
cantly during the close-vicinity coupling.

Trypsyn (from bovine pancreas type III) was also cova-
lently immobilized onto plasma-functionalized polytetra-
fluoroethylene substrate surfaces (103). The surface modi-
fication of PTFE was carried out in a two-step reaction.
Soxhlet, methanol extracted, thin PTFE films (0.01 cm)
were first pretreated under argon plasma conditions (bell
jar type reactor; gap between the parallel plate electrodes:
8.0 cm; rotating substrate holder located between the elec-
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Scheme 11.3 Continued

trodes; 5 kHz; 28 W; 0.04 Torr) followed by the near-UV
radiation–mediated graft polymerization reactions of
acrylic acid (AAc), sodium salt of styrensulfonic acid
(NaSS), and N,N-dimethacrylamide (DMAA). The AAc
graft polymer films were further functionalized via cova-
lent immobilization of trypsin. It has been shown that a
stratified thin-layer microstructure is generated on the
PTFE substrate surfaces and that the graft yields increased
with the argon plasma pretreatment time and monomer
concentration (Fig. 17) during the graft polymerization re-
actions. Acrylic acid and NaSS polymers grafted with
PTFE substrates coated with thin polyaniline (emeraldine)
layers resulted in semiconducting surfaces as a result of
charge transfer interactions. The immobilized trypsin re-
tained around 30% of its original activity, and the effective
enzyme activity was dependent on the surface concentra-
tion of the grafted AAc polymer. The enzyme activities
increased initially with increasing AAc graft polymer con-
centrations, then became saturated at higher AAc polymer
concentration values.

B. Plasma-Assisted Development of Biosensors

The development of reliable and sensitive glucose biosen-
sors will open up novel ways for the continuous in vivo
monitoring of this clinically relevant compound. It is not

surprising, then, that the immobilization of glucose oxidase
(GOD) has become an increasingly active research area in
recent years. Approaches for the achievements of efficient
immobilization of GOD based on cold plasma techniques
offer additional possibilities in this area.

Glucose oxidase was immobilized onto PE substrates
functionalized according to a multistep reaction mecha-
nism, involving argon plasma treatment followed by expo-
sure to oxygen (for the generation of hydroperoxid groups)
as a first step, and the activities of the immobilized en-
zymes were compared to that of the free GOD (Scheme
4) (104).

Glucose oxidase was anchored covalently to the modi-
fied PE surface in the absence and presence of poly(ethyl-
ene oxide) spacer molecules. It was demonstrated that the
amount of immobilized GOD depends significantly on the
initial GOD concentration in the low concentration range,
and it remains constant at higher initial GOD concentration
values (Fig. 18). Glucose oxidase immobilized onto poly-
meric films in the absence and presence of PEO spacer
chains obeys the Michaelis kinetics. The Michaelis con-
stant, Km, was found to be larger for the immobilized GOD
than for the free enzyme, while the Vm value was smaller
for the immobilized enzyme (Table 9). The bioactivity of
PEO-modified PAAc-grafted PE (PAAc-PEO-GOD) was
also higher than that of PAAc-grafted PE (PAAc-GOD).
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Figure 11.13 pH diagrams of enzyme assay involving free papain, DCS-PD-HFGA spacer-attached, DCS-PD-OC spacer-attached,
and directly attached papain to the polyethylene substrate.

Both the thermal and pH stabilities of the immobilized en-
zymes prepared in the absence of spacer PEO were higher
in comparison to the same characteristics of the immobi-
lized enzyme involving spacer molecules.

Glucose oxidase was also immobilized onto RF
plasma–modified poly(etherurethane urea) (PEUU), and
the activities of the free and immobilized enzymes were
evaluated by measuring the amount of hydrogen peroxide
produced in the GOD-catalyzed redox reaction developed
between the glucose and oxygen using cyclic voltametry
and a specially designed sandwich-type thin layer electro-
chemical cell (105). Approximately 100-nm thick films of
plasma-polymerized N-vinyl-2-pyrrolidone (PPNVP)
were deposited onto PEUU films by RF glow discharge
to PPNVP/PEUU layers. Surface hydroxyl groups were
generated by the reduction of carbonyl functionalities
present in the PPNVP layers with aqueous sodium borohy-
dride, then the films were activated by cyanotransfer cou-
pling using 1-cyano-4-dimethyl-aminopyridinium tetra-
fluoroborate. The first and second cycles of a typical cyclic

voltammogram of a GOD-PPNVP/PEUU thin layer cell
under air is presented in Fig. 19. It was concluded that the
incorporation of GOD, immobilized onto a thin film of RF
plasma–modified PEUU into the thin layer chamber al-
lowed for the detection of immobilized enzyme activity at
room temperature.

A glucose sensor was fabricated using semiconductor
dry technology and plasma-deposited macromolecular lay-
ers, originating from ethylendiamine RF discharge (106).
The sensor was prepared by the successive deposition of an
intermediate adhesive dexadimethyldisiloxane (HMDSO)
and a functional (amino group–bearing) ethylenediamine
plasma layer on glass substrates, followed by patterned
platinum sputtering. The plasma-enhanced depositions
were carried out in a Pyrex glass, tubular reactor provided
with an external inductive copper coil under the following
experimental conditions: frequency of the driving field: 10
MHz; base pressure: 7 � 10�3 Pa; RF power: 40 W; pres-
sure of the plasma vapors: 4.6 Pa; deposition time: 1 min.
Immobilization of GOD was achieved by applying 2.5%
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Figure 11.14 pH diagrams of enzyme assay involving two- and four-step spacer-attached papain onto the polyethylene substrate
surfaces.

Figure 11.15 Influence of spacer chain length on the activity
of the immobilized enzyme (lowest pH after 25 min, highest en-
zymatic activity). Molecular design for 2 and 4 units of alternat-
ing 1,3-propylene diamine and oxalyl chloride spacer chains are
computed using Conformer and Chem3D.

aqueous solution of glutaraldehyde to the surface of
plasma-deposited ethylenediamine-based film, followed
by washing and by the exposure of the functionalized
plasma film to a 0.1% GOD solution (phosphate buffer:
pH 5.6). The evaluation of the activity of the immobilized
enzyme was performed using amperometric technique. It
was demonstrated that the biosensor has a short response
time (12 s) and is effective for glucose concentration esti-
mation in the range of 0 to 30 mM with a detection limit
of 1 mM.

High-performance glucose biosensor was also devel-
oped using acetonitrile–RF plasma–deposited, cross-
linked, thin macromolecular layers (107). The step-by-step
schematic diagram of the biosensor fabrication is presented
in Scheme 5.

Hexamethyldisiloxane (HMDSO) and acetonitrile (AN)
RF plasma environments (HMDSO plasma—Pyrex glass
bell jar type reactor; 13.56 MHz; inductive coupling; base
pressure: 10�3 Pa; RF power: 100 W; flow rate HMDSO:
15 mL/min; HMDSO pressure: 4.6 Pa; deposition time: 1
min; resulting film thickness: 100 nm; AN plasma—base
pressure: 10�3 Pa; RF power: 80 W; flow rate AN: 15 mL/
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Figure 11.16 Lineweaver–Burk plot for (�) free papain, (�) direct, and (■) spacer-attached papain onto plasma-treated polyethylene.

min; AN pressure: 2.1 Pa; deposition time: 1 min; resulting
film thickness: 118 nm) were employed both for the depo-
sition of an intermediate layer between the glass substrate
and the sputtered platinum electrode and for the generation
of AN-based reactive surface. A second biosensor was
also fabricated by substituting the AN plasma step (AN-
based plasma deposition) for a conventional APTES step
[functionalization via 3-(aminopropyl)triethoxysilane)
(APTES) in the absence of plasma], and the performances
of the two devices were compared. It is concluded based
on steady-state amperometric responses (Fig. 20) that the
sensors fabricated using AN plasma films are more repro-
ducible, exhibit lower noise, and have a reduced effect of

Table 11.8 Michaelis Parameters Km and Vm at pH 6.1
and 25°C

Sample Km(µM/g) Vm(µM/min � g)

Free papin 12.3 0.00861
Immobilized papain on DCS 12.7 0.0101

plasma–treated PE and 1,3-
DAP-OC–attached spacer

Immobilized papain on oxygen 4.5 0.00642
plasma–treated PE

interference than the sensors made using conventional im-
mobilization method (e.g., APTES). It is suggested that
due to the highly crosslinked network structure of the
plasma-deposited AN-based layers and their thin layer
character, the amperometric response was significantly re-
duced.

Amperometric and colorimetric enzyme immunoassay
biosensor was developed for the evaluation of concentra-
tion of insulin in serum and that of urinary human serum
albumin (HAS) using as a molecular recognition element
antibodies and enzymes immobilized on water vapor
plasma–functionalized microporous, hydrophobic poly-
propylene films (108–110). The biaxially streched PP
films were partially functionalized in a bell jar type reactor
equipped with aluminum, parallel plate electodes (180 �
180 � 1 mm) with a gap between them of 180 mm. The
PP film was sandwiched between two aluminum masks
(180 � 180 � 4 mm), provided with 64 holes of 6 mm in
diameter, and positioned symmetrically between the elec-
trodes and exposed to the water vapor discharge (base pres-
sure: 10�3 Torr; driving frequency: 5 kHz; power:42 W;
treatment time: 5 min; pressure in the presence of dis-
charge: 0.5 Torr) in order to generate the water-permeable
6-mm hydrophilic spots on the membrane. The hydrophilic
spots were aldehyde groups functionalized by a conven-
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tional consecutive octamethylenediamine and glutaralde-
hyde treatment. The proteins were immobilized by drop-
ping on each functionalized spot of the membrane 20 µL of
antiserum, diluted 150-fold in 0.15 M phosphate buffered
saline (PBS) (pH 7.2) and incubated at 4°C overnight.
Then, 20 µL of 0.3% (w/v) BSA solution was applied at
25°C for 2 h. After each treatment with protein the film
was washed with 0.15 M PBS (pH 7.2). Results from the
immunoreactions performed on the antibody-immobilized
membrane spots (a competitive reaction between GOD-
HAS and HAS), amperometric determination of HAS, and
colorimetric evaluation of HAS indicate that the measur-
able range of this system is between 0.5 to 100 mg/L HAS
in urine, which is suitable for the prognosis of diabetic
nephritis.

Urea biosensor was also assembled from ammonia
plasma–treated PP membrane (111,112). One side of a po-
rous Celgard PP (pore size: 0.04 µm; thickness: 25 µm)
membrane was ammonia plasma treated in a bell jar type
reactor (base pressure: 0.1 Torr; ammonia pressure: 0.2–
0.9 Torr; driving field frequency: 13.56 MHz; RF power:
20–60 W; ammonia plasma exposure time: 1–6 min), and
subsequently ex situ functionalized in the presence of a
3% glutaraldehyde aqueous solution (pH: 7.0; 20 h; 25°C).
It is suggested that the ammonia plasma treatment resulted
in the generation of nitrogen atom–based functionalities
on the PP surface.

A urea sensor was assembled by substituting the gas-
permeable membrane of an ammonia electrode for plasma-
modified membrane containing the immobilized urease. It
was demonstrated that there is a strong interdependence
between the external plasma parameters (pressure, RF
power, and reaction time) and the activity of the immobi-
lized urease (Figs. 21–23). This might be explained by the
retention of different enzyme densities on the PP mem-
brane surfaces. It was shown that the urea sensor has re-
sponse sensitivities ranging from 19 mV/decade to 30 mV/
decade, depending on the plasma parameters employed,
and it has a shorter response time in comparison to the
corresponding conventional urea electrodes. It was empha-
sized that deamination of the plasma-modified PP mem-
brane did not occur in aqueous solution, even after 12 days
of operation.

Application of extremozymes, enzymes that are capable
of surviving under harsh conditions, including low and
high pH environments, extreme temperatures and pressure,
organic solvent environments, etc., immobilized on ce-

Figure 11.17 Effect of Ar plasma pretreatment time on the
amount of surface-grafted (a) AAc, (b) styrenesulfonic acid, and
(c) DMAA polymer on PTFE films (From Ref. 103.)
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Scheme 11.4 Immobilization of glucose oxidase onto PE substrates functionalized according to a multistep reaction mechanism.
(CMC—1-cyclohexyl-3-(2-morpholinoethyl) carbodiimide metho-p-toluene sulfonate.)

ramic substrate surfaces presents a special interest for bior-
eactor applications. Recently glucoamylase was immobi-
lized on γ-aminopropyltriethoxysilane/water vapor corona
discharge–modified ceramic membrane surfaces, and the
activity of the covalently bound glucoamylase was evalu-
ated (113). The schematic diagram of the corona discharge
apparatus is presented in Fig. 24. The surface modification
and enzyme immobilization reaction mechanisms are
shown in Scheme 6.

The tubular alumina eramic membranes are placed be-
tween two rod type (exciting electrode) and coil copper
(discharge electrode) electrodes, and the discharge is initi-
ated and sustained in the vapor phase mixture, at atmo-
spheric pressure at 9.5 kHz and 20 kV. It is emphasized
that the corona discharge is a less aggressive technique for
the fragmentation of gas phase molecules, and conse-
quently a larger part of the structures of the starting com-
ponents can be retained in the nascent plasma-deposited
layers. It was demonstrated that the plasma-enhanced im-
mobilization of glucoamylase is more efficient relative to

the conventional technique, and that the corona-immobi-
lized enzyme is active in a broader pH and temperature
range in comparison to the free enzyme (Figs. 25–27). It
also has been found that the operational stability of the
immobilized enzyme increased with the number of plasma-
enhanced surface modification processes.

The toxicity of organophosphorus derivatives (neuro-
toxins) and their use in agricultural and military applica-
tions stimulated the development of accurate detection
methods for monitoring the concentrations of these neuro-
toxins. One of the promising approaches to this subject is
to use organophosphorus hydrolase (OPH) for the develop-
ment of efficient biosensors (114,115). Organophosphorus
hydrolase is often used as an alternative to acethylchol-
inesterase, which requires inhibition-mode sensor opera-
tion, long sample incubation time, and a constant source
of acethylcholine substrate. Organophosphorus hydrolase
hydrolyzes a range of organophosphate esters (e.g., pesti-
cides, parathion, soman, sarin, etc), and as a result protons
are generated that can be measured and correlated to the
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Figure 11.18 Effect of the GOD concentration on the amount
of GOD immobilized onto (�) PAAc-grafted PE and (�) PEO
spacer-modified PAAc-grafted PE at 4°C and 16 h. (From
Ref. 104.)

concentrations of the organophosphorus derivatives
(OPDs). The hydrolysis of some of the OPDs produce spe-
cific chromophoric sites, which allow spectroscopic con-
centration evaluation of OPDs. Potential efficient plasma-
enhanced immobilization routes of OPH can be envisaged
for the fabrication of biosensors for the detection and mon-
itoring of the concentration of OPDs.

Immobilization of tailored-structure synthetic, active
biopolymers (e.g., synthetic peptides, polysaccharides)
might play a significant role in the future for the study and
the development of high quality biosensors. Recently it
was suggested that ‘‘side effects’’ associated with the im-
mobilization and use of natural biopolymers during prelim-
inary studies could be avoided. For example, immobilized
proteins may partly or entirely lose their activities through
denaturation mechanisms, extracellular enzymes may rap-

Table 11.9 Michaelis Parameters Km and Vm

at pH 5.6 and 30°C

Sample Km(mM) Vm(mM/min)

GOD 23.58 5.62
PAAc-GOD 31.44 4.17
PAAc-PEO-GOD 27.33 4.75

Figure 11.19 Cyclic voltammogram of a GOx-PPNVP/PEUU
thin-layer cell in 0.2 M sodium phosphate/5 mM β-D(�)-glucose
(pH 5.2) under air. Sweep rate: 1.0 mV/s. (a) First cycle; (b)
second cycle. (From Ref. 105.)

idly break down a surface-anchored protein layer, and bio-
logical coating may generate safety hazards during in vivo
testing. Current measures for diminishing these phenomena
can be costly and time consuming; however, tailored-struc-
ture active synthetic biopolymers could be used instead
(116). Accordingly, peptoid-containing [HE(GlyEN-
leuEPro)9ENH2; AcE(GlyENleuEPro)9ENH2; HE

(GlyEProENleu)9ENH2; HE(GlyEProENleu)10E

GlyEProENH2, and HE (GlyENleuEPro)10ENH2]
collagenelike molecules (CLMs) were synthesized and im-
mobilized onto cold plasma–functionalized (coated sur-
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Scheme 11.5 Fabrication of high-performance glucose biosensor.

faces) perfluorinated ethylene–propylene (FEP) surfaces,
and the biological performances of the modified surfaces
were evaluated. For the generation of aldehyde and amine
groups containing macromolecular layers on the FEP sub-
strates, acetaldehyde (A), acrolein (Al), ethylbutyralde-
hyde (EBA), and n-heptylamine (HA) plasma deposition
reactions were performed, respectively. All plasma expo-
sures were carried out in a custom-built, cylindrical, glass
plasma reactor provided with a substrate holder, circular
grounded electrode, and a U-shaped powered electrode un-
der the following plasma parameter conditions: driving-
field frequency: 125 kHz for aldehyde discharges and 200
kHz for HA plasma; base pressure: 0.02 Torr; AA, Al, and
EBA pressure: 0.3 Torr; HA pressure: 0.13 Torr; RF power
for AA, Al, and EBA: 5 W for 1 min; RF power for HA:
20 W for 20 s. The immobilization of synthetic enzymes
from aldehyde group–functionalized surfaces were carried
out using a conventional sodium cyanoboronhydride
chemistry, while the covalent anchorage of the enzymes
from amine group–functionalized surfaces was achieved
by a two-step process involving polycarboxylic acid deriv-
atives (32-carboxy-terminated PAMAM starburst den-
drimer and custom-synthesized carboxymethyldextran)/
carbodiimide mechanism.

Based on XPS, MALDI-MS, and autoclaving data re-
sulting from the substrates bearing the immobilized en-
zymes, it was shown that not all the surface-bound CLM

molecules are attached through covalent bonding; some of
them are only retained by the physical forces within the
triple helical peptide assemblies. Initial cell attachment and
growth assays indicate that the biological performance of
the CLMs is related to specific amino acid sequences.

It was recently found that the surface protein binding
interactions strongly influence the efficiency of protein
ionization by MALDI technique (117). Poly(vinyliden
fluoride) and poly(ethylene terephthalate) substrate sur-
faces were modified under pulsed allylamine–RF plasma
environments for the generation of primary amine rich
functionality surfaces and consecutively exposed to radio-
labelled peptide (125I-radiolabelled peptides including an-
giotensin I and porcine insulin) adsorption procedure. The
peptide retention processes were carried out in a flow-
through cell to avoid denaturation of the peptides at the
air–water interface and to avoid formation of Langmuir–
Blodgett film formation. The experimental results demon-
strated that for the sample preparation method employed
(α-cyano-4-hydroxycinnamic acid in methanol and 10%
trifluoroacetic acid in water-based MALDI matrix), in-
creases in the surface peptide binding affinity leads to de-
creases in the peptide MALDI ion signals. This phenome-
non should be considered during MALDI evaluations.

Good antithrombocity of blood-contacting devices is a
crucial characteristic for the development of advanced bio-
medical applications. To achieve these requirements, hepa-
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Figure 11.20 Time base measurement of glucose in 20 mM
phosphate buffer (pH 7.4). Applied potential: �700 mV versus
Ag/AgCl. Device based on (a) plasma-polymerized film (device
1) and (b) 3-(aminopropyl)-triethoxysilane (device 2). Sampling
time: 0.5 s. (From Ref. 107.)

rin, a well-known anticoagulant, is often considered for
surface coating of these devices. Polyurethanes are fre-
quently used for the fabrication of catheters, artificial
hearts, etc., due their remarkable mechanical properties.

Polyetherurethane urea (PU) was functionalized in a
three-step process composed of an initial oxygen plasma
treatment, followed by graft polymerization of 1-acryloyl-
benzotriazole (AB) and a subsequent substitution reaction
of AB with sodium hydroxide and ethylene diamine
(Scheme 7) (118).

The primary amine and carboxylic groups were further
functionalized by coupling with heparin in the presence
of carbodiimide. The plasma-modification step of PU was
performed in a cylindrical stainless steel reactor equipped
with two disc-shaped upper (stressed) and lower
(grounded) 12-cm diameter parallel plate electrodes. The
peroxide group concentrations on the plasma-exposed PU
surfaces were evaluated by using 1,1-diphenyl-2-picrylhy-
drazyl. It was shown that the amounts of heparin cova-

Figure 11.21 Effect of plasma exposure time on the extent of
polypropylene membrane modification. The modified membrane
was immersed in 2 mL of 0.01 M phosphate buffer (initial pH
7.0) containing 100 mM urea, and the extent of modification was
analyzed by the rate of pH change. Each bar represents standard
deviation from three experimental data points. Plasma treatment
conditions were 60 W discharge power, 0.9 Torr ammonia gas
pressure. (From Ref. 111.)

lently immobilized on the PU-NH2 and PU-COOH sur-
faces were 2.0 and 1.4 µg/cm2, respectively, and that the
immobilized heparin exhibited high stability in physiologi-
cal solution.

Various enzymes have been immobilized by the N2,
NH3, or O2 RF plasma treatment (parallel plate reactor;
capacitive coupling) of dry mixtures of enzymes or mix-

Figure 11.22 Effect of ammonia gas pressure on the extent of
polypropylene membrane modification. Each bar represents stan-
dard deviation from three experimental data points. Plasma treat-
ment conditions were 60 W discharge power, 2 min exposure.
(From Ref. 111.)
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Figure 11.23 Effect of plasma discharge power on the extent
of PP membrane modification. Each bar represents standard devi-
ation from three experimental data points. Plasma treatment con-
ditions were 0.9 Torr ammonia gas pressure, 2 min exposure.
(From Ref. 111.)

Figure 11.24 Experimental set-up for the surface modification of a ceramic membrane. (From Ref. 113.)

tures predeposited from buffer (phosphate, tris, citric buff-
ers) solution onto hydrophilic PE membrane surfaces. The
authors claim (119) that various proteins, including glu-
cose oxidase, lactate oxidase, 1-glutamate decarboxylase,
1-lysine decarboxylase and invertase, mutarotase, and glu-
cose oxidase mixtures, can be covalently immobilized on
various hydrophobic and hydrophilic polymeric materials,
including polyolefins and cellulose acetate (e.g., cupro-
phane), and that the membranes (enzymes immobilized on
polymeric supports) are stable and retain 50% of their ac-
tivities after storing them at 4°C for 45 days in a glycerol
buffer. The plasma exposures of the predeposited proteins/
buffer layers were performed under the following plasma
parameter range: substrate temperature: 0–25°C; pressure:
0.1–0.2 Torr, RF power: 50–300 W; driving frequency:
13.56 MHz. The authors do not present any evidence for
the covalent coupling of the proteins to the polymeric sub-
strates. This process might only resulted in the surface
crosslinking of the solid-phase protein particles with the
formation of an insoluble surface layer. This crosslinked
protein surface layer (the plasma species interact only with
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Scheme 11.6 Surface modification and enzyme immobilization of glucoamylase on ceramic membrane surface.

Figure 11.25 pH profiles of free and immobilized glucoamy-
lase. (From Ref. 113.)

Figure 11.26 Temperature–activity profiles for free and immo-
bilized glucoamylase. (From Ref. 113.)

the 100–150 Å depth of the exposed solid surfaces) might
be responsible for the encapsulation of unmodified protein
molecules and consequently for the retained enzyme activ-
ities.

The use of cold plasma technique for patterning of im-
mobilized biopolymer layers for biosensor applications has
recently attracted attention (120–122). It has been shown
that plasma-mediated reaction mechanisms can be in-
volved in different stages of the fabrication of biosensors
both for accomplishing surface-functionalization reactions
and for generating conveniently patterned surfaces for mo-

Figure 11.27 Operational stability of free and immobilized glu-
coamylase: (�) immobilized glucoamylase prepared by SPCP
method (1-time treatment); (�) immobilized glucoamylase pre-
pared by SPCP method (3-time treatment); (�) immobilized glu-
coamylase prepared by SPCP method (5-time treatment); (�) im-
mobilized glucoamylase prepared by conventional method; (�)
free glucoamylase. (From Ref. 113.)
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Scheme 11.7 Oxygen plasma treatment, graft polymerization, and substitution reaction of polyetherurethane urea.

lecular recognition processes. Protein, antibody, and con-
ducting polymeric layers were successfully patterned by
involving various cold plasma techniques and plasma
gases including oxygen, water vapor, and others.

Hot plasma technique (plasma spraying) has also been
considered for biotech applications. Owning to the high
energy levels of the plasma species this approach can only
be employed for the processing of inorganic and thermally
stable starting materials, such as metals and inorganic ox-
ides. Hydroxyapatite, a calcium phosphate ceramic, tita-
nium and titanium in association with of alkaline phos-
phate has been extensively used as a bone replacement
(123–125). The importance of plasma spray technique and
the plasma-sprayed implants for the long-term prolifera-
tion of human osteoblastic cells have been emphasized.

C. Synthesis of Oligonucleotides from Plasma-
Functionalized Surfaces

Dichlorosilane (DS) RF plasmas have successfully been
used for the functionalization of both inorganic and or-

ganic polymeric substrates. Eight hundred–nm silica beads
were exposed to DS 13.56 MHz discharges under RF rotat-
ing plasma reactor conditions for the implantation onto the
particle surfaces SiClxHy functionalities and, consecu-
tively, further in situ, derivatized in the presence of various
volatile diamines (e.g., hexafluoropropylenediamine). The
presence of SiEOE and CENH2 linkages were revealed
with survey and high resolution ESCA and differential
ATR-FTIR techniques and fluorescence labelling tech-
niques. The surface-functionalized beads were used in the
next step for synthesizing oligonucleotides according to
the mechanism shown in Scheme 8.

Twenty-six-mer oligonucleotides were synthesized
from ESiClxENHE(CF2)xENH2 plasma-implanted
functional spacer chains in the total absence of side reac-
tions. From primary amine functionalized and cytidine
coupled [loading 0.16 µmol/g, which is only 1% of the
loading of a porous-controlled pore glass (CPG) support]
silica bead surfaces, long chain (26 mer) oligonucleotides
were synthesized using a Pharmacia Gene Assembler 4
Primers system according to the modified small scale pro-
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Scheme 11.8 Synthesis of oligonucleotides with surface-functionalized silica beads.
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Figure 11.28 Capillary gel electrophoresis chromatograms of 36-mer oligonucleotides synthesized on plasma-functionalized 1200-
nm beads.

tocols. It has been shown that the average coupling yield
was as good as that of GPS with a higher than 99% loading
(126–128) (Fig. 28). These findings indicate that the sur-
face has a good accessibility and that the support presents
significant interest for small scale synthesis of long nucleo-
tides and that the plasma-enhanced technique might open
up novel highways for building up oligonucleotide librar-
ies and for creating molecular recognition– and molecular
machining–based advanced technologies.

VII. CONCLUSIONS

Nonequilibrium plasma technologies allow the deposition
of tailored-structure, thin macromolecular layers on vari-
ous substrate surfaces by involving monomers or common
organic derivatives as plasma gases. The controlled inter-
action of plasma state with surfaces permits the prede-
signed modification of surface characteristics (implanta-
tion of the required chemical functionalities) and
morphologies of even the most inert organic and inorganic
materials (e.g., Teflon, silica, etc.).

Cold plasma approaches are environmentally friendly
dry-chemistry technologies; the reaction pathways are me-
diated by the interaction of plasma-generated nascent
charged and neutral active species with the surfaces, which
confine the discharge. The importance of using plasma
technologies, relies on the fact that they can take advantage

of most of the technological developments associated with
the semiconductor industry (e.g., patterning, etching, depo-
sition, etc.).

Plasma-modified surfaces open up novel highways for
the efficient anchoring covalently or by physical forces of
active biomolecules on inorganic or organic substrate sur-
faces, under in situ or ex situ conditions, and in the pres-
ence or absence of spacer molecular chains.

These technologies will find their applications in the
near future in the preparation of oligonucleotide libraries;
the identification of motifs of single-strand nucleic acids
to selectively interact with cellular (pathogenic) proteins,
glycoproteins, etc.; the basic understanding of structural
chemistry and/or biomedical diagnostics; the identification
of hybridization processes based on electrical signal by
plasma deposition of electrically conducting organic poly-
meric layers; the development of biopolymer-based molec-
ular recognition sensors (biosensors, biochips) for the in-
stant identification of the presence of specific biomolecules
and toxins, for example, and in many other areas.
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K. H. Gührs, M. Hinz, R. Rösch, C. Scharpf. Reactive &
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with Dendritic Structure
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I. INTRODUCTION TO DENDRIMERS

Dendrimer chemistry is a burgeoning field of macromolec-
ular science that evolved over the last decade from the sta-
tus of ‘‘aesthetically appealing molecules’’ to mainstream
interdisciplinary research. The results of a key word search
on the term ‘‘dendrimer*’’ carried out in scientific and
technical databases serve to illustrate the exponential surge
of publications and patents over the last couple of years
(Fig. 1).

What sets dendrimers apart in the rich landscape of
polymer chemistry and why have research groups all over
the world become increasingly interested in these mate-
rials?

The progress of the macromolecular chemistry was
marked by the discovery of three types of major macromo-
lecular architectures that triggered the development of sig-
nificant chemical industries (Fig. 2). New polymeric struc-
tures were therefore related to novel materials with
important economical implications. The dendrimers have
indeed a unique structure consisting of constantly
branching segments from a central core, and they are ex-
pected to prompt the discovery of breakthrough, high value
added products. Unlike older milestone discoveries in
polymer science that had a crucial impact on the commodi-
ties market, the increased cost of the dendrimer synthesis
(vide infra) will most likely confine these new molecular
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entities to the high technology sector such as pharmaceuti-
cals and medical devices (Fig. 2) (1).

Worldwide producers of dendrimers are Dendritech
(United States), DSM (Netherlands), and Perstorp (Swe-
den). The commercial availability of the polyamidoamine
(PAMAM) and polypropylene amine (DAB) dendrimers,
as well as the in-depth study of the benzyl ether dendritic
structures (2) have provided an important initial impetus
to this field (Fig. 3).

The dynamics of the dendrimer chemistry have cer-
tainly lived up to the expectations and their applications
are now spanning the entire spectrum of macromolecular
science.

This chapter focuses on the use of dendrimers in the
biomedical field and is intended as a cross-pollination
point for professionals who are active at the interface of
chemistry and biology. Other excellent reviews focusing
on more specialized aspects of dendrimer chemistry are
highlighted as an entry point to the literature for the inter-
ested reader (3–5).

A. The Dendritic Molecular Architecture

The etymology of the word dendrimer stems from the
Greek words dendron and meros, meaning tree and part.
Other common terminology such as Starburst (6), Cas-
cade, or Arborol (7) polymers are suggestive for the same
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Figure 12.1 Dynamics of dendrimer chemistry: Series 1:
Chemical Abstracts; Series 2: Science Citation Index; Series 3:
U.S. patent and trademarks database (number of patents multi-
plied by a factor of 10).

type of molecular structure consisting of (1) one common
core (2) successive layers of concentric branched mono-
mers, and (3) end groups (Fig. 4).

The core can be a single atom or a group of atoms and
is defined by a branching functionality, which is given by
the number of covalent bonds irradiating outward (e.g., the
branching functionality of the core is 3 in Fig. 4). A first
‘‘layer’’ of branched monomeric units surrounds the core
to form the first-generation dendrimer. Larger homologs
can be built through a sequence of similar iterations lead-
ing to an onionlike structure of the molecule, each mono-
mer layer corresponding to a new generation. Due to the
branching of the monomer the number of segments in each
layer grows exponentially from the core to the periphery

Figure 12.2 New macromolecular architecture is conducive to the discovery of novel materials.

Figure 12.3 Commercially available dendrimers.

Figure 12.4 The main components of the dendritic architecture.
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of the dendrimers. Thus, the number of end groups (also
known as peripheral, superficial, or terminal groups) will
be given by the formula

N � f(b � 1)G (1)

where
N � number of end groups
f � branching functionality of the core
b � functionality of the monomer
G � generation number

The exponential nature of Eq. (1) translates into an ac-
celerated increase of the molecular mass with the genera-
tion of the dendrimer. Consequently, it is possible to obtain
macromolecules with molecular weight of 104–105 D and
extremely low polydispersity by using only several mono-
mer layers.

B. Theoretical Models and Experimental
Characterization of Dendrimers

Many of the potential applications for dendritic materials
depend directly on the organization and distribution of the
end groups and internal segments throughout the volume
of the molecule. In particular, the possibility of reduced
density of the core (e.g., in drug delivery systems) and the
location and accessibility of terminal end groups (e.g., in
neoglycoconjugate synthesis) are crucial parameters for
the successful utilization of these molecules in biomedical
applications. The microstructure of the dendrimers has
been therefore extensively investigated both theoretically
and experimentally.

Maciejewski’s ‘‘dendritic box’’ (8) hypothesis pre-
dicted that increased peripheral steric compression with the
generation number would ultimately lead to a high-density
outer shell with hollow intramolecular cavities. Theoretical
calculations by Hervet and De Gennes (9) used a modified
version of Edwards’s self-consistent field (10) to confirm
this molecular architecture. According to these authors, the
inner branches become elongated at higher generations
while the end groups lie on the dense surface of the globu-
lar construct. This is the dense shell model and is graphi-
cally described by the structure shown in Fig. 4.

At the other end of the spectrum Muthukumar and Les-
canec generated dendritic structures using an off-lattice ki-
netic growth algorithm of self-avoiding walks to arrive at
a density profile that decreases monotonically from the
center to the periphery (11). The end groups are not neces-
sarily positioned on the outer surface. This is the dense
core model.

Theoretical Monte Carlo (12) and molecular dynamics
(13) simulations also predict extensive back folding of the

dendritic branches. According to these models, the seg-
ment density profile within the dendritic space is relatively
constant with minimal values at the core and on the sur-
face. The end groups are positioned preferentially through-
out the outer shells, while the segments pertaining to the
lower generations are located near the core. Similar results
are obtained for ‘‘flexible dendrimers’’ by using a self-
consistent mean-field model (14).

None of these generic molecular models address the
chemical nature of the dendrimers. Consequently, it is not
surprising that experimental measurements and computa-
tional simulations on chemically defined dendrimers have
validated them all. The false dichotomy between these
findings can be explained by the peculiarities of each case
in point. It is important to realize that either the dense shell
or the dense core architecture will be dictated not only by
the branching functionality and the connectivity between
the atoms, but also by the chemical nature of the layers
within the dendrimer and the surrounding environment
(pH, ionic strength, etc.).

The dense shell model will be favored when the back-
folding of the dendritic arms is prevented. One way to
achieve this end is by the use of ‘‘stiff ’’ branches gener-
ated from acetylene- and phenylene-based monomers (15).

Back-folding can also be prevented by the incompatibil-
ity between the nature of the end groups and the core of
the dendrimer. For example, the use of hydrophilic oligo-
saccharides as end groups on a hydrophobic carbosilane
dendrimer will most likely lead to a more favorable presen-
tation of the carbohydrate antigen on the surface, while the
use of a hydrophilic dendritic core could favor back-fold-
ing (Fig. 5).

Recent data using this architectural principle offer
strong proof of this concept. Theoretical studies on poly
(propylene imine) dendrimers peripherally functionalized
with N-t-BOC-1-phenylalanine confirm increasing inter-
action between the end groups of higher generation den-
drimers (16) and a reduced degree of back-folding in these
systems. Similar results were obtained for hydroxyl-
terminated carbosilane dendrimers, although in this case
hydrogen bond networking on the surface of the dendrim-
ers could not be observed up to the fourth generation (17).
These theoretical studies are confirmed by experimental
evidence for perfluorinated end groups on polyaryl ether
(18,19) and carbosilane dendrimers (20). The dendritic box
hypothesis is also supported by experimental proof re-
porting on the successful inclusion of guest molecules in-
side the dendritic cavities (21), as well as by another body
of evidence (22,23).

On the other hand 2H and 13C NMR22 provided early
experimental support for the back-folding of PAMAM
dendrimers. Electron paramagnetic resonance (EPR) (24)
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Figure 12.5 The chemical nature of the dendritic layers and the surrounding environment can favor the dense shell or the dense core
models.

and fluorescence spectroscopy (25,26) have also been used
to characterize with limited success the molecular dynam-
ics of various dendrimers. More recently, small angle x-
ray (SAXS) (27,28) and neutron (SANS) (29) scattering
experiments provided crucial evidence that PAMAM,
DAB, and Fréchet type (benzyl ether) dendrimers display a
rather uniform internal segment density with partial back-
folding of the dendritic branches. These experiments
clearly establish that neither the dense shell nor the dense
core model apply for these dendrimers under the reported
experimental conditions.

C. Synthetic Strategies in Dendrimer Chemistry

‘‘Retrosynthetic’’ analysis (30) of the generic dendritic
structure 1 (refer to Fig. 6) suggest two possible solutions
for the synthesis of dendrimers. This is essentially a logical
way to deconstruct a target molecule to simpler molecular
entities, which in turn undergo the same analysis until sim-
ple raw materials are identified. The process follows a di-
rection that is opposite to the actual synthesis and is there-
fore called retrosynthesis. Disconnection A leads to the
generation n � 1 dendrimer 2 and the branched monomer
synthon 3. This rationale can be successively applied until
the problem is reduced to the reaction of a core synthetic
equivalent 4 with the branched monomer 3. The process
represents the divergent method (31) and is currently ap-
plied for the synthesis of the industrially available den-
drimers DAB and PAMAM. From a synthetic perspective,

the dendrimers are assembled from the core to the pe-
riphery.

Alternatively, along path B, the core synthon 4 can react
with the branched ‘‘dendron’’ 5 (A dendron is a dendritic
structure with a chemically reactive core—also called fo-
cal point—that will react to form a higher generation den-
drimer.) to provide the target dendrimer 1. After further
iterative disconnection of dendron 5, the problem is re-
duced to the reaction of two monomer synthons 6 and 3.
This is the convergent method (32), whereby the dendrim-
ers are assembled from the periphery to the core.

The recent synthesis of the carbosilane-based dendrim-
ers shown in Fig.7 (33) can illustrate the advantages and
drawbacks of the divergent approach. The core tetravi-
nylsilane is hydrosilylated with methyldichlorosilane fol-
lowed by the reaction of the octachloro intermediate 8 (re-
fer to Fig. 7) with vinylmagnesium bromide to yield the
first-generation (8 arm) dendrimer 9. Reiteration of the
same sequence of reactions provides the second-generation
(16 arms) compound 10. Finally, the third-generation (32
arms) dendrimer 11 is obtained by the reaction with a hy-
drosilane containing the end group in a masked form. As-
suming that all 16 hydrosilylation reactions in the final step
occur with a 99% yield, one expects an 85% overall yield.
The remaining 15% will be side products that are very sim-
ilar in structure and molecular mass with the target den-
drimer and therefore impossible to remove in the work-up.
The divergent approach is thus suitable only for the very
high yielding reaction sequences, and considerable re-
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Figure 12.6 Retrosynthetic analysis of dendritic structures: FG, FP, and X,Y are respectively interconvertible functional groups.

search effort is required to optimize the system for indus-
trial scale production. Nevertheless, this approach is ap-
plied today for the synthesis of the commercially available
dendrimers produced by DSM (ASTRAMOL) and Den-
dritech (PAMAM) (34–38).

In the convergent approach (39), the dendritic construct
is synthesized from the periphery to the core, as exempli-
fied in Fig. 8. Protection of the phenolic groups (that will
eventually become the end groups of the dendrimer) is fol-
lowed by activation of the benzyl alcohol 13 (refer to Fig.
8) to the benzyl bromide 14. This highly reactive interme-
diate is further developed to generate dendron 16. The fo-
cal point of this dendron is transformed back to a benzyl
bromide 17 and the reaction sequence is reiterated to the
branched structure 18. Finally, this reacts with the trifunc-
tional core 19 to obtain the desired dendrimer 20. Any mis-
fire of the reagents in the last step will result in a side
product 21 that has considerably lower molecular weight
than 20. Consequently, purification of the product at the
final and intermediate stages becomes possible, and this is
the method of choice to produce defect-free dendrimers on
a laboratory scale. Unfortunately, steric hindrance often
limits the accessibility of higher generation dendrimers due
to reduced reactivity of the focal point. Another important
drawback of the convergent method is the exposure of the
end groups to repeated chemical cycles. This can be a sub-
stantial restriction for dendrimers with sensitive end
groups such as proteins or polyglycosides.

When radial block dendrimers are desired, the direct
reaction of the end groups on a dendrimer with the focal
group of a chemically different dendron can be achieved
in a process called the double growth synthesis (40–46).
This hybrid method also has the advantage of an acceler-
ated growth due to increased overall convergence.

II. DENDRIMERS AS NANOSCOPIC
SCAFFOLDS IN BIOLOGICAL
APPLICATIONS

A. Three-Dimensional Control
at the Nanometer Level

1. The β Factor, Practical Alternative to the
Cooperativity α Factor

The 20th century has witnessed extraordinary scientific
and technical achievements that will prefigure our ad-
vancement for forthcoming generations. Headline-making
news such as the exploration of space and the creation of
cyberspace was accompanied by the quieter but equally
relevant biological revolution that provided us with spec-
tacular insights in the microcosmos of life.

One of the most intriguing working hypotheses of mod-
ern molecular biology is the concept of polyvalent interac-
tions (47). Multiple simultaneous interactions between var-
ious ligands and receptors have important functional
consequences that could not be accomplished through a
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Figure 12.7 The divergent synthesis.
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Figure 12.8 The convergent synthesis.

single or an equivalent number of independent binding
events.

In the case of monovalent ligands (Fig. 9) each binding
event has approximately the same constant of equilibrium,
i.e., K1,K2,...,KN in the figure are the same, provided that
the receptors behave independently. (Often, the binding of
the first ligand can trigger important conformational modi-
fications that will accelerate the binding of the subsequent
monovalent ligands. The classic example is binding of ox-
ygen to hemoglobin. These are cooperative effects and do
not involve polyvalency.) For polyvalent ligands however
the overall affinity is given by the product of the individual
binding constants K1,K2,...,KN. Thus, a considerably
stronger binding can occur between the two multivalent
entities.

The cooperative effect has been largely underappreci-
ated in the rational design of new polyvalent drugs and
research reagents for biochemistry and biology. However,
a recent milestone article by Whitesides et al. (47) summa-
rizes the latest developments in the field and sets the theo-
retical framework for using polyvalency as a key concept
in the design of new biopharmaceutical products.

Starting from basic thermodynamic considerations, the
article defines the free energy and equilibrium constant for
two entities (cells, molecules, organelles, etc.) interacting

through an N-order polyvalent interaction, that is, through
N ligands and N receptors. See Table 1 and Eq. (2) to (5).
The thermodynamic equations relating these metrics are
the following:

∆Gpoly
avg �

∆Gpoly
N

N
(2)

∆Gpoly
N � �RT ln Kpoly

N (3)

Kpoly
N � (Kpoly

avg )N (4)

∆Gmono � �RT ln Kmono (5)

Positive cooperativity in the traditional sense (48) is de-
fined by the sequence of binding events that display a
higher average binding constant Kpoly

avg than the correspond-
ing monovalent binding constant Kmono. The degree of co-
operativity, α, is a parameter that relates the monovalent
free energy ∆Gmono to the observed polyvalent free energy
∆Gpoly

avg through Eq. (6).

∆Gpoly
avg � α ⋅ ∆Gmono (6)

A polyvalent interaction is noncooperative (additive)
when α� 1, positive (synergistic) for α� 1, and negative
(interfering) if α� 1. It is important to realize that polyva-
lent interaction, even with interfering cooperativity, will
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Figure 12.9 Polyvalent interactions versus monovalent interactions.

ultimately lead to an enhanced overall binding. For exam-
ple, Lee et al. (49) reported in a classic reference the affin-
ity of the divalent and trivalent galactose ligands which
bind to C type lectines on the surface of hepatocites
(Table 2).

Since Kbivalent
avg � √Kpoly

2 � Kmono and Ktrivalent
avg � 3√Kpoly

3 �
Kmono, the divalent and trivalent interactions both have neg-
ative cooperativity, and therefore α � 1. Nevertheless, the
binding of the trivalent ligand is still 2857 times stronger
than the monovalent galactose ligand. Consequently, the
cooperativity parameter α is not as useful a parameter in
the case of the multivalent interactions as it is in the case

Table 12.1 Proposed Nomenclature for the
Polyvalent Interactions

Symbol Comments

∆Gpoly
N Free energy of the polyvalent interaction

Kpoly
N Equilibrium constant of the polyvalent interaction

∆Gpoly
avg Average free energy per each ligand–receptor inter-

action
Kpoly

avg Average equilibrium constant per each ligand–
receptor interaction

∆Gmono Free energy for the monovalent ligand–receptor
interaction

Kmono Equilibrium constant of the monovalent ligand–
receptor interaction

of multiple monovalent, independent ligands. Moreover,
from a practical point of view, the number of polyvalent
interactions N is usually unknown and no statement about
cooperativity α is even possible. Whitesides et al. propose
therefore a new parameter, β, correlating the binding con-
stant of the monovalent ligand, Kmono, and KElisa determined
from a common Elisa type essay [Eq. (7)]:

β �
KElisa

Kmono
�

Kpoly
N

Kmono
(7)

This ‘‘enhancement factor’’ β can better serve the pur-
pose of comparing various polyvalent systems and will
emphasize the beneficial effect of polyvalency even for
systems with negative cooperativity.

2. Enthalpy and Entropy in Multivalent Interaction

Another important aspect of multivalent interactions is the
correlation between the enthalpic and the entropic compo-
nents. Thus, in order to maximize the overall binding ef-
fect, it is necessary to use multivalent ligands that fit per-
fectly in the receptor (the well-known lock and key
concept). The ideal solution requires a rigid spacer that
places the multivalent ligands in a matching, precisely de-
fined topology. Any deviation from this three-dimensional
distribution will lead to a strained conformation at the
binding site and diminish the favorable enthalpic compo-
nent of the multivalent interaction. Since the configuration
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Table 12.2 Binding Constant for Multivalent Galactose Ligands

Oligosaccharide Binding constant (M�1)

Gal(β1)OMe Kmono � 7 � 104

Gal(β1,4)GlcNAc(β1,2) Kpoly
2 � 3 � 107

Man
Gal(β1,4)GlcNAc(β1,4)
Gal(β1,4)GlcNAc(β1,2)Man(α1,6) Kpoly

3 � 2 � 108

Gal(β1,4)GlcNAc(β1,2)Man(α1,3) Man
Gal(β1,4)GlcNAc(β1,4)

of the receptor is usually not known, one way to overcome
strain is by using flexible spacers. This allows the ligands
to probe the surface of the receptor and achieve interaction
at the expense of an entropic price, which explains why
flexible linkers often fail to provide a spectacular solution
to the problem (50–51).

Although the entropic and the enthalpic effects of the
multivalent interactions are difficult to delineate quantita-
tively, it is obvious that the end groups on the dendritic
surface will have quite a different behavior than the func-
tionality attached to the graft or star polymers. It can be
speculated that the entropic loss of the dendritic multiva-
lent ligands will be considerably diminished due to their
restricted motion on a spherical surface, as opposed to the
usual situation whereby the ligands move freely in the
three-dimensional space. At the same time, the fine-tuning
of the distance between ligands on the dendritic surface
can be achieved from a combination of architectural pa-
rameters, such as monomer and core functionality, length
of the monomer arm, and chemical nature of the constit-
uent atoms. Consequently, it can be concluded that den-
drimers can provide a unique compromise between the en-
thalpic and entropic components of the multivalent
interactions warranting systematic future studies.

3. Shape and Size Control at the
Nanoscopic Level

Shape and size control at the nanoscopic level represents
an important desiderate from a technological point of view
since it defines a theoretical threshold for miniaturization.
The subnanoscopic level circumscribes the interaction
within the molecules and is therefore irrelevant for practi-
cal applications in the field of life sciences. Typical dimen-
sions for biological compounds range between a few nano-
meters (e.g., insulin and hemoglobin) to hundreds of
nanometers (e.g., histones). It is therefore obvious that
having precise control at this scale is of paramount impor-
tance for the rational design of the new drugs.

The dendritic structure offers peerless possibilities in
the control of the size and shape of new molecular entities.
For example, the PAMAM dendrimers increase in diame-
ter by approximately 1 nm per generation (52). Even finer
tuning can be achieved with the carbosilane dendrimers
shown in Fig. 6, whose diameter can be incrementally in-
creased by one-half of a nanometer from one generation
to another (53).

By using dendrimers as building blocks in a molecular
Lego chemists have already synthesized macromolecules
in various shapes such as spheres, ellipsoids, and rods, as
shown schematically in Fig. 9. (See Ref. 54 for a recent
review on the dimensions and shapes of dendrimers and
dendrimer–polymer hybrids.) The possibility to design
clefts and protrusions on these surfaces having a desired
chemical functionality in a precise reciprocal position has
therefore become accessible to a degree that had been pre-
viously encountered only in biological molecules (Fig. 10).

B. Dendrimer–Carbohydrate Conjugates

Carbohydrate–protein interaction constitutes a crucial bio-
chemical event in a wide range of key cell–cell interactions
and infectious diseases. The multivalent character of the
carbohydrate ligands compensates the intrinsic weak na-
ture of this binding and is lately generating growing inter-
est in the design of novel therapeutics.

Dendritic carbohydrates, also known as glycodendrim-
ers (55), fill the dimensional gap between high molecular
weight neoglycoconjugates and small clusters. Typically,
but not necessarily, they are confined to the range of nano-
meters up to tens of nanometers.

One important class of dendritic carbohydrate agent tar-
gets the competitive inhibition of the protein–carbohydrate
binding phenomena involved, for example, in various
pathogenic infections.

The immune response against bacterial infections can
be mediated by the mannose binding proteins (MBPs)
which tag the mannose-rich surface of the bacteria and
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Figure 12.10 Shape and size control at the nanometer level with dendritic structures.

prompt the phagocytosis by macrophages. On the other
hand, mannose-terminated glycoproteins serve as high af-
finity ligands for bacterial attachment, facilitating the inva-
sion of the host cells. Since these interactions involve
multivalent binding, the dendritic mannosides have poten-
tial in both therapeutic and drug targeting applications.

Multivalent mannosides 22 (refer to Fig. 11, only octa-
valent dendrimers shown) inhibited the binding of the
yeast mannan (56) to concavalin A and pea lectins (57).
Thus, it was shown that the binding potency of these inhib-
itors is influenced both by the dendritic chemical structure
and its multivalency. The hexadecamannose polylysine
(only 8-arm analog 22 shown) displayed a 2000-fold in-
crease in overall binding (approximately 100-fold increase
per sugar if compared to the monovalent mannose). A sim-
ilar study was performed on the commercially available
PAMAM dendrimers conjugated with mannose. The tetra-
valent and octavalent carbohydrate achieved the optimum
binding with a 30-fold increase binding per sugar (58). As
these interactions are at the origin of the host infections
by fimbriated bacteria, mannoside dendrimers can form the
basis of novel antiadhesin molecules.

Multivalent mannose glycomimetics have also been
synthesized in order to inhibit the adhesion of Escherichia
coli HB 101 (pPK14) to erythrocytes and yeast mannan
(59). E. Coli strains are important pathogens in urogenital
and gastrointestinal infections that use α-mannoside spe-
cific fimbriae to adhere to the cell surface carbohydrates
of the host cell. In order to allow for a broad variation in
the structure of the glycoclusters the authors have consid-
ered both different attachment sites at the sugar ring and
different linkage types between the sugar and the dendritic
substrate. It is known from various other lectins that the
hydroxyl groups in the 2, 3, and 4 positions of the pyrano-
sides are essential to binding, therefore these sites were
not used for attachment. Finally, the role of the aglycone

structure has also been investigated in this study. Based
on the known affinity of the monomeric p-nitrophenyl
mannoside aglycone to bind 80-fold stronger than the
methyl glycoside it was expected that these clusters should
display improved inhibitory properties.

The synthesis of the most potent inhibitor 31 is high-
lighted in Fig. 12. The six–amino methyl mannoside 30
was coupled with the tricarboxylic acid 29 and then deben-
zoylated under Zémplen conditions to afford the unpro-
tected six-peptide bridged trimannoside 31 in quantitative
yield. A structurally related inhibitor having a thiourea
bridge instead of the peptide linker showed a considerably
reduced inhibitory capacity, probably due to conforma-
tional effects.

The N-acetyllactosamine (LacNAc) and its simpler con-
stituent N-acetylglucose (GlcNAc) characterize the lacto-
saminoglycans as tumor-associated antigenic carbohy-
drates. Various polylysine dendrimers bearing β-lactoside
25, N-acetyllactosaminide 26 (60), and β-D-N-acetylthiog-
lucosamine 23 (61) (Fig. 11) were synthesized by chemical
or enzymatic routes. All of these glycodendrimers showed
enhanced affinities to their respective binding proteins.

One of the most widespread mammalian cell carbohy-
drate ligands is the N-acetylneuraminic acid (NeuAc), or
sialic acid (62). Dendritic sialoside inhibitors of the Influ-
enza virus hemagglutination to human erythrocytes have
therefore been synthesized (24 in Fig. 11). The solid phase
synthesis of sialidase-resistant N-linked α-sialodendrimers
has also been reported (63).

The more complex tetrasaccharide NeuAcα2→ 3Galβ1
→ 4[Fucα1 → 3]GlcNAc, or sLex, is a ligand for E-selec-
tin endothelial receptors initiating the leukocyte adhesion,
attachment, and extravasation in the inflammatory re-
sponse. Traditional structure activity relationship (SAR)
studies have led to the development of numerous sialyl
Lewisx (sLex) analogs without taking into account cluster
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Figure 12.11 Polylysine-based dendrimer–carbohydrate conjugates (glycodendrimers).
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Figure 12.12 The synthesis of a multivalent mannose inhibitor for the adhesion of Escherichia coli HB 101 (pPK14).

or multivalency effects. The first example of enzymatic
synthesis of sLex-functionalized polylysine dendrimers 27
has been reported (64). These dendrimers are currently in-
vestigated as selectin antagonists and could provide im-
portant information regarding the rational design of anti-
inflammatory drugs.

In the quest for a better understanding of the role played
by the interligand distances on binding of neoglycoconju-
gates, a series of polydentate dendritic disaccharides were
constructed on a PAMAM scaffold (65). Thus, 4, 8, 16,
and 32 ligand-bearing dendrimers were assessed as inhibi-
tors for the anti-Bdi immunoglobulin which causes rejec-
tion in pig to human xenotransplantation (32 in Fig 13).
The results of molecular dynamic simulations suggested
a match between the interligand distances of the 32-arm
neoglycoconjugates and the antigen binding sites of the
IgG immunoglobulin. Experimentally, it was found that
the di-, tetra-, and octameric dendrimers bound as tight as
the monomeric Bdi ligand. The 16 and 32 glycodendrimers
however had an IC50 about tenfold lower than the mono-
meric ligand, which may be indicative of a better fit in the
topology of the ligand–receptor interactions.

While carbohydrates have mainly been used as end
groups on dendrimers of a different chemical nature, fully
synthetic carbohydrate dendrimers could also mimic a
broad spectrum of polysaccharide structures and proper-
ties. The three-dimensional closely packed structure of
highly branched dendritic oligosaccharides could be, for
example, responsible for inclusion properties similar to
those of cyclodextrines (66). Thus, the attachment of the
heptasaccharide 33 to a central trifunctional core should
afford a C3-symmetrical glucodendrimer made entirely of
carbohydrate moieties.

Carbohydrates can be also used as multivalent cores for
dendritic molecules. Allyl α-D-glucopyranoside was O-

perallylated to the corresponding tera-allyl derivative 34
(Fig. 14). The rich chemistry of the allyl ether group was
subsequently exploited to provide uniformly function-
alized spacer glycosides. The new ‘‘octopus glycosides’’
35–38 are useful core molecules for the synthesis of gly-
coclusters and carbohydrate-centered dendrimers.

C. Dendrimer–Peptide Conjugates

Synthetic peptides conjugated to carrier proteins can stim-
ulate the production of antibodies leading to an immune
response to a certain amino acid sequence. The carrier pro-
tein has generally a low and random surface density of the
peptide antigen, and the control of the protein functionali-
zation is often difficult. Complications from cross-reactiv-
ity of the antibodies with the carrier protein can also often
arise.

The concept of multivalent interaction has been suc-
cessfully applied to elicit a stronger immune response to
a certain peptide sequence. Multiple peptide–antigen sys-
tems (MAPS) (67) have been mounted on dendritic polyly-
sine structures similar to 28 and yielded results normally
obtained at much higher concentrations of the monomeric
vaccine preparations (68). The peptides are presented with
high surface density, and the homogenous nature of the
dendrimers should ensure a highly reproducible effect. Re-
markably, the branching polylysine dendrimers did not
cause any immunological response (69), thus avoiding
cross-reactivity complications. Unlike the peptide-carrier
protein vaccines, the MAP system accounted for approxi-
mately 90% of the total molecular mass of the dendrimer–
peptide conjugate.

Functional groups on the surface of the dendritic struc-
tures show increased chemical reactivity in comparison to
other polymer homolog reactions (70). Biologically active
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Figure 12.13 Examples of sugar-coated and sugar-made dendrimers.

molecules should therefore react under milder reaction
conditions to yield various dendritic conjugates without di-
minishing their activity due to degradation.

This hypothesis has been confirmed by the synthesis
of dendrimers bearing sensitive proteins (71). Thus, the
activation of the surface groups of Starburst dendrimers
to various electrophilic and nucleophilic groups (as in 44
and 45, Fig. 15) was reported. Both the amino- and car-
boxyl-terminated dendrimers could be reacted with alka-
line phosphatase to form a protein–dendrimer conjugate
of type 41, which in turn was further conjugated with the
Fab’ fragment of an anticreatine kinase MB isoenzyme an-
tibody to yield 43.

Antibodies are ideal vectors for targeting specific cells
due to their selective interactions with antigens expressed
on the surface of the cellular membrane. Consequently, an-
tibody conjugates with radioisotopes are under active in-
vestigation for applications in radioimmunodetection and
radioimmunotherapy of cancer.

PAMAM dendrimers were reacted with 2-(p-isothiocy-
anatobenzyl)-6-methyl-diethylene triamine pentaacetic acid

(1B4M) to generate a dendrimer–chelating agent conju-
gate. This was further chemically bound to an anti-Tac (72)
IgG(HuTac) monoclonal antibody and finally complexed
with 111In and 88Y. Unfortunately, the immunoreactivity
and the biodistribution of the radiolabelled dendrimer che-
late and the antibody–dendrimer chelate did not compare
favorably with the radiolabelled antibody alone due to sig-
nificant accumulation in the liver, kidney, and spleen.

More encouraging results were obtained in the use of
dendrimers for the ‘‘pretargeting’’ approach to cancer ther-
apy (73). In this approach the tumor-selective targeting of
monoclonal antibodies (mAbs) is retained, but the delivery
of the radionuclide is relegated to another molecule, which
is often a radiolabelled biotin, avidin, or streptavidin mole-
cule (Fig. 16). Thus, it is hoped that the immunoreactivity
and biodistribution of the mAbs would be better preserved,
while the selective tumor localization of the radiolabelled
biotin would be secured by the strong biotin–streptavidin
binding. In addition to improving the pharmacokinetic dis-
tribution of the therapeutic radionuclide, the biotin/strep-
tavidin–based reagents may provide a method for the step-
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Figure 12.14 Octopus glycosides are useful core molecules for the synthesis of glycoclusters and carbohydrate centered dendrimers.

wise increase of the amount of radioactive metal bound to
cancer cells in vivo.

In order to achieve this goal, PAMAM dendrimers con-
jugated with biotin are particularly attractive due to their
compactness, multifunctionality, and size control (Fig. 17).
These parameters are essential for reaching the optimal
balance between tumor penetration and rapid increase in
the bound radionuclide. Thus, various generations of
Starburst dendrimers were reacted with N-succinimidyl
p-tributylstannyl benzoate 47 (in Fig. 17) followed by per-
biotinylation with the new reagent 48. Iododestannylation
allowed the radiolabelling of the Starburst dendrimer 49
(Fig. 17).

D. Dendrimer–Oligonucleotide and –Nucleic
Acid Conjugates

PAMAM dendrimers have been investigated regarding
their ability to transfer biomolecules into several mamma-
lian cell lines (74). Their use as gene transfer vectors in
achieving a highly efficient transfection exploits the elec-
trostatic interactions that occur at physiological pH. In this
environment, the protonated amino terminal groups inter-
act with biologically relevant polyanions, such as nucleic
acids. Thus, synthetic polycationic dendrimers can serve
as mimics of naturally occurring macromolecules with a
vital biological function, such as histones and spermidines.
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Figure 12.15 Activation and reactions of dendrimers containing terminal carboxyl groups.

New studies (75) analyzed the interactions between the
Starburst dendrimers and polynucleotides such as calf
thymus DNA, poly(AT), poly(GC), and double-stranded
oligonucleotides of 12 base pairs (DNA-12mer). These in-
teractions were studied by EPR spectroscopy employing
nitroxide radicals as spin labels (covalently bound to den-
drimers). Computer-aided analysis of the EPR spectra pro-
vided information on the mobility of the labels and their
partitions in different environments. This type of interac-
tion is extremely important in understanding the mecha-
nism of PAMAM-mediated gene transfer in mammalian
cells. Spectral analysis of the investigated polynucleotides
indicated that the DNA-12mer presented the strongest in-
teraction, presumably due to its short length. Given the fact
that dendrimer–DNA interactions depend on the degree of
protonation of the external amino groups, their dependence
on the pH of the environment was investigated. Small den-
drimers at low pH showed significant interaction with the
polynucleotides. At higher concentration of dendritic mol-

ecules the interaction decreased due to self-aggregation.
By contrast, the large dendrimers suffer a partial swelling
as a result of the electrostatic repulsion of the charged sur-
face groups. This destabilization can be lowered by the
interaction with the polyanionic DNA leading to much
stronger interactions.

Studies have also shown plasmid DNA (76) conjugation
with block copolymers containing methoxy-poly(ethylene
glycol) (mPEG) and poly(L-lysine) dendrimer. The shape
and particle size distributions of the copolymer–plasmid
complex at various charge ratios were examined by atomic
force microscopy. It was shown that this novel linear den-
drimer–polymer block copolymer can self-assemble with
plasmid DNA at physiological conditions, forming a com-
pact and water-soluble polyionic complex. The nuclease
resistance of the complex proved that the copolymer in-
creased the stability of the plasmid DNA suggesting that
these materials could be valuable for the delivery of ge-
netic material such as antisense or plasmid DNA.
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Figure 12.16 The pretargeting approach to cancer therapy. A streptavidin–antibody conjugate initially identifies the cancer cell and
then a radiolabelled dendritic biotin binds strongly to this substrate. Thus, in just a few steps one can bind a lethal amount of radionuclide
to the cancer cell.
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Figure 12.17 Synthesis of the radiolabelled dendritic biotin reagent for cancer therapy.

III. CONCLUSIONS

As it is increasingly evident that multivalent interactions
play a key role in various biological phenomena, this field
will continue to flourish in the years to come. Any biologi-
cal surface interacting with another biological entity
through multivalency can in principle become the target
for the design of a new polyvalent drug.

Dendrimers can provide unique opportunities in the ra-
tional design of nanomolecular scaffolds for the attach-
ment of active biological ligands. Thus, by controlling the
chemical nature of the dendritic layers, the presentation
of the end groups on the surface may change. The core
functionality, the length, and the functionality of the mono-
mer are important parameters controlling the surface den-
sity and the topology of the end groups.

The results obtained so far predict that breakthrough
applications can occur in the design of inhibitors for the
attachment of both viruses and bacteria. Other applications
in the fields of gene therapy and new cancer treatment pro-
tocols based on multivalent dendritic conjugates may
follow.

The field of dendrimer chemistry is currently in the ex-
ponential growth phase, as demonstrated by Fig. 1 of this
brief review. Important applications will certainly mush-
room across the spectrum of the medical sciences and have
the potential to generate significant intellectual property
rights.
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2. C. J. Hawker, J. M. J. Fréchet. Preparation of polymers with
controlled molecular architecture. A new convergent ap-
proach to dendritic macromolecules. J. Am. Chem. Soc.
112:7638 (1990).

3. A. W. Bosman, H. M. Jansen, E. W. Meijer. About den-
drimers: structure, physical properties, and applications.
Chem. Rev. 99:1665 (1999).

4. J. M. Gardiner. The therapeutic potential of synthetic
multivalent carbohydrates. Exp. Opin. Invest. Drugs 7:405
(1998).

5. F. Zeng, S. C. Zimmerman. Dendrimers in supramolecular



308 Comanita

chemistry: from molecular recognition to self-assembly.
Chem. Rev. 97: 1681 (1997).

6. D. A. Tomalia, H. Baker, J. R. Dewald, M. Hall, G. Kallos,
S. Martin, J. Roeck, J. Ryder, P. Smith. A new class of
polymers—Starburst dendritic macromolecules. Polym. J.
17:117 (1985).

7. G. R. Newcome, Z-Q. Yao, G. R. Baker, V. K. Gupta, P.
S. Russo, M. J. Saunders. Cascade molecules. 2. Synthesis
and characterization of a benzene (9)3-Arborol. J. Am.
Chem. Soc. 108:849 (1986).

8. M. J. Maciejewski. Concepts of trapping topologically by
shell molecules. J. Macromol. Sci. Chem. A17:689 (1982).

9. P. J. De Gennes, H. J. Hervet. Statistics of Starburst poly-
mers. Phys. Let. 44:351 (1983).

10. S. F. Edwards. The statistical mechanics of polymerized
material. Proc. Phys. Soc. London 92:9 (1967).

11. R. L. Lescanec, M. Muthukuma. Configurational character-
istics and scaling behavior of Starburst molecules: a com-
putational study. Macromolecules 23:2280 (1990).

12. M. L. Mansfield, L. I. Klushin. Monte Carlo studies of den-
drimer macromolecules. Macromolecules 26:4262 (1993).

13. M. Murat, G. S. Grest. Molecular dynamics study of den-
drimer molecules in solvents of varying quality. Macromol-
ecules 29:1278 (1996).

14. D. Boris, M. Rubinstein. A self-consistent mean field model
of a Starburst dendrimer: dense core vs dense shell. Macro-
molecules 29:7251 (1996).

15. J. S. Moore. Shape-persistent molecular architectures of na-
noscale dimensions. Acc. Chem. Res. 30:402 (1997).

16. P. Miklis, T. Cagin, W. A. Goddard. Dynamics of Bengal
Rose encapsulated in the Meijer dendrimer box. J. Am.
Chem. Soc. 119:7458 (1997).

17. S. Brownstein, B. Comanita, J. Roovers. Unpublished re-
sults.

18. V. Percec, G. Johansson, G. Ungar, J. Zhou. Fluorophobic
effect induces the shelf-assembly of semifluorinated ta-
pered monodendrons containing crown ethers into supra-
molecular columnar dendrimers which exhibit a homeo-
tropic hexagonal columnar liquid crystalline phase. J. Am.
Chem. Soc. 118:9855 (1996).

19. S. D. Hudson, H.-T. Jung, V. Percec, W.-D. Cho, G. Jo-
hansson, G. Ungar, V. S. K. Balagurusamy. Direct visuali-
sation of individual cylindrical and spherical supramolecu-
lar dendrimers. Science 278:449 (1997).
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Biocompatibility of Elastomers
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I. ELASTOMERS

A. Introduction

Elastomers, like plastics, are polymers. The term elastomer
is currently used to designate all rubbers, i.e., natural or
synthetic macromolecular materials with rubberlike elas-
ticity. Medical applications for elastomers appeared soon
after they began being produced on an industrial scale (1)
following the discovery of vulcanization (crosslinking) in
1839 by the American Charles Goodyear. Over the past
15 years, the literature on biomedical applications for elas-
tomers has grown considerably and reports have appeared
regularly (2,3). Yoda (1) recently published a detailed re-
view.

1. Definition

While they are members of the broad family of polymers,
elastomers behave differently than plastic materials or
plastomers. Generally speaking, for materials to be consid-
ered elastomers they must be

Flexible, i.e., have low rigidity (several megapascals)
Highly deformable, i.e., are able to withstand strong de-

forming forces without rupturing and have an elon-
gation at rupture over 200%., while possessing rela-
tively high tensile strength at ultimate elongation

Elastic or resilient, i.e., are able to return to their origi-
nal shape and size after the deforming force is re-
moved and quantitatively release the energy used to
deform them (Table 1) (4).
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Many so-called biomedical elastomers do not meet the
second criterion. While it is difficult to set an elastic limit
beyond which a polymer stops being a plastomer and be-
comes an elastomer, we will use the broadest medical
definition and refer to all polymers with sufficient elasticity
to return to their original shape after a substantial deforma-
tion as elastomers (5). However, it will occasionally be
more appropriate to talk about elastic polymers than true
elastomers.

2. Classification

a. The Various Families of Elastomers

There are some 15 families of elastomers, some of which
include 10 to 20 different grades. Modern polymerization
processes increasingly allow the manufacture of custo-
mized products that address specific application problems
and provide specific elastomeric properties.

The current classification system separates elastomers
into four categories (the acronyms are based on the ISO
1629:1995 standard):

General-use elastomers. Includes natural rubber (NR),
synthetic polyisoprene (IR), styrene butadiene co-
polymers (SBR), and polybutadienes (BR)

Special elastomers. Includes ethylene propylene and
diene copolymers (EPM, EPDM), isobutylene and
chloro- and bromoisobutylene isoprene copolymers
(IIR, BIIR, CIIR), nitrile butadiene copolymers
(NBR), and polychloroprenes (CR)

Very special elastomers. High thermal and/or chemical
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Table 13.1 Some Commercially Available Elastomers Arranged by Tensile Strength

Tensile Tensile Ultimate
Trade strength strength elongation

Elastomer name Supplier (PSI) (MPa) (%)

Butyl rubber (polyisobutylene) Butyl Polysar Inc., Akron, OH 700–1500 4.8–10.3 200–250
Polyisoprene Santoprene Monsanto Co., Akron, OH 1640 11.3 520
Silicone rubber Silastic Dow Corning, Midland, MI 500–1500 3.4–10.3 200–1000

Med McGhan NuSil Corp., Carpenteria, CA 750–1750 5.2–12.1 850
SM Sil-Med Corp., Taunton, MA 500–1500 3.4–10.3 250–900

Silicone rubber copolymers C-Flex Concept polymer, Inc., Clearwater, FL 1000–2000 6.9–13.8 200–600
Polyvinylchloride (PVC) Goodtouch B.F. Goodrich, Cleveland, OH 1700–1850 11.7–12.7 430–460

Tygon Norton Perform Plastic, Wayne, NJ 1200–2300 8.3–15.9 375–410
Ethylene vinyl acetate (EVA) Ultrathene U.S. Industrial Chemical Co., New 2000 13.8 700

York, NY
Acrylonitrile butadiene Krynac Polysar Inc., Akron, OH 500–2250 3.4–15.5 150–650
Polyhexene Hexsyn Goodyear Tire Co., Akron, OH 1500–2400 10.3–16.5 250–350
Polychloroprene Neoprene Du Pont, Wilmington, DE 1000–2500 6.9–17.2 200–600
Fluoroelastomers Fluorel 3M, St. Paul, MN 1500–2500 10.3–17.2 100–400
Styrene butadiene rubber (SBR) Krayton Shell Chemical Co., Houston, TX 750–2650 5.2–18.3 550–850

Plioflex Goodyear Tire Co., Akron, OH 200–2825 1.4–19.5 290–900
Ethylene vinyl acetate (EVA) EVA Du Pont, Wilmington, DE 3200 22.1 600–750
Natural rubber (cis-polyisoprene) Natsyn Goodyear Tire Co., Akron, OH 2200–3450 15.2–23.8 500–600
Polyester terephthalate glycolated Hytrel Du Pont, Wilmington, DE 4000–6800 27.6–46.9 350–700
Nylon (amorphous) Pebax Atochem Polymers, Philadelphia, PA 4200–7400 29.0–51.0 350–680
Thermoplastic polyether urethanes Tecoflex Thermedics, Inc., Woburn, MA 3000–6000 20.7–41.4 250–600
Thermoplastic polyester urethanes Estane B.F. Goodrich, Cleveland, OH 4000–8000 27.6–55.2 400–600
Thermoplastic polycarbonate Corethane Corvita Corp., Miami, FL 4500–9000 31.0–62.1 250–500

urethane
Chlorotrifluoroethylene Aclar Allied-Signal, Morristown, NJ 7500–11000 51.7–75.8 200–300

Saran Dow Chemical, Midland, MI 8000–16800 55.1–115.8 70–90

Source: Ref. 4.

resistance elastomers, including silicone elastomers
(VMQ), fluoroelastomers (FPM), chloropolyethyl-
enes and chlorosulfonyl polyethylenes (CM, CSM),
polyacrylates (ACM), ethylene vinyl acetate elasto-
mers (EVA), ethylene methyl acrylate (EAM), hy-
drogenated nitrile elastomers (HNBR), and epichlor-
hydrin elastomers (CO, ECO, GECO)

Thermoplastic elastomers. A separate category indicat-
ing that they do not need to be vulcanized since they
can be used like any thermoplastic material.

The first two families of elastomers account for 97% of
total world consumption. The third family includes high
thermal and/or chemical performance elastomers, which
are experiencing strong market growth. The vast majority
of elastomers are polymerized from petroleum monomer
derivatives.

b. Very Special Elastomers

Polysiloxanes, or silicone elastomers, are the most abun-
dantly produced very special elastomers. The backbone of

these elastomers is not a chain of carbon atoms but an ar-
rangement of silicon and oxygen atoms. Their most re-
markable quality is their outstanding thermal performance.
They retain their service properties from �85 to 250°C.
However, their mechanical properties are relatively weak.
They are used for a broad range of applications in the elec-
trical, electronic, and automotive industries. Their physio-
logical inertness makes them well suited for use in the bio-
medical field.

Fluorocarbons are another family of high-performance
elastomers, containing 70% fluoride that gives them out-
standing resistance to heat and chemicals. They can be
used at temperatures up to 250°C. Their cold resistance,
however, is less than that of silicones (�30°C). Because
of their pasivity and their insolubility they are useful in
the biomedical field.

Polyacrylates were specially designed to resist oils con-
taining sulfur-based additives. They have high heat
(180°C) and oil swell resistance. They are used as compo-
nents of grafted or linear biomedical elastomers [polyure-
thane (PU), styrene–ethylene/butylene–styrene (SEBS)].
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Chloropolyethylenes and chlorosulfonyl polythylenes
compete with polychloroprenes because of very similar
chemical compositions. The high chemical saturation of
the polymer chain gives them better heat resistance (120
to 130°C), and they are often used for wires and cables.

Hydrogenated nitrile, one of the most recent elastomers
to arrive on the market, has hydrogenated double bonds,
which provide it with better heat resistance (150°C) than
conventional nitrile rubber as well as with excellent resis-
tance to oils and ozone.

c. Thermoplastic Elastomers

Polymers are commonly defined by their thermal proper-
ties, i.e., as thermoplastics and thermosetting materials.
Thermoplastics are composed of independent, linear mole-
cules (which may have side branches). They can be melted
(e.g., polyethylene) and are processed by heating. Thermo-
setting materials are composed of networks of covalently
linked chains. They are initially polymerized at room tem-
perature or by heating and cannot be remelted once they
have solidified (e.g., silicone elastomers). It is actually a
little more complex since certain elastomers have interme-
diate structures and properties (Fig. 1).

Many types of thermoplastic elastomers (TPE) are be-
ing developed. They have certain advantages with respect
to classic elastomers and are replacing them in some appli-
cations. Thermoplastic elastomers can be defined as mate-
rials that combine the flexibility or elasticity of rubber
compounds with the thermoreversible versatility of ther-
moplastic polymers. Most require little or no formulation.
If formulation is required, it can be performed by the pro-
ducer or by an intermediary between the producer and the
processor—the compounder. Thermoplastic elastomers
are relatively simple to use and require fewer processing
steps than thermosetting elastomers (no mixing or cross-
linking), thus reducing costs. Processing time is also much
shorter, reducing energy consumption. Processing methods
are nonspecific and more numerous, being the same as
those used for plastomers. Unlike classic elastomers, ther-
moplastics can be recycled. Manufacturing scraps and clip-
pings can be reused with little or no change in their proper-
ties. Despite these numerous advantages, most of these

Figure 13.1 Schematic drawing of thermoplastic and thermo-
setting elastomer structure.

elastomers do have drawbacks, including their temperature
sensitivity. In 1995, the international thermoplastic market
totaled 900,000 tons (according to Rapra Technology
Ltd.), including 329,000 in Europe. Only 2 to 3% were
used for medical applications.

3. Chemistry and Synthesis

a. Structure

Elastomers are composed of macromolecular chains that
occasionally exceed 100,000 atoms in length, fold back on
themselves when at rest, and have a very high degree of
self-cohesion (bond energies of several hundred kilojoules
per mole). On the other hand, cohesion between different
chains is weak because of the small number of bonds and
their relatively low energy (covalent, van der Waals, polar
bonds). Because of their ability to rotate around their car-
bon–carbon or silicon–silicon catenary backbones, the
chains can twist into various shapes and are thus very flex-
ible at their service temperature. When subjected to a de-
forming stress, these entangled macromolecular chains be-
gin to unfold, sliding over each other, and separating along
the direction of the stress, giving the material its elasto-
meric property. The greater the number of bonds between
chains and the more chemically stable the bonds (cross-
linking), the less likely the material is to deform under
stress. What limits rotation of the catenary backbone and
sliding is the formation of chemical bonds (generally cova-
lent) between the chains, thereby leading to the formation
of a stable, three-dimensional network. The greater the
crosslinking, the more rigid the polymer. The formation of
chemical bonds produces various active sites on the macro-
molecular chains (double bonds, hydrogen atoms, labile
halogen atoms, etc.). From a thermodynamic perspective,
when an elastomer is subjected to a tensile stress, it may
stretch to several times its free length when the macromo-
lecular chains unfold. The energy transferred to the elasto-
mer makes it thermodynamically unstable. When the stress
is removed, the macromolecules return to their initial, en-
ergetically stable, intertwined state, releasing most of the
input energy.

b. Polymerization

True polymerization only involves the formation of macro-
molecules by the creation of multiple carbon–carbon
bonds. However, in a larger sense, it simply means the
formation of macromolecules. Monomers with accessible
double bonds, i.e., bonds that are not obstructed by large
substituents may from giant molecules. The double bonds
can be rearranged by catalysts such as radiation, oxygen,
and free radicals (like those produced by the dissociation
of peroxides), giving a new radical that attacks another
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Figure 13.2 Example of branched homopolymer: polyethylene.

monomer, in a chain reaction. This is called free radical
polymerization:

The catalyst may attack the main chain, producing side
chains (Fig. 2). However, in principle, bridges never form
between two chains (see, crosslinking subsection). Certain
molecules with different functional groups can combine
into a single molecule, e.g., acid and alcohol or aldehyde
and amine. Molecules with different functional groups can
combine into macromolecules. Molecules with identical
functional groups can also react with other molecules with
antagonistic functional groups to produce macromolecules.
Siloxanes are an example of this. They condense to form
polysiloxanes:

Silicon elastomer

Another example is carbonyl chloride (phosgene) and bis-
phenol A, which combine to produce polycarbonate:

In the two examples, for each bond created a small mole-
cule (H2O, HCl) is lost in a reaction called polycondensa-
tion. In other cases, as with the formation of urethanes and
other forms of polysiloxanes, no molecules are lost:

This is referred to as polyaddition.
A wide variety of catalysts (specific to each reaction)

are involved in free radical polymerization reactions (poly-
addition or polycondensation), all of which lead to long
polymers that concatenate either the same monomer (ho-
mopolymers) or different monomers (copolymers).

Homopolymerization. The linear bonding of structur-
ally identical small molecules (monomers) leads to the for-
mation of homogeneous polymers. Most commonly used
biomedical elastomers are homopolymers (Fig. 2). How-
ever, the possibility of mixing different monomers and/or
small polymers is leading to the synthesis of new polymers
with infinitely varied properties, which, because of their
improved performance, are increasingly replacing homo-
polymers for specific applications.

Copolymerization. Different types of monomers can
be copolymerized or mixed with small reactive polymers
to obtain alternating (-A-B-A-B-A-B-), sequential (-A-A-
A-B-B-B-A-A-A-B-B-B-), or random (A-B-B-A-B-A-A-
B-) copolymers with different block structures containing
two, or occasionally more, identical monomers (Fig. 3).

Other types of monomers or small polymers can also
be attached to existing chains to create branched or grafted
copolymers (Fig. 4). Alterations to the catenary or terminal
structures of copolymers change their properties, creating
new types of elastomers, some of which have potentially
interesting biomedical applications. It would be more ac-
curate to talk about bi- and terpolymers when a reaction
involves two or three types of monomers, but the term co-

Figure 13.3 Different blocks of a terpolymer segmented poly-
etherurethane: pellethane (A-(Bn)-C).
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Figure 13.4 Monomers attached to existing chains to create
branched or grafted copolymers.

polymer is used to describe all polymers containing two
or more different types of monomers.

Crosslinking. When polymers have reactive sites
within the chain (e.g., the double bonds of unsaturated
polyesters) or at the terminal (e.g., the hydroxyl group of
polyols), they can be reacted with a polyfunctional agent
to create a network in a process referred to as crosslinking
or vulcanization. Such agents are generally called cata-
lysts, hardeners, or coupling agents, and the initial polymer
is called a prepolymer (Fig. 5).

Figure 13.5 Crosslinking of a polymer. (A) Crosslinking of a
polymer with reactive side groups; (B) crosslinking of a polymer
with reactive terminal groups.

Crosslinking can be performed by free radical polymer-
ization using organic peroxides, which greatly increases
the thermal resistance of the network by creating very
strong carbon–carbon bridges. Other types of crosslinking
agents can be used, especially for elastomers with specific
reactive groups (carboxyls, halogens, etc.).

d. Formulation

Apart from a few rare exceptions, the properties of
‘‘green’’ elastomers do not allow them to be used as is.
Various additives, all with well-defined functions, must be
incorporated. This is what is called formulation. Despite a
certain empirical approach, formulation requires a great
deal of know-how to compensate for the occasionally an-
tagonistic properties required by certain applications. A
standard formulation contains

Elastomer(s). Specific properties, especially chemical
properties, must address application specifications.
A mixture of elastomers may be used.

Filler(s). Fillers are used to provide superior mechani-
cal properties, and also to improve handling and to
lower production costs. Precipitated silica is the most
common additive in biomedical elastomers. Chalks
and kaolins are also occasionally used.

Plasticizers. Plasticizers are used to make processing
easier and improve low temperature flexibility.
Heavy solvents, oils, and esters are generally used.

Protective agents. These are used to protect the mac-
romolecular chains from oxygen, ozone, and ultravi-
olet radiation. Amine and phenol derivatives are gen-
erally used.

A crosslinker. These allow the formation of a stable,
three-dimensional network without which the elasto-
mer would be useless.

Various other ingredients. Numerous other ingredi-
ents, such as colorants, conditioning agents, swelling
agents for manufacturing cellular elastomers, with
very specific functions may be used.

It is clear that the release of additives like plasticizers, anti-
oxidants, initiators, catalysts, fillers, etc., by biomedical
elastomers may have a significant impact on host tissues.

e. Elastomer Reinforcement

Reinforcement fillers are quite often added because elasto-
mers have fairly low breaking strengths at ambient temper-
ature. Adding more precipitated silica enhances breaking
strength, but decreases flexibility. The amount of filler can
be changed to generate variable stress–strain curves and
produce elastomers with specific properties. Fillers like
semireinforcing kaolins can be used to generate economi-
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cal, clear mixtures. The same is true of chalks, which are
considered as diluents. Elastomers are also occasionally
reinforced by the addition of bulk fibers or tissues (glass,
carbon, aramide) for very specialized aeronautics and med-
ical applications for example.

B. Silicone Elastomers

1. Introduction

Silicones (a contraction of silicon ketone) make up a vast
family of polymers with remarkable properties due to the
presence of both silicon–oxygen and silicon–carbon
bonds. Depending on the nature of the functional groups
attached to the silicon atoms, silicone polymers may be
resins, oils, or elastomers, making them well-suited for di-
verse applications in a wide variety of areas. Silicon elasto-
mers are composed of very long polymers containing sev-
eral thousand silicon atoms per molecule (6). The first
biomedical applications for silicone elastomers can be
traced back to the 1950s, while industrial-scale manufac-
turing dates to 1965 (7,8). Today, silicone elastomers are
the most widely used polymers in medical applications (1)
because of the strong, very mobile bonds of their
SiEOESi (siloxane) catenary backbone, which provide
elevated chemical inertness and exceptional flexibility.
They are also very stable over time and at body tempera-
ture, show little tissue reactivity, and are highly resistant
to chemical attack and heat, which allows them to be auto-
claved. They also have exceptional mechanical properties
such as high tear strength, outstanding elasticity, and high
gas permeability, which makes them suitable for many
medical applications such as contact lenses, special dress-
ings, and air/blood filter membranes.(Table 2) (9,10).

2. Manufacture

Chlorosilanes, especially dichlorosilanes and trichlorosi-
lanes (where R is an organic radical), are the basic building
blocks of silicone elastomers:

Table 13.2 Properties of Silicones for Use in Biomedical Applications

Good elastomeric and relatively uniform properties over a wide tempera-
ture range

Physiological indifference
Good low temperature resistance and stability at high temperatures
Excellent resistance to biodegradation
Excellent resistance to oxidation and ultraviolet light
Moderate biocompatibility
Outstanding resistance to aging
Excellent dielectric behavior over a wide range of temperatures

The main organic radicals used are methyl (ECH3) and
phenyl (EC6H5) groups. Others (ethyl, vinyl, etc.) are
used for special application silicones. Chlorosilanes are
complicated and costly to produce. They react with water
to give silanols, which, being unstable, lose water mole-
cules and condense into polymers—polysiloxanes:

Depending on the dichlorosilane/trichlorosilane ratio, dif-
ferent polymers are obtained. The greater the percentage
of dichlorosilane, the more linear the polymer; and the
greater the percentage of trichlorosilane, the more
branched the polymer. Depending on the reaction condi-
tions, polymers with varying molecular masses can be pro-
duced. The terminal hydroxyl groups can react with other
components or with each other in the presence of catalysts.
It is the termination reaction that produces the final silicone
product:



Biocompatibility of Elastomers 317

The properties of the finished product depend on the nature
of the organic radicals grafted onto the catenary backbone,
meaning that an infinite number of chemical structures—
and properties—are possible.

The end products of this industrial process are polycon-
densates of basically linear or weakly branched polysilox-
ane molecules of varying molecular mass and consistency
with terminal reactive groups such as ECl or EOH.
These reactive polycondensates or prepolymers serve as
the raw materials to produce the final silicone products by
room temperature vulcanization (RTV) or high tempera-
ture vulcanization (HTV).

3. Homopolymerization of Silicone Elastomers

Most commonly used biomedical silicone elastomers are
homopolymers. Increasingly, however, various polysilox-
ane prepolymers as well as other types of prepolymers with
varying properties are being combined to synthesize copol-
ymers for the biomedical market. Different polymerization
processes can be used to produce a variety of silicone elas-
tomers.

a. One-Component RTV Silicones

There result from a reaction between atmospheric moisture
and a mixture of polycondensates and catalyst. Crosslink-
ing thus occurs from the outside in, limiting the useful
thickness:

Such silicones are only used for adhesives, coatings, and
sealants. Their biomedical utility arises from the absence
of fillers and additives, which gives them an excellent bio-
compatibility (11).

b. Two-Component RTV Silicones

These result from a reaction between a polycondensate and
a crosslinker added to initiate the reaction. They are used
in the medical field for limited production runs of molded
products.

Crosslinking can occur by polycondensation of a rela-
tively low molecular weight polydimethyl siloxane with a
reactive hydroxyl group in the presence of tin octoate (i.e.,
condensation cure):

Or crosslinking can occur by polyaddition of a relatively
low molecular weight vinylsiloxane, a polysiloxane with
a terminal hydrogen, and an organometallic catalyst like
chloroplatinum acid [e.g., RTV 71556 Silbione from
Aventis formerly Rhône—Poulenc]:

c. High Temperature Vulcanization Elastomers

These are produced by heat vulcanizing similar but higher
molecular weight polycondensates premixed with cros-
slinkers (peroxides):

They are used in small- and large-scale industrial produc-
tion runs by injection molding, extrusion, calendaring, etc.
(e.g.,MDX 44210 Silastic from Dow Corning).

4. Copolymerization of Silicone Elastomers

Silicone elastomer copolymers can be produced by addi-
tion or condensation. Condensation generally involves low
to medium molecular weight prepolymers. For example,
vinyl polymethylsiloxane is condensed with hydroxy poly-
methylsiloxane to create a new prepolymer—siloxyetha-
nol ether—which can in turn be condensed with di-isocya-
nate to produce silicone urethane copolymers whose blood
compatibility and stiffness have been improved to the point
where they can be used as blood catheters or blood pump
coatings. Examples of different reactive Silicone prepoly-
mers include the following (12):
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The copolymerization reaction is (12):

Polysiloxane copolymers—condensation

Condensation has also been used to produce silicone
polycarbonate copolymers designed to transport ions (12):

Their good mechanical resistance and high stability in
aqueous environments make them useful for microelec-
trodes.

Certain linear silicone elastomer copolymers are also
prepared by addition curing. These are generally higher
molecular weight polymers that can be processed or
molded using industrial processes. Siloxane and methacry-
late copolymers were developed to improve the properties
of elastomeric contact lenses by increasing their hardness,
stiffness, transparency, wettability, and gas permeability
by combining the properties of the various monomers used
to produce the copolymer (12):

Graft silicone elastomer copolymers can have two types
of grafted side chains, one type on all the molecules in the
elastomer and a second added by graft polymerization at
the surface (see section I.B.) Silicone elastomers can be
mixed relatively easily with numerous copolymers [sty-
rene–butadiene–styrene (SBS), SEBS,Polypropylene (PP),
SEBS, PU]. Silicone elastomer copolymers are all very bi-
ocompatible because the addition of silicone gives them
the elasticity that only the incorporation of plasticizers
(phthalates) would otherwise provide. They are suitable for
large-scale production runs by molding or injection be-
cause of the thermoplasticity provided by the SBS, SEBS,
and PP copolymers. They also combine the surface proper-
ties of silicones with the intrinsic mechanical performance
of the added copolymers. Polyurethanes are good exam-
ples of copolymers with greatly enhanced blood compati-
bility and mechanical strength. Polyurethane products are
produced by mixing a vinylsiloxane polycondensate with
a curing agent (crosslinker) followed by injection into an
appropriate mold. The components crosslink to form a
thermoplastic silicone–polyurethane network with remark-
able physical and biomedical properties. These biomedical
silicone elastomers can be further modified by the addition
of other components before the final cure. These compo-
nents may or may not be involved in the crosslinking, and
they can have an impact on the physical and chemical
properties, and thus the biocompatibility of the final elasto-
meric products (13,14).

5. Fillers

Biomedical silicone elastomers may be considered com-
posite materials in the sense that they are composed of
organomineral polymer matrixes containing fillers that are
more or less linked to the network. Fillers are used to im-
prove the mechanical performance of elastomers, notably
to increase tear and tensile strength. They are generally
mineral in nature, but may also be organic, like high mo-
lecular weight polyacrylic acid (15). Amorphous silica is
the most widely used filler and may be modified using a
coupling agent that improves adherence to the polymer
matrix (sizing). This is generally done by silanization be-
cause the most common coupling agents are silanes like
X3Si(CH2)nY, where n � 0 to 3, X � hydrolysable group,
and Y � organic group selected on the basis of the polymer
matrix. Silica with reactive SiEH covalent bonds can be
obtained by a reaction with methyldichlorosilane for exam-
ple (1). Other more specific treatments have been reported
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like the attachment of antithrombogenic heparinoid sub-
stances to amorphous silica (16,17). Fibers (glass, aramide,
carbon, etc.) can also be used to reinforce the structure of
biomedical silicone elastomers. Sizing the fibers ensures
good adherence between the reinforcement and the ma-
trix (18).

The fillers must never reduce material biocompatibility,
either because they are not biocompatible themselves or
they are released in situ due to insufficient bonding to the
polymer.

6. Surface Treatments

Changes to the basic silicone elastomer may be insufficient
for special applications. The desire to improve the materi-
als has led to a number of surface treatments to optimize
the biocompatibility of surfaces in contact with living tis-
sue, to seal in undesirable residues or additives using a
coating, and to regulate excretion and/or absorption by the
sealed elastomer using a selectively permeable surface
(19). Silicone elastomers are hydrophobic and have high
coefficients of friction, which in combination with their
low surface energy (10 to 18 dynes/cm) ensures low wetta-
bility (5,20). While these biophysical characteristics can
be advantageous (no tissue adherence to mammary im-
plants, no bacterial adherence, no sliding of urethral stents
or blood catheters due to surface friction caused by contact
with living tissue), they can cause numerous biological and
technical problems in need of solving in other applications.
Various surface treatments can be performed using a vari-
ety of techniques.

a. Plasma Deposition of Simple Substances
or Composites

Heating a gas to a very high temperature using an electric
arc (electric glow discharge) causes extreme atomic excita-
tion resulting in partially or almost totally ionized gases, or
plasmas. When the ions come into contact with a ‘‘cold’’
surface, they are deposited and become chemically bonded
to the surface. Exposure of elastomers to such plasmas (He,
Ar, etc.) allows the deposition and chemical bonding of
monomers or polymers to the exposed surface in a process
called plasma polymerization (or glow discharge polymer-
ization to avoid confusion with blood plasma). The atomic,
molecular, or macromolecular deposits obtained using this
technique create a thin, smooth film several angstroms to
several hundred angstroms thick. Most polymers with suit-
able biological or technical properties (polyethylene, poly-
vinylchloride, polytetrafluoroethylene, polycarbonate, po-
lymethylmethacrylates, polysiloxanes, etc.) can be applied
to silicone elastomers.

The plasma deposition of H2
�, N2

�, O2
�, and Ne� ions

breaks existing chemical bonds on the surface and creates
new radicals: CCCO using O� plasma, for example. The
affinity of certain proteins (albumin, fibrin) for the surface
of silicone elastomers modified in this way creates a layer
of adsorbed protein that prevents the adherence of other
blood constituents by steric repulsion, a well-known effect
in colloidal chemistry (21). The result is a powerful anti-
thrombogenic effect.

The deposition of ionic oxygen, argon, carbon dioxide,
or ammonia makes the silicone elastomer surface more hy-
drophilic. However, the migration of free polymer to the
elastomer surface affects the durability of such treatments
(22,23). The deposition of these ions also allows for poly-
mer grafting on the elastomer surface.

b. Surface Polymer Grafting

This is a more long-lasting solution, but more technically
complicated. After activation by an argon plasma or a sol-
vent, the silicone elastomer is placed in a reactor con-
taining a monomer solution (acrylic acid, hydroxyethyl
methacrylate, bis amino polyethylene oxide, etc.). Heating
promotes chemical bonding of the monomers to the elasto-
mer and crosslinking among the grafted monomers, pro-
ducing a smooth, continuous coating of grafted copolymer
(polyacrylic or polyethylene, for example) covering the
elastomer surface. By alternating the chemical treatment
of the various surfaces of an elastomer, a bifunctional, ho-
mobifunctional, or heterobifunctional material can be cre-
ated (Fig. 6). Such treatments have been used to improve
the adherence and growth of corneal epithelial cells by
grafting 2-hydroxyethylmethacrylate to the outside sur-
faces of silicone elastomer corneas and to prevent adher-
ence by grafting bis amino polyethylene oxide to the inside
surfaces (24).

c. Denucleation of Silicone Elastomers

This treatment helps remove the micro air bubbles in the
surface irregularities of the elastomer. The goal is to re-
move air/blood interfaces to prevent complement activa-
tion and platelet aggregation. The procedure is relatively
long but technically simple. It involves rinsing the elasto-
mer in double distilled water for 12 h, soaking in 99%
ethanol for 24 h, soaking in a buffer solution with vacuum
degassing for 6 h, then gradually replacing the buffer solu-
tion with ethanol over a 6-h period. The elastomer is then
stored in the buffer solution until use (25). This treat-
ment helps increase hemocompatibility without modifying
the structure or composition of the silicone elastomer
surface.
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Figure 13.6 Schematic diagrams for grafted silicon rubber sur-
faces.

d. Acylation or Hydroxylation of the Silicon
Elastomer Surface

This process increases the affinity for serum proteins (26).
Hydroxylation is performed by an oxymercuration/de-
mercuration reaction, or hydroboration, which transforms
the polydimethylsiloxanes on the surface into hydroxy-
methylvinylsiloxane. Acylation of EOH groups is
achieved through simple esterification of exposed carbons
on the siloxane side chains (26).

C. Polyurethane Elastomers

1. Introduction

The first polyurethanes were developed by Otto Bayer in
the late 1930s. They now make up the largest family of
thermoplastic and thermosetting plastics. They range from
very rigid to very flexible and from compact to cellular,
and are used to produce varnishes, fibers, textiles, plastics,
and elastomers. Polyurethane elastomers were studied in
great detail in the 1950s and 1960s (27–29). Their use for
biomedical applications was proposed by Pangman (30)
and Boretos (31), not to mention Yoda (1). They have been

widely used in the medical field for over 25 years now
(31–36). They are the products of polyaddition reactions
between polyisocyanates and polyalcohols (polyols).
Broadly speaking, all elastomers are isocyanate deriva-
tives.

2. Manufacture

Polyurethane elastomers are formed by reactions between
isocyanate and substances with mobile hydrogen ions, gen-
erally polyols, amines, and water:

Alcohols give urethanes:

Nontertiary amines give ureins or substituted ureas:

Water also give ureins together with carbon dioxide:

In most cases, the components (i.e., the raw materials, the
catalysts, and the adjuvants) are mixed as liquids and then
injected into molds or cavities. Aromatic polyisocyanates
are the most frequently used raw materials. Toluenediiso-
cyanate (TDI) is used as is or is dimerized in order to syn-
thesize elastomers with high tear resistance; diphenylmeth-
anediisocyante (MDI) and naphthylenediisocyante (NDAI)
are used to produce polyester elastomers:

Toluene diisocyanate
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Dimerized toluene diisocyanate

Diphenylmethane 4-4′-diisocyanate

Naphthylene 1-5-diisocyanate

Polyethers are the most frequently used polyols and re-
sult in polyetherurethanes; polyesters are used less often
but the resulting polyesterurethanes are much more chemi-
cally stable:

Formation of polyether polyols

Formation of polyester polyols

Pellethane is a poly(ether urethane) that has been used
for many years in the medical field, and is the result of a
reaction between MDI and polytetramethyleneglycol
(PTMG), which produces a soft segment ending in an iso-
cyanate that reacts with the diol moiety of butanediol to
extend the chain (Fig. 7) (1).

The greater the number of reactive groups on the poly-
ols used to synthesize the polyurethane, the more the end

Figure 13.7 Polyetherurethane-segmented Pellethane.

product is crosslinked and thus rigid. The polyols with the
highest molecular mass and the least crosslinking give the
most flexible elastomers. To improve the mechanical resis-
tance of certain polyurethane elastomers, all or part of the
polyol may be replaced by a reactive diamine [e.g., methy-
lene dianailine (MDA), methylene bis-orthochloroaniline
(MOCA), ethylene dianiline (EDA)], giving rise to seg-
mented polyetherurethaneurea elastomer such as Biomer

or Mitrathane, which are used in cardiovascular applica-
tions. Prepolymer processing (foaming) using expansion
agents produces cellular elastomers: either water is reacted
with isocyanate to produce a urein and carbon dioxide
(chemical expansion) or low boiling point inert liquids are
added and subsequently expelled by degassing during high
temperature polymerization (physical expansion). Adju-
vants are also required for crosslinking: catalysts (tertiary
amines, organic tin salts), surfactants (silicones), fillers, re-
inforcements, pigments, etc. During manufacture (what-
ever the process) and storage, polyurethanes must be kept
in a dry environment because their affinity to and reactivity
with water can result in changes to their composition and/
or create defects in the end product.

3. Mechanical Behavior of Polyurethane
Elastomers

The hard segments crosslink among themselves within the
mass of the elastomer to form agglomerations that act as
fillers, improving the mechanical resistance of the material.
The soft segments remain free and randomly arranged
(Figs. 8 and 9). Under a tensile stress of 150% (29), the
polyether soft segments line up along the elongation axis,
displacing the urethane hard segments so that they are
more or less perpendicular to the vertical axis. Soft seg-
ments brought into close proximity with each other by a
stress crystallize, a process that becomes complete when
elongation reaches approximately 250% (Fig. 10). When
the elongation increases even more (�500%), the chemical
bonds crosslinking the hard segments break down and the
now separate hard segments align along the vertical axis.
At this point, the soft segments relax because of the stretch-
ing due to the release of the hard segments (Fig. 11).

Segmented polyurethane elastomers thus have elastic
behavior under low stress (deformation) conditions, which
becomes plastic when the hard segment network breaks
down. Deformed samples do not immediately return to
their original shape following removal of the stress. How-
ever, rearrangement of the hard segments eventually re-
sults in a total or partial return to the initial shape, de-
pending on the elastomer structure. The greater the
concentration of hard segments, the more plastic the defor-
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Figure 13.8 Linear polyetherurethane chain. (From Ref. 63.)

Figure 13.9 Distribution of hard and soft segments in a poly-
urethane elastomer. (From Ref. 63.)

mation. On the other hand, the lower the concentration of
hard segments, the more elastic the behavior.

Chemical properties also depend on the soft/hard seg-
ment ratio. A large proportion of hard segments makes the
material harder and provides better stress resistance, but
decreases elasticity and resistance to abrasion (37). The
presence of long polyether or polyester soft segments pro-
vides superior break elongation but makes the material
more sensitive to oxidation and degradation by biological
fluids and thus to failure under repeated stress (Table 3).

4. Biodegradation of Polyurethane Elastomers

In vivo degradation of polyurethane elastomers occurs via
four main mechanisms: calcification, macromolecular
chain breakdown (1), hydrolysis, and environmental stress
cracking. Calcification involves the deposition of calcium
hydroxyapatite on the surfaces of implanted elastomers
(38). Macromolecular chain breakdown of polyurethane
elastomers occurs via oxidation reactions with the soft seg-
ments and at the junctions between hard and soft segments
(39). Corrodable metallic residues favor oxidation by act-
ing as catalysts in vivo (4,40). Hydrolysis depends on the
susceptibility of the urea and urethane bonds and the con-
centration of hydrolytic enzymes at the cell–polymer inter-
face. The extreme sensitivity of polyesterurethanes to hy-
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Figure 13.10 Crystallization of soft segments under a weak
vertical stress. (From Ref. 63.)

Figure 13.11 Reorientation of hard segments and relaxation of
soft segments under a strong vertical stress. (From Ref. 63.)

drolysis limits their use in biomedical applications as
opposed to polyetherurethanes, which are more resistant
(1). However, polyurethane elastomers in general cannot
be autoclaved because of the risk of hydrolysis.

Environmental stress cracking (ESC) occurs when me-
chanical stresses are combined with interactions with liv-
ing tissue (41) and can lead to the complete destruction of
the implanted material. Three phenomena must coincide
for ESC to occur: the presence of enzymes as a result of
an inflammatory response at the interface (42–45), a sus-
ceptible poly(ether urethane) elastomer, and a mechanical
stress on the elastomer (41,46). Environmental stress
cracking, which has never been observed with polyure-
thanes in vitro, does not occur if a single factor is missing
(37), and seems to be due to the oxidation of the methyl
group on the soft segment polyether chains (Figs. 12–
14) (37).

Chemical properties are not the only factors at play. The
hardness, mechanical resistance, and morphology or mi-
crostructure, as well as the affinity for proteins, also influ-
ence sensitivity to biodegradation (47). The microporous
surfaces of polyetherurethane vascular devices promote
tissue colonization, neointima formation, and fibrotic cap-
sule formation that in turn favor biodegradation by increas-
ing the size of the biological interface with respect to the
volume of the device (48,49).

5. Biostable Polyurethane Elastomers

The impact of environmental stress cracking on poly-
etherurethanes has stimulated research into polyurethane
elastomers that do not contain ether groups and that remain
stable when subjected to environmental stresses in vivo,
i.e., biostable polyurethanes (37,50,51). Coury et al. (52)
have filed a patent for a polyurethane that contains no ether
groups. An aliphatic complex replaces the soft segment
polyethers with a very rigid biostable skeleton that makes
the polymer much too hard for many applications. Numer-
ous attempts have been made to modify or replace the soft
segments in order to improve biostability. Soft segment
polyethers have been replaced by polybutadienes and poly-
methylsiloxanes (39,53,54), polycarbonates (55,56), and
aliphatic hydrocarbons (55). Polysiloxanes are attractive
substitutes for polyethers because of their low toxicity,
good thermal and oxidative stability, low coefficient of
friction, good hemocompatibility, and that fact that they do
not affect the mechanical properties of the polyurethanes
because their modulus of elasticity is similar to that of the
soft segment they are replacing. Polycarbonate soft sege-
ments are also less sensitive to oxidation, although the hy-
drolysis of carbonate linkages in vivo is always possible
(Fig. 15) (4,55–60).
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Table 13.3 Commercially Available Polyurethanes Used in Biomedical Applications

Type and molecular architecture Processing Trade name Supplier

Segmented polyetherurethane
Extrusion Pellethane Dow Chemical Co., United States
Injection molding
Solution casting
Extrusion Tecoflex Thermedics Inc., United States
Injection molding
Solution casting

Segmented polyetherurethane urea

Solution casting Biomer Ethicon Co., United States

Solution casting TM3, TM5 Toyobo Co., Japan

Copolymer of segmented polyetherurethane and polydi-
methylsiloxane

Solution casting Cardiothene51 Kontron Inc., United States

Nippon Zeon Co., Japan

Source: Ref. 1.

The complementary qualities of polyurethane and poly-
vinylsiloxane elastomers led to the idea of producing
‘‘alloys’’ in the hope of creating new polymers with en-
hanced resistance to biodegradation. The copolymerization
of aromatic poly(ether urethane urea) and polydimethylsi-

Figure 13.12 The degradation mechanism of a polyurethane at
the carbon alpha to the ether group as proposed by Anderson et al.
(43).

loxane (acetoxy-terminated siloxane blocks linked to un-
substituted urethane nitrogen) produces a heterogenous
elastomer composed of 10% water-vulcanizable polymeth-
yldisiloxane and a 90% polyurethane matrix in which
phase separation (soft/hard segments) of the polyurethane
mass is prevented by the interpositioning of the silicone–
urethanes formed during the polymerization process
(1,61,62). This complex mixture of polyurethane and sili-
cone (Cardiotane 51) is difficult to process because it is
neither soluble nor thermoplastic (63).

Figure 13.13 Cleavage of a polyether urethane by Sn1 type
acid hydrolysis. (From Ref. 4.)
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Figure 13.14 The degradation mechanism of a polyurethane
urea at the carbon alpha to the urethane group as proposed by
Tyler and Ratner. (From Ref. 4.)

6. Grafted Polyurethane Elastomers

The biomedical properties of polyurethane elastomers can
be improved by encapsulation to isolate them from living
tissue. Grafting polysiloxane molecules on the surface
makes the material hydrophobic and protects the soft seg-
ments from oxidation and hydrolysis in vivo (64–66).
Grafting alkyl or polyethylene [oligoethylene monoalkyl
(aryl)alcohol ether] groups to the sodium atoms of ure-
thane hard segments or incorporating sulfate groups by nu-
cleophilic molecular displacement of N-H urethane groups
creates sulfonate polyurethane anionomers with chemical

Figure 13.15 An example of a biostable polyurethane: Corethane (polycarbonate urethane), produced by reacting poly(1,6-hexyl
1,2-ethyl carbonate)diol with MDI. (From Ref. 4.)

properties that limit biodegradation and thrombogenicity
(67–74). Researchers have also grafted proteins and other
molecules on polyurethane elastomers in an attempt to im-
prove hemocompatibility—albumin (75), heparin (76),
adenosine diphosphate (77), fibronectin, and gelatin (78).
The grafting processes, or impregnation in the case of gela-
tin, are complex and require numerous steps. Collagen
grafted to carboxyl group–enriched polyurethanes via 1,2-
bis(2,3-epoxypropoxy)ethane links allows better epithelial
cell growth than raw polyurethanes (79).

Seeding the lumen of microvessel vascular prostheses
prepared by glow discharge allows the in vivo proliferation
of a multicell layer close to but distinct from the elastomer
wall. The cell layer is histologically similar to a native ar-
tery with antithrombogenic endothelial cells on the sur-
face (80).

Plasma processing can be used to modify surfaces by
depositing metallic silver (81–85), fluorinated films (86),
nitrogen, and hexamethyldisiloxan polymers (83) to,
among other things, improve the antithrombogenic and an-
tibacterial properties of cardiovascular implants.

7. Modified Polyurethane Elastomers

Solvent extraction (toluene, acetone, methanol, etc.) of
small molecular weight surface polymers (which are dif-
ferent in composition from the bulk polyurethane) in-
creases the molecular weight of the surface fraction and
enriches it in hard segments, making it more polar and im-
proving hemocompatibility (36,87,88).

Since biogradation mainly affects the ether bonds of
soft segments, which are very sensitive to oxidation, cer-
tain biomedical polyetherurethanes contain high concen-
trations of antioxidants (89). Unfortunately, these elasto-
mers (or their degradation products) may be toxic to host
tissues (90). Researchers have recently begun examining
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natural antioxidants like vitamin E as possible alternatives
to industrial additives.

Attempts to inhibit tissue responses have also been
made. Adding hydroepiandrosterone (DHEA) to poly
(etherurethane urea) reduces biodegradation by limiting
macrophage activation. However, the effect is dose-
dependent, and since DHEA is very hydrosoluble, it rap-
idly diffuses away, making it useless for long-term protec-
tion (91).

Toyo Cloth Co. recently announced that it had prepared
a high molecular weight poly(ether/urethane/amide) from
polytetramethylene oxide, MDI, ethylene glycol, and Ny-
lon 66. The addition of calcium chloride to this polyure-
thane–nylon polymer modifies its physical and biomedical
properties (92) by increasing water permeability, hydro-
philicity, biocompatibility, thrombogenicity, and elastic-
ity, and decreasing breaking strength (tensile modulus). An
affinity for calcium ions points to potential thrombogenic
or antithrombogenic applications for heparinized versions
of the elastomer (76).

While polyurethanes may themselves be encapsulated,
they can also be used to coat medical devices like pace-
makers and endovascular stents (93–95). Such coatings
have various degrees of hemocompatibility (96) and occa-
sionally shift because of a lack of adherence to vessel
walls (95).

The development of biodegradable polymers is a major
advance in the research on biomaterials. Designed to grad-
ually degrade in vivo over the implantation period, these
polymers are used in numerous medical and surgical appli-
cations. Biodegradable polyesterurethane have been devel-
oped in recent years (97–99). DegraPol/btc is a polyes-
terurethane copolymer with polyhydroxybutyric acid hard
segments and polycaprolactone soft segments (Fig. 16).

The hard and soft segments can be replaced by a variety
of substitutes that make the end product more or less biode-
gradable in vivo. By selecting the right substitute, it is pos-
sible to design cellular polyesterurethanes with varying de-

Figure 13.16 Example of a biodegradable polyurethane. (From Ref. 99.)

grees of rigidity and with degradation rates suitable for
osteoblast colonization of bone implants (98). They can
lose half their mass within several months of implantation.
They are not strictly speaking elastomers, but lengthening
their soft segments may provide new mechanical proper-
ties and open the door to soft tissue applications.

D. Saturated Polyesters and Copolyesters

These thermoplastic polymers have long been used in tex-
tiles (Dacron, Tergal) and plastic films; polyethylene
terephthalate (PET) holds the lion’s share of the market:

Poly(cyclohexylenedimethylene terephthalate) (PCT)

Polyethylene terephthalate was first used as a medical elas-
tomer when Du Pont introduced Hytrel copolymer in
1972. Together with PET, polybutylene terephthalate,
which is used in injection molding, polycyclohexylenedi-
methylene terephthalate, and polyester–glycol copolymers
(ethylenes and cyclohexane dimethanols) are excellent
elastomers (polyesters and copolyesters) for biomedical
applications. They are used as surgical field, bag, flask,
bottle, and bandage-backing materials. Polyethylene ter-
ephthalate and PBT are especially suitable for making co-
polymers with polycarbonate, and are also available with
fiberglass reinforcements (�30%). Both these polymers,
which theoretically can be esterified on their diacid or dial-
cohol groups, are in practice obtained by transesterification
of dimethylterephthalate by ethylene glycol and butylene
glycol with the release of methanol:
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Dimethylterephthalate Ethylene glycol

PET Methanol

The reaction is controlled by gradually increasing the tem-
perature until the desired molecular mass is obtained. They
are easy and cheap to produce on an industrial scale. They
are sensitive to hydrolysis but are chemically resistant to
a wide range of chemicals and solvents, are relatively non-
toxic, contain no plasticizers, can be easily washed and
sterilized (autoclave, gamma radiation), are very rigid,
have the lowest coefficient of friction of any thermoplastic,
and are very esthetic (smooth surface, very translucid).
Thin films are permeable to water vapor and are very flex-
ible and tear resistant (100). When copolymerized with
polycarbonate, they are very easily colonized by endothe-
lial cells and may see use as vascular prostheses in the
future.

E. Polyvinyl Chlorides

Polyvinyl chloride (PVC) is a widely used polymer, and
PVC products can be produced with a broad range of prop-
erties (flexible, rigid, cellular). It has been widely used in
the medical field for some 40 years (gloves, tubes, tubing,
catheters, bags, etc.) because of its low cost and ease of
processing. The structure of PVC:

The high pressure polymerization of vinyl chloride mono-
mer, which is a gas at room temperature and pressure, is
activated by the addition of an initiator (peroxide) and con-
trolled using temperature, mixing, and surfactants. The re-
sult is a white pulverulent polymer whose structure varies
depending on the process (bulk, suspension, or emulsion
polymerization). Vinyl chloride monomer lends itself to
copolymerization, especially with vinyl chloroacetate
(VCA). Copolymers PVC/VCA generally contain 5 to
15% vinyl chloroacetate. They can be processed at lower
temperatures and pressures than PVC alone; more filler can
be added; and they can be used to produce very transparent
products, Polyvinyl chloride is almost never used on its
own. Small amounts of specific adjuvants such as heat sta-

bilizers (to protect the resin during processing) and lubri-
cants (to facilitate or make the processing possible) are
often added. Fillers, pigments, reinforcing agents, light sta-
bilizers, antioxidants, etc., may also be added. In addition
to the adjuvants mentioned above, PVC elastomers also
contain plasticizers (5 to 70 parts per 100 parts of resin).
Since conventional plasticizers (phthalates) are incompati-
ble with biomedical applications, PVC elastomers intended
for biomedical applications are specially designed not to
release toxic products (101,102). Phthlate-free PVC elasto-
mers either contain placticizers that are not released or are
nontoxic (azelate, phosphate ester and polyester, citrate)
or they are made without placticizer by combining PVC
with other elastomers to produce copolymers (polyure-
thanes, vinyl chloroacetate) or simple phase mixtures. The
elastomer phase plasticizes the rigid PVC (polyadipates,
polyesters, polyacrylonitrile–butadiene) (103). The sur-
face properties of PVC elastomers can be altered by plasma
treatments and hydrophilic monomer grafts (carboxyla-
tion, acrylic and metacrylic acid, vinyl pyrrolidone) (104).
Single-use antithrombogenic endovascular materials can
be produced by grafting PU/SI copolymers on the surface
of PVC tubing.

F. Polyolefins

Polyolefins are polymers produced by the polymerization
of ethylene molecules where the hydrogens are replaced
by various hydrocarbon groups. Ethylene (CH2CCH2) can
be used to produce polyethylene, polypropylene, etc., by
simple substitution of the side group (H, CH3, C2H5, C4H9,
etc.):

Polyethylenes are produced by polymerizing gaseous
ethylene under different conditions. Polyisobutylenes
(PIBs) for example are polymerized in the presence of cat-
alysts. Propylene/ethylene copolymers (often called poly-
propylene copolymers) are elastomeric in nature and have
improved shock resistance properties (block copolymers).
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Random copolymers are especially well suited for manu-
facturing plastic films, hollow objects, plates, etc. Poly-
methylpentenes (PMPs) are obtained by high pressure po-
lymerization in the presence of a catalyst. They have good
water and gas permeability and superior physicochemical
properties, making them resistant to autoclaving and inert
to most pharmaceuticals. Numerous compounds may be
added to facilitate processing. Polymethylpentenes must,
however, be washed to eliminate potentially toxic residues.
They are used for all sorts of packaging materials as well as
for flexible tubing, stoppers, implants, catheters, etc. The
excellent resistance to flexural fatigue of polypropylene
copolymers makes them more suitable than other elasto-
mers for certain applications (extracorporeal pump dia-
phragms and synthetic finger joints made of Hexsyn, for
example). Grafting various monomers (vinyl pyrrolidone,
ethyl methacrylate, acrylamide) on the surfaces of polypro-
pylenes can provide excellent wettability while conserving
their superior mechanical performance (105,106). The re-
cent production of polypropylene homopolymers con-
taining alternating isotactic and atactic segments (relative
configurations of successive asymmetric elements in the
polymer chain) by a new metalocen polymerization pro-
cess opens the way to new medical applications for polyo-
lefins (1).

G. Styrene Copolymers

The styrene family contains a wide variety of polymers.
Liquid styrene can be polymerized in two ways:

Bulk polymerization—delicate method
Suspension polymerization—fine droplets (0.1 to 10
µm) of styrene monomer dispersed in an aqueous
phase

Styrene can be copolymerized with polybutadiene or
ethylene/butylene to produce graft styrene–butadiene–
styrene (SBS) and styrene–ethylene/butylene–styrene
(SEBS), which are widely used in medical applications.
These elastomers not only have improved shock resistance
but also do not require additives. They are very flexible
and pure and do not release any residues in situ (107).
However, they are not very histocompatible and numerous
attempts have been made to improve them. Polyhydroxye-
thylmethacrylate grafts improve blood compatibility; poly-
siloxane grafts impart the properties of silicone elastomers

(108); while N�, F�, and Ar� ions improve cell adhesion
(109). The SBS and SEBS elastomers can be sterilized by
heat, vapor, gamma radiation, or ethylene oxide without
losing their physical properties. They are used to manufac-
ture catheters, stoppers, nonrigid containers, surgical
fields, condoms, gloves, etc.

H. Natural Rubbers

Natural rubbers are the most elastic and resistant of all
biomedical elastomers, but are also the least hemocompati-
ble due to the release of accelerator (dithiocarbamate) resi-
dues (110). Many attempts have been made to improve
their blood compatibility. Methylmethacrylate grafts have
shown great promise because they make natural rubber
more hemocompatible than many silicone elastomers
(111). Another approach has been to vulcanize natural rub-
ber by gamma radiation without additives. Natural rubbers
polymerized in this way are very pure and demonstrate
remarkably good histocompatibility. Untreated natural
rubbers are mainly used to manufacture latex gloves, while
treated natural rubbers are used to produce catheters and
tubing. Latex gloves have been shown to prevent cross-
infections (112). The well-balanced physical properties of
natural rubbers (elasticity, tear resistance) make them ideal
for this use. Hydrosoluble proteins are responsible for al-
lergies associated with latex products. Simple washing is
sufficient to completely remove the proteins and eliminate
the risk of allergic reactions (113).

I. Hydrogels

Biomedical uses for hydrogels first appeared over 30 years
ago (114,115). A number of polymers can be designed to
act as hydrogels and retain water. Polyvinyl alcohol is the
most widely used such polymer in ophthalmological appli-
cations (1). Polyvinylpyrrolidone is a relatively nontoxic,
hydrosoluble polymer that can be impregnated with water
or organic solvents once it has been crosslinked (116). It
can be grafted on the surfaces of silicone polymers (115)
and polyurethanes to improve thromboresistance (117). It
is also suitable for use in soft contact lenses (1). Polyure-
thane hydrogels contain asymmetric hard segments that
leave enough space for the absorbed liquids, if hard seg-
ment coalescence is avoided. The soft segments are gener-
ally longer than those of classic polyurethanes. Translu-
cidity can be improved by using polypropylene glycol
instead of polyethylene glycol soft segments. Hydroxye-
thylmethacrylates are hydrophilic methylmethacrylate co-
polymers (e.g., Miragel) (115,118–120). Polysiloxane–
hydroxyethylmethacrylate copolymers are used in drug
delivery systems. In addition to contact lenses and drug
delivery systems, hydrogels are very occasionally used in
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prosthetic devices. Their low strength means that they
are frequently used to give more rigid elastomers (silicone,
polyurethane, natural rubber) a thin hydrophilic coat-
ing (121).

J. Polypeptide and Collagen Elastomers

Polypeptide elastomers of varying composition have been
synthesized to mimic natural biological elastic polymers
with different physical properties and can be designed to
be either biostable or biodegradable (1). They contain
polypeptides (synthetic and/or natural) copolymerized
with artifical polymers. Collagen is the most widely used
substance for producing bulk or graft polypeptide elasto-
mers. Elastin is also used to synthesize elastomeric biologi-
cal tissues for numerous promising biomedical applica-
tions (Table 4).

K. Polyphosphazenes

Polyphosphazenes are polymers that have long flexible
chains with alternating phosphorus and nitrogen atoms (1).

Synthesis of poly(dichlorophosphazene) and poly(organo-
phosphazenes)

Table 13.4 Polypeptide Elastomers for Medical Applications

Elastomer Composition

Polypentapeptide (Val-Pro-Gly-Val-Gly)n

Polypeptide Poly(ethylene-graft-γ-benzyl L-glutamate)
A-B-A type block copolymers A: poly(γ-benzyl L-glutamate)

B: polybutadiene
A-B-A type block copolymers A: poly(γ-ethyl L-glutamate)

B: polybutadiene
A-B-A type block copolymers A: poly(γ-methyl L- or D,L-glutamate)

B: polybutadiene
A-B-A type block copolymers A: poly(ε-N-benzyloxycarbonyl L-lysine)

B: polybutadiene
A-B-A type block copolymers A: poly(γ-benzyl L-glutamate)

B: polyisoprene
Collagen Collagen–polyacrylates graft copolymer
Gelatin/chitin Gelatin–carboxymethylchitin complex
Pseudopoly(amino acids) Poly(desaminotyrosyltyrosine hexylester cabonate)

Source: Ref. 1.

Several hundred different polyphosphazenes have been
produced simply by changing the radical on the phospho-
rus atom. The flexibility of the chain provides good elastic-
ity and superior flexibility. Fluorinated polyphosphazenes
are very hydrophobic, which means they are theoretically
weakly thrombogenic. Given their mechanical properties,
they are used in external devices that come into contact
with blood. Their good biocompatibility means that micro-
porous polyphosphazene polymer matrices can be seeded
with osteoblasts to serve as bone fillers or to induce bone
regeneration. While they are also used to coat metallic vas-
cular stents to improve biocompatibility, they can occa-
sionally provoke strong tissue reactions (122). Certain pol-
yphosphazenes with aminoester acid radicals are
biodegradable (123).

L. Polyamides

Polyamides have an amide (ECOENHE) bond that is
the result of the condensation of an organic acid group on
an amine. They make up a large family of textile fibers
and widely used technical polymers. The first polyamide
(Nylon 66), which was invented by Carothers, is a member
of the group of polymers obtained by reactions between
diacids [HOECOE(CH2)bECOEOH] and diamines
[NH2E(CH2)aENH2]. Two other types, derived from
polycondensation reactions between neighboring caprolac-
tam and amino acid molecules (ECH2ECOOH �
H2NECH and ECH2ECOENHECH2E � H2O), ap-
peared a little later. Gradual heating to 250°C results in
the elimination of the water and an increase in molecular
mass. Diacid–diamine polyamides (e.g., nylon 66) are pro-
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duced by isolating and purifying a crystalline intermediate
(nylon salt), which then undergoes polycondensation. A
wide variety of copolymers can be produced in this way.
Polyether block amides (PEBA’s) are very large family of
copolymers that have alternating sequences of crystalline
polyamides and amorphous polyethers. These thermoplas-
tic copolymers are intermediates between plastics and elas-
tomers. Ferruti et al. (124) have produced numerous func-
tional polyethylene glycol and polyamidoamine polymers
that are used as grafts on a number of elastomeric biomate-
rials. Polyamide elastomers are used in a wide variety of
applications: sterile packing material, cardiovascular sur-
gery, and perfusion and transfusion materials.

M. Polyacrylics

Polyacrylics are the result of polymerization of methyl-
methacrylate:

Emulsion polymerization is catalyzed by adding perox-
ide to an aqueous monomer emulsion. The result is
a low molecular weight white power ready for
molding.

Molding polymerization involves heating a monomer
and catalyst in an oven between two glass plates,
which act as the mold. Thermoplastic objects are
rarely obtained directly by polymerization. The
higher molecular weight (compared to emulsion po-
lymerization) facilitate thermomolding by increasing
the temperature range of the rubber platform.

Table 13.5 Grouping of Medical Devices

Type Environment Duration Application

I Internal devices Less than 30 days Intravenous catheters
Drainage tubes

More than 30 days Hip implants
Pacemakers
Artificial heart valves

II External devices Less than 30 days Devices that contact the skin such as gloves,
tapes, dressings, and orthopedic casts

More than 30 days Devices that contact the mucous membranes
such as urinary catheters and intravaginal
devices

III Indirect devices (do not Hypodermic syringes
contact the body) Transfusion assemblies

Dialysis components
IV Nonpatient contact devices Dressing trays

(do not touch the body) Packaging materials

Source: Ref. 1.

Polymethylmethacrylate

Polymethylmethacrylate (PMMA) is mainly known for
its exceptional optical properties. This amorphous polymer
is remarkably transparent (92% light transmission). A 3-
m thick block of PMMA only absorbs 50% of incident
light. This makes it ideal for use in ophthalmological de-
vices (contact lenses, crystalline lenses). It is also very bio-
compatible (125,126). The addition of plasticizers (phthal-
ates) provides PMMAs with elastomeric properties,
enabling them to be used for odontological applications
(maxillofacial prostheses, mouthguards) (127). They are
also used in combination with other biomedical elastomers
(polyurethanes, SEBS, etc.) to produce linear and graft co-
polymers. They can only be sterilized using ethylene oxide
or gamma radiation (128) since they melt at low tempera-
tures (80 to 100°C).

N. Fluorinated Elastomers

Fluorinated elastomers are a group of technical polymers
with exceptional properties. Replacing the hydrogen with
fluorine greatly improves heat and chemical resistance. In-
dustrial fluorinated monomers are gases that liquefy at very
low temperatures. They are polymerized at very high pres-
sures using radical catalysts, generally by suspension or
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Table 13.6 Typical Research Concerning Small Diameter (�6 mm i.d.) Vascular Grafts

Material Important design feature

Polyetherurethane Tube walls are porous and microfibrous three-dimensional mesh1a.
composed of polyurethane fibers of 1 µm diameter. Penetration
depth of living tissue cell is limited to about 20–30 µm.

1b. Polyetherurethane Graft with pore size 30–100 µm.
1c. Polyetherurethane Grafted with albumin and adenosine-cyclic monophosphate. Sur-

face has better blood compatibility. Modified the surface further
with urokinase.

1d. Polyetherurethane Microporous graft prepared by an excimer laser ablation technique.
The pore size (100 µm) and the pore-to-pore distance (200 µm)
are constant.

1e. Polyetherurethane Made by a filament-winding technique comprising Lycra elasto-
meric fibers embedded in an elastomeric matrix of Pellethane.

2a. Polyetherurethane urea It is of sufficient porosity to permit tissue ingrowth. Its stress–
strain curve is similar to that of the thoracic aorta.

2b. Polyetherurethane urea/silicones Microporous replamine form graft (20–30 µm pore size) composed
of silicones was coated with commercial Biomer.

2c. Polyetherurethane urea Fibrillar microporous hydrophobic graft made from commercial
Mitrathane.

3a. Degradable, aliphatic polyesterurethane It has well-defined chemical and physical properties and controlled
rates of degradation. It induces the growth of functional neoar-
tery, which has a cellular structure similar to that of the native
artery.

3b. Polyesterurethane (Vascugraft) Made from commercial polyesterurethane free from migrating addi-
tives such as catalysts and stabilizers. Microfibrous, open pore
structure.

4. Expanded Teflon-coated with silicones Platelet accumulation was reduced by coating the graft surfaces
with a smooth layer of silicones.

5a. Polyurethane/poly(L-lactide) Microporous, compliant, and biodegradable. Function as a tempo-
rary scaffold for the generation of small-caliber arteries.

5b. Polyurethane/poly(L-lactide) Microporous and biodegradable graft consisted of two layers: the
inner layer made from aliphatic polyetherurethane, the outer ply
constructed by precipitating a physical mixture of polyester-
urethane and poly(L-lactide).

5c. Polyurethane/poly(HEMA-block-styrene) Polyurethane modified by coating with poly (HEMA-block-styrene)
from solution.

5d. Polyurethane/endothelial cell The hybrid artificial graft made of an endothelialized microporous
polyurethane.

5e. Poly(carbonate urethane)/pentapeptide Glycine or fibronectin are covalently bound to polyurethane surface
by succinyl dichloride coupling.

5f. Biodurable poly(carbonate urethane) Microporous grafts with excellent physical and mechanical charac-
(ChronoFlex) teristics. Self-sealing and maintenance of compliance.

6. Copolymers of MPC Copolymers of 2-methacryloyloxyethyl phosphorylcholine (MPC)
with hydrophobic alkyl methacrylates.

7. Polyester/human vein Vascular graft made of human vein and a highly porous polyester
fabric vascular prosthesis.

Source: Ref. 1.
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Table 13.7 Elastomers Used for Making Artificial Hearts

Supplier or Type of blood
investigator pump Elastomer

Novacor’s LVAD Pusher-plate Biomer
Symbion Diaphragm Biomer
Aviomed Tuberous Angioflex
Nimbus Pusher-plate Hexsyn/gelatine
Thermedics LVAD Tuberous Tecoflex
Nippon Zeon VAD Sac Cardiothane
Totobo VAD Diaphragm TM-3, TM-5
Berlin University Diaphragm Pellethane

Source: Ref. 1.

aqueous emulsion polymerization in order to control the
strong exothermic reaction:

The very strong electronegativity of the PTFE fluoride ions
protects the carbon chain and gives these elastomers their
extreme chemical stability. They are inert and insoluble
(6,129). They are naphthalene-plasticized resins and are
extruded and made microporous for vascular graft prosthe-
ses (Teflon, Impra, Goretex) (130,131). Their vascular
biocompatibility is adequate but less than that of polyure-
thanes (132). They are used in orthopedic surgery to reduce
friction between metallic and/or composite joint prosthe-
ses (133) both alone and in combination with polyure-
thanes.

Table 13.8 Implant Applications for Medical Grade Silicone Elastomers

Treatment Application

Plastic and reconstructive Reconstruction of nose, chin, ear armature, etc.
surgery Breast reconstruction

Ophthalmology Correction of detached retina
Prosthetric eye
Repairing fracture of the floor of the orbit

Orthopedic surgery Reconstruction of fingers, thumbs, wrists, elbows, feet,
tendons, temporomandibular joint, etc.

Maxillofacial prosthesis
Penile prosthesis

Cardiovascular surgery Ball in the ball-and-cage heart valve
Coatings on pacemakers and leads/wires
Construction in artificial hearts and heart assist devices

Source: Ref. 1.

Table 13.9 Elastomers Used in Transdermal
Therapeutic Systems

Classification Elastomer

Hydrophobic Poly(ethylene-co-vinyl acetate)
polymers Silicone rubber

Polyurethane
Poly(vinyl chloride)
Collagen-based materials
Ethylcellulose
Cellulose acetate

Hydrogels Poly(hydroxyethyl methacrylate)
Crosslinked poly(vinyl alcohol)
Crosslinked poly(vinylpyrrolidone)
Polyacrylamide

Source: Ref. 1.

O. Elastomeric Medical Devices

See Tables 5–10 and Fig. 17 for information on the use
of elastomers in medical device applications.

II. BIOCOMPATIBILITY EVALUATION
OF ELASTOMERS

A. Introduction

Most medical devices use synthetic biomaterials as their
principal component. A biomaterial is a nondrug substance
for inclusion in a physiological system that augments or
replaces the functions of a bodily tissue or organ. Elasto-
mers, like others biomaterials, must be compatible and in-
ert, must interact with the assorted tissues and organs in a
nontoxic manner, and must not destroy the cellular constit-
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Table 13.10 Typical Materials for Contact Lenses

Classification Polymer and characteristics

Hydrogel soft Poly(hydroxyethyl methacrylate) (PHEMA).
lenses Generally crosslinked with ethylene glycol

dimethacrylate, at a level of 26–42%, suf-
ficient to give water content in equilib-
rium. It may be copolymerized with other
hydrophilic monomers, such as N-vinyl
pyrrolidone, acrylamide, and methacrylic
acid.

Elastic soft Polydimethylsiloxane and its copolymers.
lenses They have good flexibility and very high

oxygen permeability, but strong hydropho-
bicity results in considerable discomfort
for the patient. Surface treatment may im-
prove wettability.

Perfluoropolyethers and its copolymers have
attractive combinations of flexibility and
gas permeability.

Rigid lenses Poly(methyl methacrylate) (PMMA) has
good properties: very clear optically, good
biocompatibility, and good handling char-
acteristics. The main problem relates to
poor oxygen permeability. There have
been attempts to introduce arrays of very
small holes (15 µm) to facilitate oxygen
transport.

Gas-permeable Cellulose acetate butyrate and others. The bu-
rigid lenses tyrate is a highly oxygen-permeable and

relatively rigid material.
The copolymerization of siloxany alkyl meth-

acrylates of fluorosilicone methacrylates
with methyl methacrylate provides a rigid
methacrylate backbone with rubbery,
highly permeable alkylsiloxane side
groups.

Source: Ref. 1.

uents of the body fluid with which they interface (134). A
battle takes place between the organism and the implanted
elastomer. Possible outcomes include acceptance, slow di-
gestion of the implant, or rapid ejection accompanied by
undesired secondary effects (135). Medical devices must
thus be designed to prevent rejection. This has led to the
development of a new class of materials called biomateri-
als, which includes elastomers used in the medical field.
The ability of biomaterials to fulfill their role in medical
devices depends on their degree of biofunctionality and
biocompatibility.

It is hard to talk about the biocompatibility of elasto-
mers since they are only in contact with physiological sys-
tems in the form of medical devices. In addition, the bio-

Figure 13.17 Medical device in the human body. (From
Ref. 1.)

compatibility of elastomers depends on the type of device
and its function. Theoretically, an evaluation of the bio-
compatibility of an elastomer would include

The behavior of the host tissue and the host itself in the
presence of the biomaterial

The behavior over time of the biomaterial in the host
environment

However, in practice, in vivo studies of all these parame-
ters are difficult if not impossible to conduct, which is why
the evaluation of biocompatibility begins with in vitro test-
ing. Briefly, biomaterials have evolved through three gen-
erations:

1. Technical performance (noncytotoxic � tolerance)
2. Biological performance (cytocompatibility)
3. Biological performance (biofunctionality)
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Four trends currently dominate the evolution of biomate-
rials:

Providing materials with a surface that mimics the bio-
logical properties necessary for the intended applica-
tion. This requires fundamental knowledge of cellu-
lar reactions at the material–tissue interface.

Taking implantation in young subjects into account,
which implies long-term use and the need for immu-
nological, mutagenic, and carcinogenic evaluations.

Decreasing animal testing, which requires the develop-
ment of alternative methods.

Setting up marketing regulations, which includes the
development of standard tests.

Elastomers are very important in the manufacture of
medical devices that may come into contact with host tis-
sues for varying periods of time. Exposure times have been
arbitrarily divided into three categories: limited exposure
(�24 h), prolonged exposure (24 h to 30 days), and perma-
nent exposure (�30 days). The tests used to evaluate bio-
compatibility depend on exposure time. It is thus easy to
understand why elastomers used to make implants have to
meet stricter standards than those used for dental impres-
sions. This classification system is only a guide; since elas-
tomers may be used for short, but repeated periods, bio-
compatibility testing must be based on the maximum
exposure time. It must also take into account how the mate-
rial will be used and the type of contact. Differing stan-
dards apply to medical devices that are

In contact with surfaces like the skin or mucous mem-
branes other than the skin

In direct or indirect contact with other tissues, including
blood

Implantable devices

B. Testing

1. Cytotoxicity

In vitro cytotoxicity testing evaluates lysis, growth inhibi-
tion, and other impacts on cells by medical devices, com-
ponent materials, and leachates using morphological, bio-
chemical, and metabolic criteria. These techniques have
well-defined standards for material preparation, steriliza-
tion, cell lines, and the type of testing required. Whatever
methods are used, controls must be included.

a. Material Preparation

The shape of the material used for biocompatibility testing
varies greatly from author to author. Generally speaking,
however, elastomers are tested as discs of the size of
multiwell plates used for cell cultures. Menconi et al. (136)
used 10-cm2 discs. Saad et al. (99) used 14-mm diameter

100-µm thick discs to evaluate polyesterurethanes. Other
techniques involve producing 10-cm3 blocks, which are
then cut into 300-µm thick slices using a microtome (98).
Special attention must be paid to the cut surface, which
must not only be identical in test products and controls,
but must also resemble the surface of the finished product.
It is often preferable in the industrial research phase to
test materials that correspond as closely as possible to the
finished product. On the other hand, in the development
and marketing phases, evaluations can be performed on
randomly selected elastomeric ‘‘parts’’ to avoid testing
bias.

Many studies have been conducted on the cytotoxicity
of finished elastomeric products. Extracts are prepared on
the basis of recommended normative standards. A range
of extraction protocols are available: dynamic extraction,
static extraction, and heat extraction.

The chemical substances extracted from elastomeric ar-
ticles are usually residues from accelerators (e.g., mercap-
tobenzthiazole, tetramethylthiurim disulfite), activators
(e.g., zinc oxide), inert filler materials (e.g., wax), plasti-
cizers (e.g., oil), lubricants (e.g., stearic acid), and vulcani-
zation products (e.g., zinc stearates and dithiocarbonate
zinc salts). In order to minimize the amount of residue ex-
tracted from elastomeric items, the items must be either
cleaned or coated, or both. Polyurethanes (PUR) and sili-
cones are the elastomers from which the smallest amount
of material is extracted (137).

b. Sterilization

The sterilization protocols for the various items used for
cell cultures vary depending on the elastomer being evalu-
ated. Most authors report using ethylene oxide (500–540
mg/L EO in 80% CO2 at a relative humidity of over 35%
for 3 h at 35–41 °C). Others have used gamma radiation
(2.5 Mrad for 5 h) (86,98), dry heat or autoclaving (138),
antiseptic solutions (136,139), antibiotics occasionally
combined with UV radiation for 48 h (136), and immersion
in 70% ethanol for 30 min followed by immersion in phos-
phate-buffered saline containing antibiotics (140). Al-
banese et al. (76) tested three different sterilization meth-
ods (gamma radiation, ethylene oxide, and formaldehyde)
to evaluate the effect on the cytotoxic potential of PUPA
both in native and heparinized form. PUPA and heparin-
ized PUPA sterilized by gamma radiation are no more cy-
totoxic than materials sterilized by ethylene oxide or form-
aldehyde. Ethylene oxide gas is widely used for sterilizing
elastomers since it can be employed at low temperatures
with short exposure times. The exposure is followed by a
degassing period, usually 10 h in a 55°C air chamber. Most
elastomers are able to survive these conditions with mini-
mal property loss. In recent years, sterilization by exposure
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to gamma irradiation has increased in popularity with de-
vice manufacturers because it does not produce toxic resi-
dues. All polymers are affected to some degree by irradia-
tion, with crosslinking and molecular scission reported
(141). Bouet et al. (142) compared the effect of steriliza-
tion on the cytotoxicity of PUR and various latexes and
showed that while some differences may show up in vivo,
no differences could be detected in vitro. While there have
been reports that sterilization of polymers influences their
performance in cell cultures, certain authors do not men-
tion the sterilization method used. There is an international
standard for the management of residues following steril-
ization by ethylene oxide, glutaraldehyde, and formalde-
hyde (ISO 10993—Parts 7 and 17 (143,144), but there are
no standards regulating sterilization procedures per se.

c. Cell Lines

Fibroblast cell lines (3T3, L929) are frequently used in
cytotoxicity tests (76,86,99,145,146). Tests based on the
medical end uses of materials are conducted with cell lines
that are as similar as possible to the cells or tissues that
will be in contact with the elastomers in vivo. For example,
MC.3T3.E1 osteoblast cell lines (98) and J774 macro-
phages (98) are used for testing materials that will be in
contact with bone, and SV-HUC1 cells for materials that
will be in contact with the urinary tract (147).

Primary cultures are more suitable for cytotoxicity test-
ing. Bone cells from rat tibias (98), endothelial cells from
cow thoracic aortas (136), and endothelial cells from mi-
crovessels in the abdominal fat of various animals (148),
as well as human primary cultures of scaphoid bone cells
(149), urothelial, ureter, and bladder cells (147), and vas-
cular smooth muscle cells strained by inborn aortic coarc-
tation surgery (109) have been successfully used to evalu-
ate the toxicity of elastomers. While primary cultures,
especially those derived from human tissues, provide supe-
rior biocompatibility testing results (137) because they are
only one step removed from in vivo conditions, they do
not allow interlaboratory comparisons to be made. Ideally,
researchers should include both an established reference
line and a primary culture in their studies, as was the case
with Pariente et al. (147).

Certain authors have reported using organotypic cornea
and skin models (23,150) to evaluate polyoxyethylene
films. Others have used the culture supernatants of mono-
cytes activated by biomedical polymers to evaluate cyto-
toxicity using fibroblast cultures.

d. Tests

The crystal violet, neutral red, or trypan blue cell viability
screening tool developed over 30 years ago for evaluating
the toxicity of plastics is the most commonly used test

(151). Whatever the cell type, two methods are used: direct
tests, where the cells are placed in direct contact with the
material, and indirect tests, where samples are extracted in
the medium used to culture the cells and the extract is then
placed in contact with prepared cell culture either by diffu-
sion across a membrane or an agar overlay (141,152).
While the incubation period can vary from 24 h to 6 days,
depending on the protocol, it also depends on the type of
cells used. Generally speaking, the incubation period can
be longer for established cell lines than for primary cul-
tures. A tetrazolium-based colorimetric assay (MTT) is of-
ten used to evaluate polymer cytotoxicity, or more pre-
cisely the metabolic activity of cells in contact with the
material. This assay has largely replaced those using 3H-
thymidine (153) and other isotopes. The MTT assay is sim-
ple, reproducible, and does not use radioisotopes. Tests can
be carried out using a fully automated microtiter plate sys-
tem, making it possible to economically test polymers of
limited availability (154). It has also been used to evaluate
polyurethanes (98), polyesterurethanes (99), elastomers
(127), and urinary stents (147).

In addition to cell viability and metabolic activity
assays, cell morphology is also verified to complete the
first-phase screening of elastomers. The impact on cell
morphology is generally determined by scanning electron
microscopy, which is a relatively limited technique be-
cause it relies on obtaining images of cell adherence to
the material and intracellular organization (79,136,155). In
most studies, samples are dehydrated by critical point dry-
ing and then metallicized with colloidal gold. Controls in-
volve elastomers that have not been in contact with the
cells. While cell viability and morphology tests provide a
first screening for cytotoxicity, many researchers have
been working to examine the biofunctionality of cells in
contact with elastomers and elastomer extracts. Various
tests have been used, including protein synthesis and
mRNA expression. Such tests obviously depend on the end
use of the elastomer.

The very concept of biocompatibility is based on the
interaction between a material and a biological environ-
ment, most often expressed as an inflammatory response.
When an elastomer is implanted, the tissues provoke an
inflammatory response, which initiates the process of tis-
sue repair and regeneration. Several cell types are involved
in tissue repair, including fibroblasts, macrophages, PMNs,
and endothelial cells. Certain authors (99) have reported a
more complex response to elastomers involving lymphoid
and myeloid cells. Activated macrophages produce cytok-
ines such as interleukin 1 (IL-1), interleukin 6 (IL-6), in-
terleukin 10 (IL-10), and tumor necrosis factor α (TNFα),
which are involved in regulating the inflammatory and re-
pair processes. In addition to cytokines, activated macro-
phages also produce nitric oxides (NO). Macrophages are
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also involved in the biodegradation of foreign mate-
rials (156).

The size, surface morphology, wettability, physico-
chemical properties, and degradation of elastomers are key
factors in the intensity and duration of the inflammatory
response and repair process. Various in vitro tests have
been developed to evaluate the inflammatory response and
repair phases. The most frequently reported tests in the
literature on the biocompatibility of polyurethanes are
measurements of amounts of NO and TNFα, substances
produced when macrophages and osteoblasts interact with
polyesterurethanes (98,99), various types of fibronectin
and collagen (24,98,99), and protein adsorption. Most of
these tests are conducted by ELISA.

Osteoblast cultures are used to evaluate bone tissue bio-
compatibility. Alkaline phosphatase activity and vitamin
D3 stimulation responses can be measured. Osteocalcine
levels can be evaluated by RIA or immunofluorescence
(98) and mineralization by SEM or Von Kossa staining for
calcium (98,149). These assays can also be combined with
more advanced, specific fluorescence techniques using de-
vices with very low detection thresholds. Patel et al. (145)
have proposed using fluorescence probe response (FPR) to
evaluate biocompatibility. This technique can be used to
discriminate between functional and dead cells, and is es-
sentially based on differences in cytoplasmic membrane
permeability (145,157). While these tests are commer-
cially available (Molecular Probe, among others), they are
yet not cited in the literature as reference techniques. Kirk-
patrick and Mittermayer (141) published an article on the
scope and limitations of in vitro systems and proposed
some guiding principles for the in vitro evaluation of bio-
compatibility, including the use of relevant cells types and
biological parameters, and stressed the need to use dy-
namic conditions.

Techniques based on molecular approaches are being
developed to characterize the interactions between cells,
biological fluids, and biomaterials. These mRNA-based
techniques analyze cell functions, especially the ability to
synthesize an extracellular matrix. Very detailed protocols
have been published, especially that of Menconi et al.
(136). Most of these techniques have become more acces-
sible with the arrival of commercially available molecular
biology kits.

e. Controls

The tests cannot be valid or objective unless internal con-
trols are included. Tissue culture plastic is a commonly
used negative control, although silicone rubber has also
been used (158). Asbestos, phenol, and latex, which cause
major disruptions to metabolic activity, are often used as

positive or cytotoxic controls (147,155). It should be noted
that latex has been used as both a negative and positive
control. Its cytotoxicity arises from the presence of acceler-
ators and oxidants used during the vulcanization process
(137). As indicated by Park and Park (21), in the absence
of clear criteria for evaluating biocompatibility, many ma-
terials were mistakenly thought to be biocompatible and
were used as controls. Silicone rubber is a case in point.
For a long time, silicone rubber was believed to be totally
biocompatible. It is clearly necessary to reevaluate the bio-
compatibility of existing biomaterials and a fortiori the
negative controls. Positive controls are not reported in
many studies, which undermines the validity of the results
and proposed evaluation technique.

2. Sensitization Assays of Irritation or
Intercutaneous Reactivity from Implantation

Even today, there are no totally satisfactory in vitro elasto-
mer evaluation systems. While such assays provide a first
screening, in vivo testing on animals is required before
implanting, injecting, or using elastomers in humans. A
nonexhaustive search of the literature between 1990 and
1999 reveals that too many animals have been sacrificed
just to study the implantation response of elastomers. It is
vitally important that researchers meticulously plan their
studies to extract the maximum amount of information
from each animal.

a. Material Preparation

For solid implants, the physical properties (shape, hard-
ness, surface finish) must be identical for each implant,
except if one of the parameters is being singled out for
study. The chemical and morphological aspects of elasto-
meric surfaces must be controlled (159). All contaminants
must be removed from the implants, which must then be
sterilized using the method that will be applied to the fin-
ished device. Tests on nonsolid materials such as powders,
liquids, and particles (including mixtures) can be con-
ducted in PTFE tubes. However, Williams (160) disputes
the suitability of PTFE as a negative control, especially as
regards surface properties. Control tubes must have the
same physical properties as test tubes.

b. Animals

The choice of animal depends on the size of the implant,
the test period, and known differences in biological re-
sponses of soft and hard tissues. Rats are the animal of
choice for many studies. Implants are placed bilaterally in
the back muscles. Two animals per material per implant
period are used with a minimum of two implants per ani-
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mal (101,102,130,139,161–163). When rabbits are used,
8 to 10 implants are placed in the back muscles (81,164).
Dogs are used to study new materials for vasectomies and
arteriovenous fistulas (95,121). Dogs are also used to test
materials for temporary replacement organs. The number
of animals used varies greatly depending on the type of
research and the complexity of the procedure. Because of
the differences, few studies can be compared.

c. Implantation Period

The implantation period varies greatly depending on the
animals used and the material being evaluated. In the few
chronic inflammation studies that have been reported, posi-
tive controls that could lead to a major inflammatory re-
sponse within a 12-week period are missing. Generally
speaking, observations are made over a 30-day (102) or
12-week (121,130,139) period. The implantation period
must be chosen to obtain a stable biological reaction,
which depends on the nature and properties of the material
and the damage caused by the surgery.

d. Evaluation of Biological Reactivity

Evaluation of biological reactivity begins with an analysis
of the state of health of the animal (vigilance, nutrition,
coat, weight, temperature, etc.). The macroscopic and his-
topathological reactions are evaluated over time. The his-
topathological examination includes the degree of in-
flammation, the number and type of inflammatory cells
(leukocytes, PMNs, lymphocytes, plasmocytes, macro-
phages, polynuclear cells, etc.), necrosis, and the presence
of material debris, granuloma, fat, and calcified tissue.

e. Irritation and Sensitization Assays

Irritation is a nonimmunological inflammatory reaction.
Sensitization assays (contact allergies) and delayed hyper-
sensitivity reactions involve the immune system. These
assays are vital to understanding acute toxicity. Rabbits are
often used for skin irritation assays with observations at
1, 24, 48, and 72 h. The test period may be prolonged in
the event of persistent lesions to determine whether the
lesions are reversible or permanent, but must in no case
exceed 14 days. Less than 0.2 mL of extract is injected
intradermally. Irritation is scored based on the level of
edema and erythema. Generally speaking, ten injections
are made on the anterior and posterior portions of the trunk
(including controls). Ocular and oral mucosal assays may
also be conducted. To evaluate immune responses, tests
developed for other purposes such as research on autoim-
mune disease animal models and conjunctive tissue pathol-
ogies are used. These tests are based on delayed hypersen-

sitivity reactions induced by a given autoantibody
(thyroglobulin), anticollagen (165), etc. In the research re-
ported by Naim et al. (165), silicone gels were tested for
toxicology, antigenic, and adjuvancy properties. Ac-
cording to Brautbar et al. (166), more rigorous in vivo ani-
mal testing is required before concluding there is a rela-
tionship between silicone breast implants and autoimmune
disorders.

f. Implantation

All elastomers act as foreign bodies when they are im-
planted, leading to an acute inflammatory response and the
accumulation of phagocytes. Elastomers are relatively in-
ert, unreactive, and nontoxic. It is thus difficult to under-
stand how they are detected by the immune system and
how they provoke an inflammatory response. However,
considering the mechanisms involved in such responses, a
good starting point would be the initial interaction between
the biomaterial and proteins in the surrounding host tissue.
Immediately after implantation, hydrophobic polymers
like polyurethanes, polyethylenes, polydimethylsiloxanes,
and dacron become coated with host protein. Plasma and
interstitial fluid proteins rapidly colonize the implant, bind-
ing together to form a disorganized matrix on the implant
surface (167). The behavior is probably the result of a pro-
gressive denaturing of the proteins. After several hours, the
proteins adsorbed to most biomaterials cannot be removed,
even with powerful detergents. Implants are thus spontane-
ously coated with a random layer of partially or totally
denatured proteins. Since proteins rapidly adsorb to the
surface of the biomaterial, host inflammatory cells and fi-
broblasts cannot come into direct contact with the implant.
This protein coat determines future cell reactions to the
implant and it is undoubtedly this initial phase that is key
in determining biocompatibility. Albumin, immunoglobu-
lin G, and fibrinogen are the most important proteins coat-
ing the surfaces of implants. Conventional histological
techniques involving hematoxylin, eosin, Von Gieson, and
Schiff periodic acid stains are often used to study the in-
flammatory response. The inflammatory cells, which in-
clude macrophages, PMNs, and lymphocytes, are identi-
fied based on morphological criteria. The distribution of
these cells around the implant provides a qualitative de-
scription of the response. A more quantitative evaluation
is provided by making cell counts based on morphological
criteria and scoring the response, generally on a scale of
1 to 5. This evaluation method depends on subjective eval-
uations by the operator, which can lead to cell typing and
counting errors. A number of assays using computer as-
sisted image analysis have been developed (163,168,169).
Discriminating between different cell types has also
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greatly evolved with the arrival of specific monoclonal an-
tibodies. Specific enzymatic assays and signal amplifica-
tion kits (avidin, biotin, etc.) have considerably enhanced
the ability to gauge implant inflammatory responses (163).
These techniques have been used to evaluate numerous
elastomers (81,95,121,130,139,161,162,168,169) using
more or less complete cell screening panels. In addition
to these histochemical staining, immunocytochemical, and
counting techniques, certain authors have published in situ
hybridization techniques to evaluate inflammatory protein
production (TNFα) and detect the expression of TNFα
mRNA (139). These techniques give a clear picture of the
intensity of the inflammatory response. The reaction of
TNFα and other growth factors or enzymes must reflect a
balance between the tendency to promote biocompatibility
and the tendency to cause inflammatory damage and im-
plant rejection (139,170).

A number of researchers have analyzed the quality and
quantity of the inflammatory exudate using the in vivo
cage implant system originally developed by Marchant et
al. (171). The exudate is removed before the animal is sac-
rificed and is analyzed using a hemocytometer. Different
stains are used to discriminate between the various cells,
including Wright staining and nonspecific esterase staining
(66,101,161,162). A number of biochemical tests (protein
analyses, albumin concentration, extracellular enzymes)
are also possible (164). The exudate may also be analyzed
by cytofluorometry for quantitative results (102,130). Flow
cytometry appears to be particularly well suited for study-
ing exudate cell composition. The literature on exudate cell
responses is relatively meager compared to that on tissue
reactions. To our knowledge, there have been no reports
correlating tissue inflammation (as measured by histomor-
phometric image analysis) and cellular response (as mea-
sured by flow cytometry). The analysis of the inflammatory
responses that occur during biocompatibility testing are
now commonplace. All materials provoke a more or less
intense response, and understanding the mechanisms at
play in the initial colonization phase of the implanted mate-
rial helps reduce the inflammatory response. McNally and
Anderson (172) made a first step toward this understanding
by demonstrating the participation of the C3 complement
fraction in the adherence of monocytes to fluorinated, ni-
trogenated, and oxygenated surfaces.

3. Hemocompatibility and Blood
Interaction Assays

a. General

Only materials in prolonged or permanent contact with
blood pathways must be subjected to this type of testing,
which can be divided into five categories depending on the
primary process (thrombus, coagulation, platelet aggrega-

tion) or biological system (blood, immune) involved. Vari-
ous standards determine which tests will be used to evalu-
ate hemocompatibility depending on the type of device:

Devices whose surfaces are not in direct contact with
the blood

Devices whose surfaces are in direct contact with the
blood

Implantable devices

In certain cases, it is difficult to determine whether bio-
compatibility and/or hemocompatibility tests should be
performed. In general, experience has shown that materials
that are hemocompatible will also be biocompatible. How-
ever, not all biocompatible materials are also hemocompat-
ible. The situation is even more complex because there has
been a tendency to designate materials as being biocompat-
ible on the basis of toxicological tests, while others have
been designated as being hemocompatible on the basis of
a single whole blood clotting test (173).

b. Tests

A given material may be adequate for one type of applica-
tion but not for others. Differences between arterial and
venous blood, varying blood flow patterns, and the design
and mechanical operation of a medical device are among
the parameters that influence the performance of materials
when they are in contact with blood. Most biomaterial re-
searchers would like to be able to predict biological perfor-
mance using simplified methodologies. However, no sin-
gle procedure is adequate for this purpose. Tests that
merely measure the amount of thrombus give only the final
result of the blood coagulation sequence without any in-
sight into the initial events. A recently developed rheology-
based test (71) now allows the sequence of events to be
measured over time. ISO 10993 guidelines for the biologi-
cal evaluation for implantable medical devices (174) list a
number of recommended in vitro and in vivo tests that can
be used to study hemocompatibility. The ISO guidelines
recommend the hemolysis test as the standard screening
method. However, hemolysis is mainly the result of me-
chanical blood cell trauma from high flow conditions that
cause local turbulence and rupture of erythrocytes (175).
Axisymmetric drop shape analysis—profile (ADSA-P), as
described by Rakhorst et al. (175), is of special interest,
especially for studying plasma protein–material interac-
tions and is destined to become a standard test.

Many researchers use the acute ex vivo canine femoral
anteriovenous series shunt technique, which allows the
testing of a number of materials under similar physiologi-
cal and hematological conditions for in vivo hemocompati-
bility studies (71,88,146,176,177). High levels of platelet
and fibrinogen deposition are generally associated with a



Biocompatibility of Elastomers 339

more thrombogenic polymeric surface. The morphology of
the adherent platelets examined by SEM also provides in-
teresting information. A measure of thrombogenicity is the
tendency of a surface to cause adherent platelets to change
shape and activate.

Hemocompatibility tests include evaluations of platelet
adhesion, aggregation, activation, and release reactions un-
der dynamic blood flow conditions together with measure-
ments of protein adsorption and coagulation factor activa-
tion. The adhesion of human blood platelets to vascular
catheters has been studied using a perfusion chamber.
Polyurethane catheters were exposed to extracted human
blood for different periods (up to 20 min) and at different
wall shear rates (190–330 s�1), and the rate of adhesion
was determined using In-labelled platelets by electron
spectroscopy for chemical analysis (ESCA) (178). The
most common test for evaluating platelet adhesion uses
fresh blood from healthy donors. The platelets are isolated
and a standard microscopic analysis is performed (96,146).
Platelet counts can also be determined using the petri disc
model with flat sheet membranes. Complement activation
and release reactions have also been explored. To evaluate
the extent of in vitro complement activation by elastomers,
the concentration of C3a des Arg was measured according
to the method of Wagner and Hugli (179) using radioim-
munoassay kits available from a number of manufacturers
(103).

Tests evaluating contact activation, the intrinsic coagu-
lation system, the Hageman factor (f XII) and dependent
kinin formation and fibrinolysis pathways have been devel-
oped. A quantitative measurement of the activation of the
contact system is required in studies examining the effect
of artificial surfaces on blood. Van der Kamp and Van
Oeveren (180) proposed analyzing these cascades by using
the kallikrein inhibitor aprotinine to calculate the activity
of factor f XII and kallikrein.

One approach to improving the hemocompatibility of
biomaterials has been to immobilize anticoagulants like
heparin at the interface (76). Most such attempts have used
one of the following strategies set out by Dumitriu (135):

Ionic binding of heparin to the material surface
Covalent attachment of heparin to or in the material
Chemical modification of the material surface to confer

heparinoid properties

Tests including clotting assays (TT, reptilase time, and
anti-XA activity), coagulation time, platelet counts, and
resonance thrombography (RTG) have been used (76).

4. Biodegradation Assays

These assays are used to evaluate both biodegradation and
biostability. Degradation products are generated by the de-

composition or chemical degradation of a material. Bio-
degradation is the degradation of a biological material in-
volving a loss of integrity and/or performance during
exposure to a physiological or simulated environment.
Elastomer degradation is studied using toxicokinetic mod-
eling. Many types of surgically implantable devices and
drug delivery systems that only function for a relatively
short time in vivo can be made from polymers that are
eliminated from the body by hydrolytic degradation and
subsequent metabolism after serving their intended pur-
pose. Biomaterials made of biodegradable polymers are
designed to degrade in vivo in a controlled manner over a
predetermined period. The main in vivo degradation mech-
anism of polymers is hydrolytic degradation in which en-
zymes may play a role. In vivo cell culture and animal
models may also be used (181,182).

So-called nonbiodegradable biomaterials may be
slowly degraded over time by the organism. One example
is the failure of PU medical devices like pacemaker leads,
which are manufactured from poly(ether) polymers. Fail-
ure of PU consistently occurs 5 to 10 years after implanta-
tion. The mechanism of this process is still not well under-
stood. Although in vitro studies have been performed with
single enzyme systems, which showed release of products,
the in vivo situation involves complex biosystems that act
synergistically (43). Other assays using sophisticated tech-
nology such as attenuated total reflection–Fourier trans-
form infrared spectroscopy (ATR-FTIR) (66), transmis-
sion Fourier transform infrared analysis (T-FTIR), and
SEM (91) have also been developed. Using these tech-
niques to evaluate inflammatory responses can throw light
on the entire degradation process of a biomaterial.

Some research has been published reporting the use of
autoradiographic techniques following the injection of ani-
mals with tritiated thymidine. This allows cell proliferation
around the biomaterial (macrophages, foreign body giant
cells, fibroblasts, bone cells) to be measured over time
(172). Labow et al. (183) have studied on the effect of
phospholipids on the biodegradation of polyurethanes by
lysosomal enzymes. Labow et al. (183) have also studied
the effect of enzymes like CE (cholesterol esterase) phos-
pholipase A2 on biomaterial surfaces in vitro.

5. Reproduction and Embryo Development Assays

It is not known whether implant materials can have an im-
pact on reproduction and embryo development. The few
tests that have been conducted in this area involve the func-
tional testing of biomaterials used for preparing sperm
prior to artificial insemination, in vitro fertilization proce-
dures, and embryo transfers (184). These assays can be
conducted in vitro (e.g., spermatozoid cultures) or in vivo
(e.g., sperm penetration tests using hamster ova and mouse
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embryo compatibility studies) (185). To our knowledge,
no standards have been established for these assays.

6. Genotoxicity

ISO 10993 is a set of criteria based on the intended use
of a product or device and establishes testing guidelines
depending on the implantation period and the nature of the
contact with the biomaterial. The criteria stipulate that any
material or implantable device placed in contact with mu-
cosal, bone, or oral tissue, when the contact exceeds 30
days, must be subjected to genotoxicity testing prior to
commercialization. The tests are intended to detect genetic
anomalies (mutations, chromosomal alterations) in cells
(prokaryote, yeast, mammalian) placed in contact with the
material. A review of the literature has revealed that four
main techniques are used to evaluate genotoxicity: the sis-
ter chromatid exchange method, the micronucleus test, the
Ames test, and the chromosomal aberration test (186,187).
A study conducted in 1995 by Purves et al. (188) showed
that the pharmaceutical industry uses this wide range of
genotoxicity tests and protocols. New genotoxicity tests
have been reported (189). However, few studies on elasto-
mers have reported using eukaryotic cells to detect DNA
damage. Further work in this area is thus required. Our
team is currently investigating an in vitro test.

7. Biocompatibility Testing in Humans

Clinical tests are better indicators of biocompatibility and
also help improve biomaterials. While implantable devices
are supposed to be biocompatible based on in vitro testing,
in vivo clinical testing is the only way to be sure. Human
tests are conducted using ethical research practices. These
tests can be included in randomized clinical research proto-
cols (126,190) and in medium- to long-term epidemiologi-
cal studies (133,191,192).

8. Biocompatibility Testing—
Microbial Colonization

As for assays in the area of reproduction and embryo de-
velopment, there are no bacteriological standards or com-
pulsory tests. Elastomers used in implantable medical de-
vices are by definition sterile. Nevertheless, certain authors
have included microbial (including yeast) adherence and
colonization in their battery of tests (13,14,193). Such test-
ing is recommended for certain elastomers for which im-
plantation failure may be caused by bacterial infections
(194–196). The plasma proteins deposited on implant sur-
faces may mediate bacterial adherence, especially that of
Staphylococcus aureus, a pathogen associated with recur-

rent infections. Bacterial adherence testing is conducted in
radial flow chambers mounted on the motorized stage of
a video microscopy system. Image processing software is
used to perform automated data collection and image anal-
ysis (73). A simpler technique for quantifying adherence
involves submerging the material in a bacterial suspension
of known concentration. After 24 h, the material is rinsed
until the rinsing liquid is sterile. The material is then placed
in a culture medium (86). The agar disk diffusion test may
also be used, notably for biomaterial extracts (82). Bacte-
ria-induced infections in the presence of polymers have
been studied in animals (168,169). It would be of interest
to determine how bacteria adhere to polymer substrates
and, in certain cases, to evaluate the efficacy of antibiotic
treatments. A better understanding of bacterial genomes
should also lead to a better understanding of virulence fac-
tors produced by bacteria. These virulence factors may
vary depending on the biomaterial as suggested by changes
in bacterial phenotypes (unpublished data).

III. BIOCOMPATIBILITY OF DIFFERENT
CLASSES OF ELASTOMERS

A. Elastomers in General

Biomaterials are materials designed for use with living tis-
sues and/or biological fluids in order to evaluate, treat,
modify, or replace a tissue, organ, or bodily function (25).
For materials to be biocompatible, they must not provoke
allergic, inflammatory, or immunological reactions; they
must be nonthrombogenic, nontoxic, and noncarcinogenic;
and they must not damage surrounding tissues, plasma pro-
teins, or enzymes (25,181). However, in most cases, it is
not a lack of response that is important but rather an appro-
priate host response to the specific application for which
the biomaterial was designed. Biocompatibility is thus de-
fined by the response of the biological system to the bioma-
terial, which is seen as a foreign body and which provokes
a cascade of interrelated reactions both systematically as
well as locally at the interface with the biomaterial (181).
Host responses to biomaterials can be divided into two cat-
egories: (1) acute, compulsory events or local reactions and
(2) delayed, secondary responses or general reactions (Fig.
18). All implanted materials adsorb proteins and other
macromolecules, which in turn mediate biological activi-
ties from cell attachment to inflammation to other physio-
pathological processes (13).

These interactions are influenced by the nature and use
of the material as well as implantation site and duration
(91,99). Biomaterials may thus lead to numerous undesir-
able side effects (inflammation, thrombosis, tissue necro-
sis, carcinogenesis, etc.). These undesirable side effects are
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Figure 13.18 Interactions of biomaterial and tissue.

especially exacerbated by elastomers that, notwithstanding
their surface biocompatibility, readily release additives
(initiators, emulsifiers, plasticizers, etc.), unreacted mono-
mers and/or oligomers (181), and degradation products in
situ.

B. Local Reactions

When a biomaterial comes in contact with an intra- or ex-
travascular system, the first interaction with host tissue is
protein adsorption via noncovalent, nonspecific van der
Waals forces and electrostatic bonds. Proteins compete to
adsorb. The most strongly adsorbed then change their
three-dimensional structures depending on the physio-
chemical surface properties of the biomaterial. The nature
of the protein film determines the course of subsequent
events such as the coagulation cascade, fibrin formation,
complement activation, and the adherence and activation
of inflammatory cells (72,181). Activated cells migrate and
establish specific ligand-receptor bonds with the biomate-
rial and/or adsorbed proteins, the second step in the adhe-
sion process. The bonding can occur in three ways: focal
contacts with 20-nm separations, closed contacts with 50-
nm separations, or extracellular matrix contacts with 100-

nm separations (16). The host response to adherence is in-
flammation, an intense, local response that is the beginning
of the cicatrization phase (21,162,181).

1. Protein Adsorption

Polymers, especially elastomers, are available in a wide
range of shapes and formats. Depending on the end use,
their surface properties such as wettability, hydropho-
bicity, surface charge and energy, polarity, distribution of
reactive chemical groups, and surface state (smooth,
rough, porous) can be chemically, physically, and/or bio-
chemically altered. All these features, which are selected
on the basis of the intended application, are subject to
change under the pressure of the environmental conditions
to which the biomaterial is exposed. They must, however,
be preserved for the duration of the implant time because
they play an essential role in the biocompatibility of the
materials by directly influencing protein adsorption and
host inflammatory responses (13,14,16,17,126,130,
162,181).

Albumin, IgG, fibrinogen, and fibronectin are the first
proteins to adsorb (167). Albumin does not attract in-
flammatory cells because it does not have the peptide se-
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quence required to bind to the cell membrane receptors.
It also does not activate the coagulation or complement
cascades because it cannot bind to the appropriate enzy-
matic sites (167). IgG antibodies produced by mature B
lymphocytes or plasmocytes activate the complement sys-
tem, the humoral mediator of inflammation. The comple-
ment cascade can follow either the classical pathway or the
alternative pathway. Activation via the classical pathway
requires an antigen–antibody complex where the antibody
is either IgG or IgM. The alternative pathway is activated
by microorganisms (viruses, bacteria, yeasts, parasites), tu-
mors, nonimmune substances (bacterial polysaccharides
and endotoxins, hemoglobin, etc.), or immune IgA or IgG
complexes (197). When IgG adsorbs to an elastomer sur-
face and activates the complement, an inflammatory re-
sponse occurs, which can lead to increased vascular perme-
ability, chemoattraction of polynuclear neutrophils and
monocytes, leukocytosis, and/or phagocytosis (Fig. 19)
(167,198).

Fibrinogen is indirectly activated by the Hageman fac-
tor (factor XII) when it comes in contact with the biomate-
rial (Fig. 20). The contact system is the first step in the
coagulation cascade via the intrinsic pathway, which is ac-
tivated when blood comes into contact with a surface other
than that of an endothelial cell (subendothelial, foreign).

Figure 13.19 Role of complement in inflammation. (From Ref. 198.)

The Hageman factor (XII), the Rosenthal factor (XI), and
the prekallicrein/kallicrein and kininogen/kinin systems
are involved in this activation pathway (199). Factor XII
and prekallicrein (Fletcher factor), which are minor clot-
ting factors in vivo, become very active when they interact
with the surface of a biomaterial (Figs. 21 and 22)
(25,180).

The Hageman factor, a serum enzyme, is activated in
the presence of bacterial endotoxins, certain enzymes
(trypsin, plasmin), immune complexes, collagen released
by proteolysis, or by binding to subendothelial surfaces
exposed by injury. Activated Hageman factor in turn acti-
vates prekallicrein, complement, coagulation, and fibri-
nolysis (Fig. 23) (200,201). Fibrinogen adsorbed to the sur-
face of the biomaterial is converted into fibrin and
fibrinopeptides by thrombin. The fibrinopeptides cause va-
sodilation and have a chemoattractant effect on leukocytes
(167,200).

Fibronectin is intimately involved in cell–substrate in-
teractions (16). Fibronectin is an adhesive protein that ad-
sorbs to the surfaces of biomaterials. It is a high molecular
weight glycoprotein that is soluble in plasma and insoluble
in connective tissue. This adhesion protein enables cells
to bind to each other and to adhere to artificial surfaces
(13,14).
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Figure 13.20 Classic coagulation mechanism.

Figure 13.21 In vivo hemostasis. (From Ref. 199.)

2. Adherence and Activation
of Inflammatory Cells

Leukocyte diapedesis at the implantation site is the last
step in the vascular reactions involved in inflammation
(91,200). Their in situ fate determines the intensity and
duration of the inflammatory response because they release

Figure 13.22 Coagulation contact phase.
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Figure 13.23 Role of activated Hageman factor in several sys-
tems.

and activate numerous cellular and humoral mediators
(162). Polynuclear neutrophils and eosinophils appear in
the early stages of inflammation and are followed by
monocytes, which will become macrophages and lympho-
cytes. The macrophages activate the reticuloendothelial or
reticulohistiocytic system, which helps remove foreign
substances and triggers cell and humoral immune re-
sponses by activating lymphocytes (99,138,200). All
phagocytes contain lysosomes, intracellular organites that
contain a great variety of proteolytic enzymes. When liber-
ated in situ, these enzymes can destroy the extracellular
matrix supporting connective and epithelial tissues. Lyso-
somes also release vasodilating substances and activate the
complement and kallicrein/kinin systems, coagulation, and
fibrinolysis (25,175,180,200).

Platelets, which are very important in homeostasis, can
act as inflammation mediators via substances in their intra-
cytoplasmic granules (201). When a biomaterial is exposed
to the intravascular system, protein adsorption to the sur-
face of the substrate is followed by platelet adhesion and
spreading (21). The substances released by the platelets
promote interplatelet adhesion, the first, reversible step in
aggregation. This process becomes irreversible when
thrombin causes the formation of a fibrin network of vary-
ing thickness called a clot (21,181,199).

Connective tissue histiocytes, mast cells, and fibroblasts
also participate in the host response to biomaterials (200).
During cell–elastomer interactions, fibroblasts synthesize

collagen and other matrix molecules (138). Under normal
conditions, a fibrotic capsule quickly surrounds the implant
(167). Host inflammatory response to contact with a bio-
material are normal reactions. In certain cases, local com-
plications may occur, the most frequent being the forma-
tion of a thrombosis on contact with blood, the formation,
of a fibrotic hyperplasia around the implant, and bacterial
infections (21,167).

3. Local Complications

While platelet aggregation may be a normal reaction when
a biomaterial comes in contact with blood, it may become
iatrogenic with the formation of a thrombus and the risk
of emboli (Fig. 24) (21,181).

Factor XII activates the complement system. Activated
fractions C3a and C5a cause platelet aggregation. C3b pro-
motes cell adherence, increasing the risk of thrombosis
(25,72).

Certain authors have reported that hemocompatibility
is influenced by the type of proteins adsorbed to the surface
of the implant. Albumin seems to prevent the adhesion of
platelets, thus providing acceptable hemocompatibility,
while fibrinogen and gamma-globulin increase platelet ad-
hesion, leading to bioincompatibility (135). It has been
shown that albumin specifically adsorbs to hydrophilic do-
mains while gamma-globulin adsorbs to hydrophobic do-
mains (202). Hydrophilic biomaterials are thus more hem-
ocompatible than hydrophobic polymers (203).

Contact with the vascular system may lead to large vari-
ations in the surface wettability of biomaterials. This
change from a hydrophobic to a hydrophilic state has more
of an impact on hemocompatibility than initial wettability
(175). More hydrophilic surfaces tend to activate factor
XII, the coagulation cascade promoter, while hydrophobic
surfaces tend to show a preference for activating the
kallicrein/kinin system (180). When vascular grafts are
implanted, the response of endothelial cells is crucial be-
cause they play a role in maintaining the antithromobogen-
icity of the prosthesis. To achieve optimal integration of
a vascular implant, the endothelialization of the prosthesis
lumen must be quick and complete. A rapid migration of
endothelial cells prevents the formation of blot clots and
vascular occlusion. On the other hand, the proliferation of
these cells must not be excessive in order to avoid hyper-
plasia and occlusion (132).

The formation of a fibrotic capsule is a normal reaction
to the implantation of a foreign body. The process may
become pathological if the fibroblasts proliferate too exten-
sively and cause fibrotic hyperplasia. An intense host in-
flammatory response on exposure to a biomaterial stimu-
lates phagocytes, especially macrophages, which are
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Figure 13.24 Blood response. (From Ref. 4.)

attracted in large number and produce a cytokine, interleu-
kin 1. Interleukin 1 stimulates fibroblast proliferation and
thus regulates the duration and extent of fibroblast activity
and can also lead to fibrotic hyperplasia, and thus has a
direct impact on graft success or failure (21,138,167).

A lack of implant–tissue adherence and the space be-
tween the two surfaces cause a certain amount of friction
that results in the accumulation of serous fluid and in-
flammatory cells. The intense inflammatory response at the
interface would explain the fibrotic hyperplasia (16). The
contraction of the fibrotic capsule around the implant,
which is more frequent with silicone elastomers than poly-
urethanes, is a common complication with implanted bio-
materials (167). Inflammation and the various humoral and
cell mediators play a clear role in the contraction of the
fibrotic capsule. Good acceptance of an implant means a
more moderate inflammatory response and less contrac-
tion. The structure of the implant also plays a role in this
phenomenon. Contraction of capsules surrounding porous
polyurethane implants occurs at a very low rate (1 to 5%)
compared to smooth implants (70%). The phagocytic ac-
tivity of macrophages and foreign body giant cells prevents
the formation of linear capsules around implants. Fibro-
blasts migrate through the pores in implants, dissipating
vectoral forces. Numerous microcapsules replace the lin-
ear, continuous fibrotic capsule, thus preventing contrac-
tion (167,191).

Bacterial infections are frequently associated with im-
planted biomaterials. Fibrinogen is known to mediate the
adhesion of Staphylococcus aureus, the main pathogen in-

volved in implant-associated infections. Fibrinogen can act
as an opsonin and promote the aggregation of bacterial
cells, especially Staphylococci and Streptococci (201). The
access route for catheter-related infections remains a point
of contention. Certain authors (204–206) have suggested
that infections involving percutaneously inserted catheters
are due to contamination of the external surfaces. Others
have suggested that the contamination of the catheter hub
can lead to intralumenal colonization and catheter-related
septicemia (84). Bacteria and fungi colonize on the poly-
mer surface, forming an adherent biofilm. The microorgan-
isms embedded in these highly adherent films may in the
long term secrete products that degrade certain substrates
(169). In addition, biofilms make antibiotic treatments and
host defense mechanisms less effective (13,14,73,82).

Silicone elastomers, however, do not seem to be af-
fected by infections. Analyses of fibrotic capsules around
silicone implants, whether or not there was a deliberately
induced Staphylococcus aureus infection, did not reveal
any differences in fibrotic capsule composition or thick-
ness. Analogous results with porous polyurethane also
showed that biocompatibility was not significantly altered
by infections (169).

C. General Reactions

1. Degradation

Degradation is a complex mechanism that affects all elas-
tomeric biomaterials and depends on the chemical, physi-
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cal, and structural properties of the implant and the in-
flammatory response of the host (4). Degradation operates
at the molecular, macromolecular, microscopic, and mac-
roscopic levels (161). All implanted materials provoke an
inflammatory response from the host when it attempts to
attack, destroy, and reject the foreign body. Leukocytes,
especially macrophages and FBGCs, are involved in this
mechanism which leads to the degradation of the elastomer
(37,167).

Macrophages appear to play a predominant role in the
degradation of elastomers. They are involved in the pino-
cytosis and phagocytosis of cell and tissue debris as well
as polymer contaminants on the surfaces of biomaterials.
Phagolysosomes digest the particles they have ingested
and the degradation products are then released into the ex-
tracellular environment together with lysosomal enzymes,
peroxides, and hydrogen ions (37,91,162,167). Lysosomal
enzymes have often been implicated in the degradation
process despite the difficulties in analyzing this phenome-
non in vivo (161). Two lysosomal enzymes have been
shown to participate in the chronic inflammation phase fol-
lowing the implantation of polyurethane devices. They are
cholestherolesterase (CE) and phospholipase A2 (PLA).
Cholestherolesterase catalyzes the hydrolysis of amphi-
pathic molecules (183). It was shown in a study on poly-
urethane elastomers that the products generated by the ly-
sosomal enzymes (CE and PLA) as well as the
physicochemical properties of the elastomer affect the bio-
degradation of polyurethanes (183). The release of lyso-
somal enzymes, peroxides, and hydrogen ions, which are
very concentrated at the cell–polymer surface interface,
leads to significant degradation at this site. The degradation
is faster for porous elastomers than dense elastomers.
Stress and tension combined with the chemical effects of
the elastomer are also involved in the degradation process
(91). Degradation leads to surface cracking and a loss of
molecular weight, which in turn results in a loss of tensile
strength (4).

2. Carcinogenic Reactions

The carcinogenic potential of materials implanted in ro-
dents has been recognized since 1950. This process is
called the Oppenheimer effect. Many substances have been
shown to induce foreign body carcinogenesis at the im-
plantation site (4). In 1975, Brand et al. (207) described
the various steps in foreign body tumorigenesis:

Proliferation and tissue infiltration
Progressive formation of a fibrotic tissue capsule
Quiescence of the tissue reaction

Direct contact of clonal preneoplastic cells on the for-
eign body surface

Maturation of preneoplastic cells
Sarcomatous proliferation

Tumorigenesis is controlled by a number of very contro-
versial factors. Foreign body carcinogenesis is influenced
by physical features like shape, size, hardness, and porosity
(4,34,158). Implant size is critical. Tumorigenesis does not
occur unless the implant is of sufficient size. The bigger
the implant, the greater the probability that preneoplastic
clones will attach to the foreign body surface (207). Other
researchers have reported that chemical properties play an
important role in tumorigenesis (158). Nakamura (158)
concluded that the chemical release of decomposition
products and the hardness and physicochemical surface
properties of biomaterials play a role in the long-term tis-
sue response. Numerous studies have examined the inci-
dence of tumor formation as a function of substrate and,
in particular, polyurethanes and silicones. Polyurethanes
appear more carcinogenic than silicones. Differences be-
tween the two elastomers in terms of cell adhesion and thus
cell proliferation are important factors in the carcinogenic
process (158,208,209). The higher thermal sensitivity and
water absorption of polyurethanes with respect to silicones
also play an important role in this process (34). In addition,
a degradation product of polyurethane (MDA or 4,4′-meth-
ylene dianiline) has been implicated in the development of
cancer in rats (4,158,167,210). Heat (autoclave) and
gamma radiation sterilization have also been implicated in
the formation of this toxic, carcinogenic compound (1).
The mechanism remains very controversial. On the other
hand, a 1995 study produced no evidence that sterilization
leads to the formation of MDA (211). The tumorigenesis
mechanism is not clear despite numerous studies on the
carcinogenic potential of biomaterials. Nakamura and his
team (158) have tried to provide an explanation by sug-
gesting a two-step mechanism: initiation followed by pro-
motion. The initiation step depends on active oxygen spe-
cies produced by cells like macrophages and foreign body
giant cells or on initiators in the biomaterial (208,209).
This step may be triggered by the hard segment of the
chemical moiety such as MDU, which is associated with
leachable and biodegradable oligomers (158). The promo-
tion step then occurs, with polyether soft segment moieties
such as PTMO inhibiting gap junction intercellular com-
munications. The soft segment moiety is derived from
leachable oligomers and degradation by direct cell–mate-
rial interactions (208,212). The role of surface properties
in the promotion of tumors has been examined by gap junc-
tion intercellular communication inhibition studies using
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collagen immobilized on polyethylene film. The studies
have shown that the inhibition of gap junction intercell-
ular communication reduces the tumorigenic potential of
polyethylene by decreasing tumor promotion activity
(213).

D. Silicones

While the belief that silicone elastomers are inert is no
longer a point of discussion, the biocompatibility of these
elastomers remains an open question. Undesirable effects
from silicone implants have been reported. Silicone parti-
cles have been shown to migrate to synovial fluid, bone
tissue, and peripheral lymphatic organs via the vascular
and lymphatic systems. Chronic inflammatory reactions,
with and without fibrotic hyperplasia, have also been re-
ported (214). Silicone elastomers have elevated coeffi-
cients of friction and low surface energies, which, com-
bined with their hydrophobic nature, give them a low
wettability index (5,20). As early as 1979, in vitro cytotox-
icity studies provided contradictory results. Cytotoxicity is
the result of the release of cytotoxic compounds and/or the
surface state of the silicone elastomer. The hydrophobic/
lipophilic behavior of silicone is a major problem for in
vitro studies because it makes cell adhesion difficult. One
study has shown that cell adhesion and growth increased
when talc was applied to the elastomer surface to make it
more hydrophilic. This was not due to a decrease in the
release of toxic substance but improved adhesion resulting
from a change to the surface of the biomaterial (215–218).

An analysis of epithelial cell adhesion to various elasto-
mers has revealed similar results for all samples (silicones,
polyurethanes). However, cell growth was poorer on sili-
cone elastomers than on polyurethanes. These results tend
to minimize the role of cell adhesion to the substrate. Cyto-
toxicity is more likely related to the release of toxic sub-
stances (219). Scanning electron microscopic analyses of
the behavior of cells grown in contact with silicone elasto-
mers have shown that the cells grow in aggregates with
little spreading and produce numerous adherence struc-
tures linking them to one another, but few binding them
to the substrate (127). The properties of silicon elastomers
described affect cell adherence to the substrate and thus
cell growth, but have no effect on viability.

In vivo studies on the biocompatibility of elastomer im-
plants have shown that a moderate inflammatory response
occurs with the appearance of low numbers of FGBC
(129,220,221).

Hemocompatibility studies on silicones have shown
that albumin and fibrinogen strongly adsorb to these elasto-
mers and that platelets also adhere in large quantities. Wet-

tability can be calculated using contact angle measure-
ments. There is a very large decrease in the contact angle
of silicone elastomers over time, changing them from hy-
drophobic to hydrophilic biomaterials. According to the
authors of one study (175), variations in wettability have
a greater impact on hemocompatibility than initial wetta-
bility. When the biomaterial comes in contact with blood,
the intrinsic homeostasis pathway is triggered and the
Hageman (XII) factor and prekallicrein/kallicrein and
kininogen/kinin systems are activated. The Hageman fac-
tor stimulates coagulation while the kallicrein/kinin sys-
tem causes vasodilatation (180,199). A study on these sys-
tems during biomaterial–blood contact has shown that
silicones preferentially activate the kallicrein/kinin sys-
tem. The ratio of Factor XII to the kallicrein/kinin system
was 1:2. The wettability of biomaterials plays a role in the
activation of these systems. The kallicrein/kinin system is
more active on hydrophobic surfaces, which leads to vaso-
dilatation, platelet aggregation, and an increase in perme-
ability (180). Various treatments have been attempted to
improve the hemocompatibility of silicones. The elimina-
tion of micro air bubbles on the surfaces of the elastomer
by denucleation reduces complement activation and plate-
let aggregation (25). The affinity of albumin, which acts
as an activation inhibitor of various biological reactions,
can be increased by a number of different processes. This
reduces inflammatory cell migration, greatly improves
hemocompatibility, decreases complement activation, and
prolongs contact time in vivo (26,222). The presence of
fibers in polymethylvinylsiloxane does not modify hemo-
compatibility (223).

Free radicals released by polymers were implicated as
early as 1960 in immune disorders caused when polymer
particles are phagocytosed by macrophages. The macro-
phages can die or release antigenic substances, which lead
to the production of antibodies in the reticuloendothelial
system (6). Animal experiments have confirmed this and
have reached the conclusion that injected silicone can pre-
cipitate an immune response. The silicone is transported
by the lymphatic system to the liver, spleen, kidney, and
pancreatic lymph glands of the reticuloendothelial system
(166). Foreign macromolecules that are phagocytosed and
presented as antigens may provoke a humoral or cellular
immune response (13). This immune response is mediated
by the nature of the protein film adsorbed to the surface
of the substrate as well as the nature of the substrate itself.
Bonfield and Anderson have shown that the adsorbed pro-
tein film has a major impact on the behavior of cultivated
human mononuclear cells (224). Monocytes and macro-
phages secrete more functional IL-1β when grown on a
protein film of fibrinogen and fibronectin than on a surface
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without a protein film. It has also been shown that the sub-
strate itself plays a role in the production of IL-1β. In the
presence of an identical protein film on different substrates,
monocytes/macrophages produce more functional IL-1β
when grown on silicone than on Teflon, Dacron, polyethyl-
ene, or Biomer (224). The nature of the substrate and the
adsorbed protein film also plays a role in molecular confor-
mation (13). Silicone elastomers are immunogenic, but the
involvement of silicone mammary implants in immunolog-
ical and conjunctive tissue diseases remains controversial
(166,210,225–227). Chronic diseases, especially cancers,
may be the result of immune system disruptions caused by
silicone elastomers (210).

While silicone elastomers are hydrophobic, very throm-
bogenic, and occasionally result in catheters that are diffi-
cult to insert without breaking (20), they are very stable
over time, are highly resistant to attacks by the host and
microorganisms, provoke minimum tissue reactions, and
can be sterilized by autoclaving (1).

E. Polyurethanes

Polyurethanes have found a number of medical uses be-
cause of their acceptable level of biocompatibility, their
high mechanical resistance, and their elastomeric proper-
ties (1). Polyurethanes, together with silicones, are among
the few elastomers than can be implanted for long periods
in humans (4). Other authors prefer polyurethanes to sili-
cones because of their often superior mechanical properties
and comparable biocompatibility. They are materials of
choice for soft tissue and cardiovascular applications, espe-
cially for catheters (20,37,132). Polyurethanes have also
been cited as the best biomaterial for applications requiring
a combination of hardness, durability, biocompatibility,
and biostability (228). They are divided into two main fam-
ilies: polyetherurethanes and polyesterurethanes. Since the
ester bonds of the polyesterurethanes are subject to hydro-
lysis (vascugraft), these elastomers are used less frequently
in medical applications. Another class of polyurethanes in-
cludes poly(ether urethane urea), in which the diol group
has been replaced by a diamine.

Numerous studies have compared the biocompatibili-
ties of the various polyurethanes. In vitro biocompatibility
analyses comparing polyurethane elastomers (polyether
and polyester) and copolymers (polyether–polyester) have
shown that epithelial cells have the same growth patterns
and explant morphologies as cells grown on control sub-
strates. Comparable results were obtained with the ‘‘arti-
ficial aging’’ technique (219). There is strong endothelial
cell proliferation within 1 week despite slower spontane-
ous endothelialization compared to other polymers like

PTFE (148). The biocompatibilities of a polyetherurethane
and a porous copolymer (polyether–polyester) have been
studied following implantation in rats. The degradation of
these polyurethanes, which is less rapid than other elasto-
mers, does not result in the release of toxic products. The
proliferation of fibroblasts and the growth of fibrous and
bone tissue are signs of acceptable implant fixation despite
the presence of macrophages and foreign body giant
cells (168).

A number of biocompatibility studies have been con-
ducted to evaluate the role of wettability and implant struc-
ture (porosity) on cell adhesion, endothelial cell prolifera-
tion, inflammation, and cicatrization. The studies evaluated
a polyesterurethane (vascugraft) with interconnected pores
and two polyetherurethaneureas (Mitrathane), one hydro-
philic with closed pores and the other hydrophobic with
open pores. Following implantation in rats, the histological
analysis revealed a slight cell reaction to the polyether and
a medium reaction to the polyester. The fibrotic capsule
surrounding the polyester implant pointed to good cicatri-
zation (130). Cell adhesion to the polyester was weak,
slightly stronger to the hydrophobic polyether, and equiva-
lent to the control substrate for the hydrophilic polyether.
Cell proliferation followed the same pattern, although a
uniform monolayer of endothelial cells formed on the
polyester, while multiple layers formed on the hydrophilic
polyether (130,155). Similar results were reported in a
study on hydrophilic and hydrophobic polyetherure-
thaneureas. The formation of cell monolayers on a hy-
drophobic substrate is facilitated more by the presence of
interconnecting pores than wettability (131). A porous
structure promotes fibroblast proliferation and the produc-
tion of new collagen on polyester. Tissue growth is a func-
tion of material porosity (130,229). If there are no intercon-
necting pores, a thin but linear fibrotic capsule is deposited
around the implant, but fibrotic tissue does not form within
the implant (230,231). Open pores should allow the devel-
opment of fibrotic tissue within the implant. A porous
structure thus prevents deformation and reduces the risk of
infection and contraction of the capsule around the implant
(130,167,191). These reports show the importance of the
physical properties of substrates such as porosity and sur-
face wettability in elastomer biocompatibility.

Polyetherurethanes can be aromatic or aliphatic. When
aliphatic they are produced using hydrogenated methylene
diisocyanate (HMDI) rather than MDI, they no longer re-
lease 4-4′-methylene dianiline as a decomposition product,
which has been shown to be carcinogenic in the rat. In
addition, these aliphatic polyetherurethanes are not af-
fected by ultraviolet radiation (1). As for hemocompatibil-
ity, platelet adherence is similar for both aromatic and ali-
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phatic polyetherurethanes although more fibrinogen is
deposited on the aliphatic (203). Aliphatic polyetherure-
thanes are more difficult to synthesize and have slightly
weaker mechanical properties than the aromatic (1,203).

There are no differences in endothelialization or neoin-
timal formation between aliphatic polyether-coated stents
(Tecoflex) and uncoated stents. On the other hand, the in-
flammatory tissue response associated with aliphatic poly-
etherurethane–coated stents may be an indication of low
biocompatibility (96). A new type of aliphatic poly-
etherurethane (UTA) has been shown to increase the speed
of cell adhesion, equaling that of hydrophilic polyetherure-
thane urea. After 1 week, both the UTA and hydrophilic
polyetherurethane surfaces were covered by multiple cell
layers, while the hydrophobic polyetherurethane was only
covered by a monolayer (131). Extraction cytotoxicity
analyses revealed that this family of elastomers does not
release toxic contaminants and has no clear superiority in
terms of biocompatibility over the other elastomers tested
(polyetherurethane urea and PTFE, Goretex, Impra) (6).
The author of this study also pointed to the role of biomate-
rial hydrophobicity in cell adhesion.

The degradation of polyurethanes has been studied in
great detail and involves three main mechanisms: mineral-
ization, oxidation, and environmental stress cracking. Min-
eralization or calcification (161) involves the incorporation
of crystalline inorganic substances on the surface of the
implanted material. This mechanism often results in hard-
ening, distortion, and mechanical degradation of the elasto-
mer (228). This mechanism most often comes into play
when elastomers are in contact with the bloodstream or are
in zones subject to dynamic flexing. Microdefects in the
material can catch small particles of cellular debris, which
in turn can act as nuclei for the formation and growth of
calcium phosphate–rich crystals (1,37,228).

Oxidation is induced by free radicals that break bonds,
opening the elastomer up to attack by oxygen molecules.
This can be influenced by factors such as the flexibility of
the medical device, the type of soft segment, and the ability
to interact with ions (4).

Environmental stress cracking is mediated by various
stress and environmental factors acting on the polymers
such as oxidation, enzymatic activity, and mineralization.
Three conditions are required for ESC to occur: a poly-
etherurethane device, enzyme activity, and mechanical
stress. While this biological mechanism has never been de-
scribed for polyetherurethanes in vitro, Szycher et al. (37)
have mentioned the notion of BI-ESC. Cell- and humoral-
mediated inflammatory responses may also be involved in
the surface degradation of polyurethanes. Environmental
stress cracking first occurs in the direction of the stress and

then takes on a three-dimensional aspect that may extend
to the very heart of the material, leading to total failure
(37). The problem with degradation has been minimized
with the introduction of ‘‘biostable’’ polyurethanes. Coury
(52) has synthesized polyurethanes with no ether func-
tions. In vitro the absence of an ether bond removes a point
of attack for enzymes and chemical oxidants, thus lowering
the risk of degradation (4,37). Szycher et al. (37) detected
no degradation, cracking, or failure in biostable PUs after
12 weeks of implantation.

Modified polyurethane elastomers (polycarbonate ure-
thanes) have also been produced using polycarbonate gly-
col as a soft segment. While polyetherurethanes undergo
significant degradation after 6 months of implantation, the
surface of a polycarbonate urethane remains smooth and
crack-free (4).

New elastomers such as polycarbonate polyurethanes
and polyurethanes endcapped with polydimethylsiloxane
have made their appearance. Studies have recently been
published comparing the biocompatibility and biostability
of these new PUs with classic polyetherurethanes and
PTFEs. They show that all polyurethanes share the same
biological reactions (acute and chronic inflammation). The
hydrophobicity of polydimethylsiloxane leads to a smaller
accumulation of FBGC on the material surface. Polydi-
methylsiloxane-endcapped PUs are less subject to biodeg-
radation because the endcap provides protection against
the oxygenated free radicals released by macrophages and
FBGCs. The even greater biostability of polycarbonate
polyurethanes has been attributed to their carbonate bonds
(66). When used as vascular prostheses, polycarbonate
polyurethanes become endothelialized much more quickly
than PTFEs. In addition, chronic proliferation is lower than
with PTFEs, decreasing the risk of hyperplasia and occlu-
sion (132).

The biocompatibility of elastomers can be improved by
modifying the surface or internal properties of existing
polymers. However, these physical, chemical, and biologi-
cal modifications must not affect their bulk properties. To
quote Han et al. (74), ‘‘practically every physical and
chemical material property has been suggested as being
important in biocompatibility for areas such as thrombus,
calcification and infection’’ (74).

The chemical and surface properties of biomaterials
play a major role in cell and tissue responses on implanta-
tion. The production of factor TNFα, which regulates in-
flammation and cicatrization, has been measured using
polyurethanes containing increasing quantities of sulfonate
(10, 20, and 30%) and thus varying surface charges. Fewer
neutrophils are observed from 2 to 12 weeks with the PU
containing 20% sulfonate. However, after 12 weeks the



350 Chauvel-Lebret et al.

situation is similar for all polyurethanes, with a few neutro-
phils and the same number of macrophages associated with
the elastomer. This indicates that surface charge may play
a role in the acute inflammatory response during implanta-
tion (139).

Other techniques have been developed to improve the
biocompatibility of polyurethane elastomers. The incorpo-
ration of glycerophosphocholine as a chain extender in po-
ly(tetramethylene oxide)–based polyurethane significantly
decreases bacterial adhesion and protein adsorption. The
incorporation of dehydroepiandrosterone (DHEA) in poly-
etherurethane urea decreases macrophage adhesion and
FBGC formation for up to 7 days. After 7 days, the bio-
compatibility of all PUs (with and without DHEA) is simi-
lar (91). The incorporation of vitamin E (tocopherol) gen-
erates a very stable PU, something that is not observed
with DHEA (91). Calcium chloride added to poly(ether
urethane amide) improves biocompatibility, hydrophil-
icity, and plasticity. However, it also increases thrombo-
genicity (92). Grafting collagen onto PU increases endo-
thelial cell growth, which is dependent on the morphology
and diameter of the collagen fibers. However, the collagen
may also activate and aggregate platelets, making the ma-
terial thrombogenic (79). Coating the prosthesis (PU �
collagen) with a confluent monolayer of endothelial cells
should resolve this problem. All these studies clearly dem-
onstrate the complexity of the biocompatibility of elasto-
mers in general.

While polyurethane elastomers have been used in a
broad range of applications, the presence of microemboli
and microscopic thromboses requires them to be modified
to make them less thrombogenic (1). Rakhorst et al. (175)
have shown that less albumin and fewer platelets attach to
polyurethane elastomers than to polydimethyl siloxane or
PTFE.

Manufacturing processes and the composition of poly-
urethane as well as surface properties play a role in poly-
urethane–blood interactions (203). The roles of the various
components of polyurethanes have been studied. The na-
ture of the soft segment makes polyurethane more or less
thrombogenic. It has been shown that polyethylene oxide
is more thrombogenic than polypropylene oxide or polyte-
tramethylene oxide, with greater platelet retention (203).
The nature of the hard segment is also important in the
blood response. Aliphatic PUs do not have the same prop-
erties as aromatic PUs. They both attract platelets to an
equal degree, but there is an increased fibrinogen response
with aliphatic PUs (148). The quantity of soft and hard
segments influences hemocompatibility. Polyurethanes
with large proportions of hard segments are subject to rapid
cell adhesion and sustained cell proliferation (203). The
lower the proportion of hard segments, the weaker the

blood interactions (146). The molecular mass of the hard
segment is important when such devices must be in contact
with blood. It has been shown that PTMO 1000 is more
hemocompatible than PTMO 2000 (146). This shows that
both the concentration and conformation of the hard seg-
ment play a role in hemocompatibility (203). Two main
types of chain extender can be used: diols (polyether ure-
thanes) and diamines (polyetherurethane urea). Diamines
provide enhanced thromboresistance and hydrophil-
icity (203).

Solvent casting affects the blood response by changing
the orientation and/or conformation of the diisocyanate
and the components of the chain extender (148). An analy-
sis of the biocompatibility and the cell response of ali-
phatic PUs containing varying amounts of plasticizer has
shown the important role played by plasticizers. The bio-
compatibility, durability, and adhesive properties of ali-
phatic PUs increase in line with the decrease in the amount
of plasticizer (101).

To get around the problem of thromboresistance, re-
searchers have tried adding and/or replacing components.
Sulfonated polyurethanes (PEO SO3) produced by various
techniques exhibit a lower level of platelet adhesion and
platelet factor IV release from the time they first come in
contact with blood until up to 12 to 24 h later (74,232).
Hemocompatibility parallels bacterial repellence; the more
hemocompatible a polymer, the more resistant it is to in-
fections (74).

The hemocompatibility of sulfonated polyurethanes
modified by a surface derivation technique using 2-acry-
lamido-2-methyl-propane sulfonic acid (AMPS) varies de-
pending on the species, with in vivo and in vitro studies
providing very contradictory results (72). While very hem-
ocompatible in vitro, sulfonated polyurethanes attract large
numbers of neutrophils when implanted in mice, increase
macrophage recruitment to unexpected levels, and lead to
the formation of thromboses when implanted in dogs (72).

The heparinization of polymers to prevent the deposi-
tion of fibrin has been studied in great detail. Applying a
layer of heparin to PUPA [PU � poly(amido amine) �
HMDI] provides excellent antithrombogenic properties,
thus increasing hemocompatibility (76).

To reduce the risk of infections associated with medical
devices, a number of metallic ions known for their bacteri-
cidal effect, especially silver, have been investigated. Nu-
merous studies have examined the biocompatibility, infec-
tion rates, and thrombogenicity of silver-impregnated or
silver-coated polyurethanes and silicones (81,82,84,85,
233). Coating polyurethane, silicon, and Dacron catheters
with silver ions prevents microbial colonization both in
vitro and in vivo (82,84,234). An animal implantation
study (233) has shown that infection rates dropped when
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silver-impregnated polyurethane catheters were used com-
pared to untreated catheters. In vitro tests have shown that
silver ions have no cytotoxic or thrombogenic effect and
do not provoke an exaggerated inflammatory or tissue re-
sponse. Biocompatibility also depends on the material to
which the silver is bound (81,84,85).

F. Biodegradable Polyurethanes

The chemical properties of elastomers have also been mod-
ified to produce biodegradable products. Studies on biode-
gradable polyesterurethanes have shown that these elasto-
mers have good cell compatibility and that cell–substrate
interactions do not lead to the release of toxic substances
or the activation of macrophages. Relatively strong adhe-
sion and acceptable growth of macrophages and osteo-
blasts occur. Fibroblasts keep their phenotype for 12 days.
The main problem seems to the actual degradation of the
elastomer, which results in the production of crystalline
poly(r-3-hydroxybutyric acid), or PHB-P, particles. Mac-
rophages, and to a lesser degree osteoblasts, may internal-
ize the particles by phagocytosis. At high concentrations,
these particles may be toxic for macrophages and osteo-
blasts at concentrations of 200 pg PHB-P/cell and 400 pg
PHB-P/cell, respectively (98,99).

G. Polyesters

Dacron, or polyethylene terephthalate, which has been
used since 1940 as a bone and cartilage substitute, is con-
sidered to be biocompatible (1,95). It is used in numerous
medical applications, especially in vascular surgery and for
stent coatings (95). But a chronic, systemic inflammation
was reported following implantation of a Dacron device.
Lymphocytes appear after 30 days and the size of giant
cells increases over time (15,235–241). Their tendency to
provoke intimal hyperplasia and platelet stimulation, and
thus their thrombogenicity, limits their clinical use to
blood vessels greater than 6 mm in diameter (1). Polyte-
traphthalate-coated stents are preferred to polyurethane
stents, which are much more subject to dislocation (95).

H. Polyvinylchloride

Polyvinyl chloride is increasingly being used for medical
applications, with an annual increase of 5.4%. It has been
used in the healthcare field since 1940 because of its broad
biocompatibility, ease of manufacture, and low cost (1). A
study in 1991 reported chronic inflammation associated
with PVC (164). Two days after implantation, the in-
flammatory exudate around the PVC contains mainly neu-

trophils, while that around PU or silicone contains a mix-
ture of neutrophils and monocytes (102).

Additives have often been implicated in harmful host
responses. Additives include plasticizers, antioxidants,
pigments, and UV stabilizers. Plasticizers in particular can
release substances that are incompatible with biological
applications (1). A study in 1994 (101) on the biocompati-
bility of and cell response to PVC has shown that there is
a clear correlation between the amount of plasticizer and
the host inflammatory response. Various processes have
been used in an attempt to make PVCs more biocompati-
ble. The most commonly used plasticizer is phthalic ester,
but it can be replaced by trioctyl trimellitate, azelate, or
phosphate ester,which are nontoxic and are not re-
leased (1).

The effect of plasticizers on hemocompatibility has
been studied using PVC blood tubing manufactured with
various plasticizers (phthalate alone, trimellitate or TD
360, and phthalate coextruded with polyurethane). The
concentration of C3a anaphylatoxin and protein morphol-
ogy were examined by electron microscopy. Phthlate-free
PVC is more biocompatible, and polyurethane-coated PVC
releases less C3a anaphylatoxin, although hemocompati-
bility does not change (103).

I. Polytetrafluoroethylene

Polytetrafluoroethylene is used for many medical applica-
tions, especially for peripheral vascular surgery (148). In
vitro extraction and direct contact analyses reveal no cyto-
toxic contaminants (131). In vivo, the inflammatory re-
sponse resorbs within 9 weeks, indicating acceptable bio-
compatibility (130,131). Fibroblasts respond to vascular
PFTE prostheses by forming a thick external fibrotic cap-
sule and a thin layer coating the pores (131,155). Despite
an initial quick, spontaneous endothelialization process,
complete endothelialization of the lumen of a PTFE pros-
thesis can take up to 6 months because of the rough sur-
face, which, compared to polyurethanes, makes endothelial
cell proliferation more difficult. Chronic proliferation is,
however, significant. After 6 months, the cells are still di-
viding, increasing neointimal formation and thus the risk
of hyperplasia and thrombosis (132,148). Surface texture
also influences cell migration. Cell migration, which can
prevent thrombosis and occlusion, is slow on PTFE (132).

Following a 500-min contact between human plasma
and a PTFE prosthesis, variations in contact angle are min-
imal and there is little fibrinogen adsorption, while platelet
adhesion is elevated (175). Blood contact with hydropho-
bic materials preferentially activates the kallicrein/kinin
system, leading to vasodilatation, platelet aggregation, and
an increase in vascular permeability (180).
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J. Hydrogels

Hydrogels have been used in a wide variety of medical
applications for over 30 years, for contact lenses, pros-
thetic devices, and drug delivery systems (1). General
properties include swelling in water, high mobility of sur-
face chains, low interfacial tension, low surface friction,
and appreciable elasticity, making them reasonably bio-
compatible. Their hydrophilicity and low surface tension
decreases protein adsorption and cell adhesion, which
makes them suitable for use in contact lenses. The low
surface friction reduces fibroblast stimulation and prevents
the formation of a fibrotic capsule (21). The high elasticity
and low mechanical resistance means that they have to be
combined with other more solid elastomers, providing hy-
drogels with excellent mechanical and biological proper-
ties.

K. Polyethylenes

A 1983 study evaluated the cell response to polyethylene
following implantation in the peritoneal cavities of mice
(129). The rough surface of the elastomer becomes covered
with numerous macrophages and foreign body giant cells.
The tissue reaction to polypropylene oxide includes an
acute inflammatory response involving numerous macro-
phages and lymphocytes. Polyethylenes are rapidly de-
graded within 5 months of implantation, and the resulting
reactions point to the toxicity of the degradation products.
The study by Bakker et al. (169) shows that polypropylene
oxide cannot be used for alloplastic tympanic membranes.
Hemocompatibility studies have shown strong albumin ad-
sorption and weak platelet adhesion to high density poly-
ethylene. In addition, analyses of the kallicrein/kinin sys-
tem and the Hageman factor have shown that both systems
are activated to the same extent, indicating acceptable
hemocompatibility (175,180).

L. Natural Rubbers

While natural rubbers are used in surgical gloves, urinary
catheters, and tubing, their low hemocompatibility means
they cannot be used in many other applications. Methyl-
methacrylate grafts can improve hemocompatibility
(111,242). Natural rubber also cause cytotoxic and allergic
reactions of various etiologies (113). The proteins in natu-
ral rubbers cause Type I, IgE-induced allergic reactions. It
is possible to remove these proteins by simple washing.
Gamma radiation vulcanization can be used to produce ni-
trosamine-free, low toxicity elastomers (1). It has also been
shown that the cytotoxicity of natural rubbers is due to
dithiocarbamates (110). Various improvements mean that

natural rubbers could soon see more frequent use in medi-
cal applications.
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I. INTRODUCTION

An ideal implanted prosthesis or device would be quickly
integrated and stabilized within the surrounding tissue. If
tissue integration occurs too slowly, or is compromised
over time, common clinical problems (such as loosening
of the implant, pain, and loss of tissue near the implant
site) may lead to subsequent, difficult reimplantation.
Many recent strategies for avoiding these adverse out-
comes are derived from the fundamental premise that mac-
roscopic tissue-level events are ultimately derived from,
and thus could be controlled by, cellular- and molecular-
level events at the tissue–implant interface. An ideal im-
plant could be designed to encourage quick healing and
maintenance of tissue by controlling cellular- and molecu-
lar-level events (such as cell adhesion, differentiation, ma-
trix deposition, etc.) at the tissue–biomaterial interface.
Understanding how cells interact with biomaterials is a
necessary prerequisite for the development of novel meth-
ods to control cell–biomaterial and, eventually, tissue–bio-
material interactions.

Controlling cell–biomaterial interactions is an impor-
tant and relevant goal for the development of polymeric
biomaterials because techniques are available for the fabri-
cation of polymeric biomaterials with a wide range of bulk
and surface properties. However, influencing even the
most fundamental cellular functions (such as adhesion and
migration) requires an understanding of a variety of topics,
including cell biology, surface chemistry, and physical
properties. The purpose of this chapter is, therefore, to pro-

361

vide an overview of key concepts and current research on
controlling cell–biomaterial interactions, with the hope of
stimulating further interest in this rapidly growing field of
research.

II. MEDIATING CELLULAR FUNCTIONS:
BIOLOGICAL CONSIDERATIONS

Cellular anchorage (adhesion to a substrate) and migration
are essential to the normal progression of many biological
processes, including proper functioning of the immune
system, embryogenesis, hemostasis, and maintenance of
tissue integrity (1). The ability of cells to interact with each
other and their surroundings in a coordinated manner de-
pends on multiple cell–cell and cell–matrix adhesive inter-
actions (2). For anchorage-dependent cells, adhesion to a
substrate or matrix is a necessary prerequisite for viability
and proliferation (3). Due to its fundamental biological im-
portance, cell–substrate adhesion has been the focus of
many studies, including much of the research on control-
ling cell–biomaterial interactions. Therefore, this chapter
will focus primarily on cell adhesion, and will discuss
biological, surface chemistry, and surface architectural/
mechanical considerations involved in mediating cellular
adhesion and related functions.

A. Cell Adhesion

Adhesion molecules are a versatile class of cell membrane
receptors which function as links between cells and the
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extracellular environment. Cell adhesion molecules can
transmit both mechanical and biochemical signals bidirec-
tionally across the cell membrane (2), from adjacent cells
and/or from the extracellular matrix, thereby regulating
cellular functions. Signaling via cell adhesion receptors
mediates a variety of processes such as gene expression,
differentiation, apoptosis (2), and cellular migration (4).
The interdependence between cell adhesion molecules,
growth factor receptors, and the extracellular matrix (dem-
onstrated through initiation of biochemical signaling cas-
cades and formation of intracellular multiprotein com-
plexes) helps explain the need for multiple cell membrane
molecules to be activated for normal cellular function (2).
The following discussion focuses on four major superfami-
lies of cell adhesion molecules that function in cellular ad-
hesion and intercellular signaling and are the focus of
much current research: cadherins, selectins, immunoglobu-
lins, and integrins.

1. Cadherins

Cadherins are a family of transmembrane glycoproteins
whose purpose is to organize solid tissues and ensure tissue
integrity (5,6). Cadherins are specialized for the mainte-
nance of stable adhesive interactions through long-term,
almost irreversible binding (7) and constitute the major
component of adherens junctions (2,4,8). Mutations in
cadherins can cause tissue disorder and cellular dedifferen-
tiation and may even lead to malignancy (9). Cadherins
generally exhibit homotypic adhesion (2,7,8); however, E-
cadherin has been shown to bind integrin ligands (7,8). The
integrin-binding site on the cadherin molecule is spatially
separate from the sites that mediate homotypic binding,
suggesting that heterotypic and homotypic binding can oc-
cur simultaneously (7). Cadherin adhesion is calcium de-
pendent (2,7). Calcium ions serve to rigidify cadherin
structure, induce conformational changes needed for adhe-
sion, and confer resistance to proteolysis (7). Cadherins
have a rather large extracellular domain, a transmembrane
segment, and a short cytoplasmic tail (7). The cytoplasmic
domain indirectly interacts with the actin cytoskeleton via
linker molecules called catenins (2,7) that bind to α-actinin
and vinculin (4), which in turn interact with actin fila-
ments. The cytoplasmic domains of cadherins are required
for desmosome assembly and cytoskeletal filament anchor-
age (4).

2. Selectins

Unlike the stable adhesion demonstrated by cadherins, se-
lectins provide transient adhesive interactions. For exam-
ple, selectins are important for leukocyte–endothelium
weak adhesion (8,10) and leukocyte signaling (11), and are
therefore a focus for the development of anti-inflammatory

agents (7). Selectins also play a role in platelet adhesion
(7,12). Selectin-mediated adhesion can occur under flow
(7) and is regulated by divalent calcium ions (2). Selectins
have five domains: three extracellular, one transmembrane,
and one intracellular, or cytoplasmic (8). Selectins bind to
carbohydrate-containing ligands (7) as well as to integrin
ligands (8).

3. Immunoglobulins

Many members of the immunoglobulin superfamily are in-
volved in cell adhesion, and play roles in platelet–endothe-
lial cell adhesion, neural cell–matrix adhesion (13,14),
vascular cell–matrix adhesion, and general intracellular
adhesion in a variety of cell types (8). Immunoglobulins
exhibit homotypic binding as well as heterotypic binding
to integrin and extracellular matrix ligands (2). Dysfunc-
tion in immunoglobulin-mediated adhesion has been im-
plicated in a variety of pathological disorders (8,15,16).

4. Integrins

Integrins are a significant family of cell adhesion receptors
as well as a major focus of current biological and biomate-
rials research (and, therefore, this discussion). Integrin-
mediated cell adhesion and signaling have been cited as
crucial to a wide variety of physiologic and pathologic pro-
cesses, including but not limited to embryonic develop-
ment, fertilization, maintenance of tissue integrity, wound
healing and angiogenesis, leukocyte recirculation and re-
cruitment, antigen presentation, cytotoxicity, and phagocy-
tosis (2). Cell–matrix interactions that take place through
integrin ligation directly participate in the control of cellu-
lar differentiation, morphogenesis, proliferation, migra-
tion, and apoptosis, influencing such processes as wound
healing, inflammation, and metastasis (3,17,18). Integrins
have therefore been targeted for the development of novel
therapies for inflammatory, neoplastic, and infectious dis-
eases (8). In other words, in order to fully understand and
potentially control select clinically relevant, macroscopic-
level events (metastasis, wound healing, tissue integrity)
it is important to understand the mechanisms of integrin-
mediated cellular- and molecular-level events (receptor ac-
tivation, intracellular signaling, cell adhesion, etc.).

Integrins are perhaps most widely recognized as the pri-
mary cell adhesion receptors for many proteins of the ex-
tracellular matrix, such as fibronectin, laminin, vitronectin,
and collagen (19). The integrin family contains sixteen α
and eight β subunits which can combine to form at least
22 heterodimeric receptors. Both the α and β subunits are
type-1 transmembrane glycoproteins (2,4,8), containing a
large extracellular domain, a transmembrane segment, and
a short cytoplasmic tail (Fig. 1) (8). Cell surface expression
of the mature αβ heterodimer can be regulated by modulat-
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Figure 14.1 Schematic of an integrin receptor. Each receptor
has an α and a β subunit, both of which span the cell membrane.
The ligand binding site of the receptor is a ‘‘pocket’’ between
the subunits; divalent ions also bind between the subunits. The
ligand shown is a sequence of three amino acids, arginine–
glycine–aspartic acid (RGD). The three-dimensional structure of
the integrin subunits shown here is not definitive. (Adapted from
Ref. 120.)

ing the level of α chain expression (through, for example,
chemical means such as inflammatory cytokines) (2). Cells
can express more than one type of integrin receptor (4),
and distinct integrin pairs can act to differentially regulate
signals across the cell membrane (7,20). Due to inter-
actions with the cytoskeleton, activated integrins can
function as mechanotransducers between a cell and the
surrounding microenvironment (4,7,21,22). Integrin acti-
vation leads to tyrosine and serine phosphorylation, in-
creases in intracellular calcium, and changes in phospho-
inositide turnover and gene expression (23,24).

a. Activation and Conformation

Integrins move between an inactive state, in which they
cannot bind ligands, and an active state, in which ligation
occurs. Altering integrin activation states through receptor
conformation changes or spatial clustering, rather than by
changing the number of receptors on a cell surface (2), can
control adhesive properties of integrins and, therefore, the
adhesive properties of a cell (7,25,26). Integrin avidity de-
pends on the spatial arrangement of the receptors on the
cell membrane (1,23); the affinity of integrin receptors for
ligands is dependent upon receptor conformation (1,23).
Conformational changes to the ligand-binding domain
[which is a ‘‘pocket’’ between the α and β subunits (7)]
of an integrin receptor modulates the affinity of the recep-
tor (1,25) and occurs through the interaction of the integrin
cytoplasmic domain with intracellular factors (21,26). This

Figure 14.2 Inside-out signaling. An intracellular complex in-
teracts with the cytoplasmic domain(s) of the receptor, changing
the receptor conformation to one which allows ligand binding.
While a scissorlike conformational change is depicted here for
the sake of illustration, the actual spatial rotation/translation may
be different. (Adapted from Ref. 25.)

mechanism of affinity modulation is often termed ‘‘inside-
out’’ signaling (Fig. 2) (2,3,8) and is thought to be primar-
ily brought about by phosphorylation/dephosphorylation
events, which subsequently allow association of other reg-
ulatory proteins (3). Calreticulin, for example, is a cal-
cium-binding intracellular protein that is believed to func-
tion by binding to integrins, forcing the maintenance of a
high affinity state (1,26).

There is a three-way interdependence between integrin
conformation, divalent cation occupancy, and ligand bind-
ing (27). Integrin structure (and therefore function) is cat-
ion dependent, with cation specificity differing between in-
tegrins (2). Cation occupancy may regulate an opening of
the integrin dimer to expose the ligand-binding domain be-
tween the α and β subunits (27). Mn2� stimulates ligand
binding; Mg2� also stimulates ligand binding, but not as
strongly; and Ca2� inhibits ligand binding in most integrins
(21,23,25–28). Mn2� and Ca2� noncompetitively inhibit li-
gation (two distinct binding sites exist for these cations),
whereas Mg2� and Ca2� can competitively inhibit ligation
by binding at the same site (26).

b. Ligation

Integrin receptors recognize ligands that are components
of extracellular environments they would often encounter
(e.g., connective tissue matrix, basement membranes, min-
eralized matrix) (22). Ligands may be cell surface mem-
bers of the immunoglobulin superfamily, microorganisms,
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coagulation factors, or portions of extracellular matrix
molecules (7,8,25). A classic example of an integrin ligand
is the peptide arginine–glycine–aspartic acid, or RGD,
which was the first ligand sequence identified for integrin
recognition (7,17,21,22,28). The RGD peptide is present
in a number of extracellular matrix components including
fibronectin, fibrinogen, vitronectin, and von Willebrand’s
Factor (23).

Each integrin heterodimer type has a specific binding
profile (2,4,7,8). Several regions from both the α and the
β subunits constitute the ligand-binding domain; therefore
a particular ligand may bind at two or more distinct sites
within the dimer (26). Integrin ligation elicits a variety of
intracellular events such as the stimulation of protein ki-
nase C, the Na�/H� antiporter, phosphoinositide hydroly-
sis, tyrosine phosphorylation of cellular proteins, changes
in intracellular pH, and mitogen-activated protein kinase
activation (18–21,29). The ligation of integrins also leads
to an increase in intracellular calcium concentration (28).
There is evidence that calcium signaling may be a ‘‘fine-
tuning’’ mechanism in cell adhesion and migratory ac-
tivity (28).

Cell adhesion to an extracellular matrix via integrin–
ligand interactions is accompanied by integrin aggregation.
Integrins are able to move laterally along the surface of
the cell membrane to form localized clusters (1,23), often
due to ligation of the β subunit (23). Signaling initiated
through integrin clustering and ligation is often termed
‘‘outside-in’’ signaling (1) since the clustering can be
viewed as a response to signals—the presence of li-
gands—from the extracellular matrix. ‘‘Inside-out’’ intra-
cellular signaling, which remodels cytoskeletal linkages or
alters receptor diffusion rates, can also regulate integrin
clustering (1). Clustering appears to trigger increased tyro-
sine phosphorylation of a number of intracellular proteins
(30) and may regulate many cellular processes (3), includ-
ing gene expression, proliferation, and apoptosis (2,8). In-
tegrins can cocluster with other membrane receptors and
with intracellular proteins to form ‘‘focal adhesions’’
(18,24,30,31), which are essentially links between the cy-
toskeleton and the extracellular environment (Fig. 3) (26).

c. Focal Adhesions

Integrins colocalize with the ends of stress fibers (actin
filament bundles that span the interior of the cell) at focal
adhesions (19,21,23,24). The formation of focal adhesions
causes the formation of intracellular signaling complexes
and the reorganization of the cytoskeleton to facilitate sig-
nal transfer (19).

At least 20 different intracellular proteins can be re-
cruited to the ligand–integrin binding site to make up a

Figure 14.3 Focal adhesions and the cytoskeleton. When inte-
grins bind to an extracellular ligand, such as a specific region of
a protein adsorbed to the surface of a biomaterial, a number of
intracellular proteins (only a few of which are shown) localize
at the integrin cytoplasmic domains. This intracellular complex,
or focal adhesion, can anchor the actin cytoskeleton to the loca-
tion of integrin–ligand interaction. Focal adhesions therefore pro-
vide a direct link between the extracellular environment and the
cytoskeleton.

focal adhesion (30). The intracellular proteins F-actin,
filamin, paxillin, tensin, and vinculin have been shown to
associate with integrin cytoplasmic domains (26,32), and
α-actinin and talin have been shown to directly bind to
these domains (23). Some focal adhesion proteins, such as
paxillin, are phosphorylated in an integrin-dependent man-
ner (24). Integrins lack intrinsic enzymatic activity; there-
fore, some integrin-mediated signaling is dependent upon
nonreceptor kinases (17).

Focal adhesion kinase (FAK) is a nonreceptor tyrosine
kinase that, as the name suggests, localizes in focal adhe-
sions (17,18,29,33) and is tyrosine phosphorylated upon
integrin binding (20,24,28,30,33). Focal adhesion kinase
phosphorylation and activity appears to be triggered by the
clustering of integrins (17,18,29,33), and FAK appears to
play a large role in ligand binding (1,23,26,33). Talin, α-
actinin, and FAK can interact directly with the β subunit
to form a focal adhesion complex with the cytoskeleton
(1,19,23). Focal adhesion kinase activity also leads to the
activation of mitogen-activated protein kinase (MAPK)
and Ras, a family of small GTPases (17,23,29,33). This
(FAK, MAPK, Ras) signaling cascade is initiated as cy-
toskeletal elements assemble to anchor actin filaments dur-
ing the formation of focal adhesions (Fig. 4) (29). In this
way, integrin ligation can lead to direct activation of
MAPK and Ras, both of which have been associated with
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Figure 14.4 Integrins and cytoskeletal rearrangement. When
integrins bind to an extracellular ligand, a number of signaling
cascades are locally initiated, some of which participate in re-
arrangement and anchoring of the cytoskeleton.

the generation of mitogenic signals (Fig. 5). In other
words, specific intracellular signaling pathways (such as
FAK, MAPK, Ras) essentially constitute a line of commu-
nication between integrins and the nucleus (18,20,23,29).
Activation of the MAPK signal transduction pathway is a
common route leading to transcriptional regulation of
genes (30). Anoikis (apoptosis that occurs when cells are
detached from their matrix, and therefore integrins are de-

Figure 14.5 Integrins and gene expression. Some of the intra-
cellular signaling cascades that are initiated upon integrin ligation
are known to mediate gene expression and cell proliferation.
Cytokines and growth factors mediate cell proliferation via simi-
lar pathways, providing plausible locations for signaling conver-
gence and cooperative amplification.

tached from their ligands) is regulated through FAK and
MAPK (3,25).

The activation of MAPK leads to suppression of high
affinity ligand binding by a number of integrins (30). The
Ras family of small GTPases also modulates integrin af-
finity (1). Rho is a member of the Ras family that regulates
actin stress fiber organization and assembly of the focal
adhesion (17). The actin structures controlled by each Rho
GTPases are associated with integrin clustering and other
focal adhesion proteins (30). Activated Rho induces focal
adhesion formation. However, integrin clustering can alter
Rho localization (18,25). Rho GTPases are currently
thought to be key parts of focal adhesion–dependent sig-
naling pathways that control cell proliferation and gene
transcription (30).

Formation of focal adhesions involves tyrosine phos-
phorylation events, clustering of integrins, integrin–ligand
binding, and actin cytoskeletal integrity (20). Clustering of
integrins without ligand binding localizes FAK and tensin
to the integrin aggregation site. If tyrosine phosphorylation
occurs at this point, signaling molecules such as Ras,
MAPK, and PI3-kinase will also be found at the aggrega-
tion site. Clustering of integrins with ligand binding colo-
calizes talin, α-actinin, and vinculin in addition to FAK
and tensin. If tyrosine phosphorylation occurs at this point,
paxillin and actin filaments are also recruited to the site,
in addition to a number of signaling molecules (18,24).
Integrins can bind ligands in the absence of FAK. In this
case, vinculin, α-actinin, and talin may colocalize to form
a link to the cytoskeleton (23). Therefore, clustering of in-
tegrins is sufficient for some signal transduction, but ligand
binding is required for cytoskeletal assembly. These results
suggest that integrin–ligand binding changes the confor-
mation of the integrin cytoplasmic domain (20,24,25,29,
33), allowing the initiation of focal adhesions. The intra-
cellular events associated with integrin–ligand binding and
focal adhesion formation may explain why integrins seem
to synergistically enhance the effects of growth factors on
cells (2).

d. Growth Factors

Integrins may enhance the actions of growth factors by
increasing receptor clustering (20,25). The actin cytoskele-
ton and focal adhesion proteins may act as a scaffold that
coordinates interactions between integrin– and growth fac-
tor receptor–tyrosine kinases (30). Focal adhesion kinase
can be activated by growth factors or by integrins, so FAK
is a plausible location for integrin and growth factor signal-
ing pathways to converge (30,33). Integrins cooperate with
growth factors in the activation of the MAPK pathway by
increased clustering and phosphorylation of FAK (20,21).
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Extracellular growth factors activate different Rho family
small GTPases that are essential for the formation of F-
actin cytoskeletal structures (18). Signal transduction me-
diated by Rho and Rac, in response to growth factors and
extracellular matrix proteins, is required for actin cytoskel-
etal reorganization and assembly of focal adhesions (19).
Convergence of the adhesion and growth factor pathways
is important for cell proliferation and cell cycle progres-
sion (3,19).

B. Cell Migration

Cell migration is dependent on rapid controlled changes
in integrin-dependent cellular adhesion (1) and plays key
roles in both normal physiology and disease. The ability
of cells to migrate may be defined by four major factors:
the amount of extracellular ligand present, the amount of
integrins present, and the binding affinity and avidity of
the integrins (34–36). The ligand concentration needed for
a cell to migrate at its maximum speed has an inversely
proportional relationship with the amount of integrin ex-
pression on the cell surface and the integrin–ligand bind-
ing affinity (36). Cellular migration may also be affected
by the spatial representation or avidity of integrins on a cell
surface. When integrins are clustered, the ligand density
necessary for cell migration is greatly decreased (35). The
attachment of integrins to the actin cytoskeleton couples

Figure 14.6 Cell migration depends on adhesion. (A) The cell
forms a protrusion to the front. (B) The protrusion adheres to the
substrate; the cell pulls against that adhesion site to move for-
ward. (C) As the cell continues to move forward, it begins to pull
against an adhesion in the rear. (D) The adhesion site in the rear
of the cell has been pulled away from the substrate; the cell is
in a new position and the process begins again.

integrins to the actomyosin contractile system, which is
necessary for cell motility (37).

In cellular locomotion, one end of the cell spreads while
the other retracts; therefore this process may be considered
to be a kind of polarized cell spreading (25). The basic
mechanism behind cell locomotion is polymerization of
the actin cytoskeleton (38). One main type of actin-based
cell motility is known is amoeboid movement. Once a cell
has adhered to a substrate, a lamellar protrusion is formed
(Fig. 6) (38). Protrusion is tightly coupled with actin poly-
merization (38). This protrusion adheres to the substrate.
The cell body and nucleus then move forward into this
protrusion in a process known as traction (38), which in-
volves the cooperation of actin and myosin cytoskeletal
filaments. The cytoplasm left behind the cell body after
movement is known as the tail. After traction occurs and
the main cell body has moved forward, this tail de-adheres
and retracts and the locomotion process begins again (38).

III. MODIFICATION OF BIOMATERIAL
SURFACES: CHEMICAL
CONSIDERATIONS

Following the rationale that cellular- and molecular-level
processes (such as cell adhesion, proliferation, and intra-
cellular signaling) ultimately direct the healing and mainte-
nance of healthy tissue around an implant, a great deal of
current biomaterials research is devoted to understanding
and controlling the cellular-level processes described in
Section II of this chapter. Many investigators are utilizing
knowledge of receptor–ligand interactions, particularly the
present understanding of integrin–ligand interactions, and
modifying surface parameters of biomaterials in attempts
to understand and control the behavior of cells. If the ‘‘cor-
rect’’ ligands are present on a biomaterial, either as distinct
biomolecules chemically immobilized on the surface or as
conformationally available domains of adsorbed proteins,
then cell membrane receptors should interact with the li-
gands. If the ‘‘appropriate’’ types and numbers of recep-
tor–ligand complexes are formed, signals will be sent to
the cell nucleus via intracellular signaling cascades, and
consequently the functions of the cells on the biomaterial
could be regulated. Currently, determining the correct li-
gands and the appropriate receptor–ligand complexes for
particular biomaterial applications is a challenge. This sec-
tion reviewing recent work on the design of polymer sur-
faces in order to control cellular behavior is divided into
three categories of chemical surface modification strate-
gies: physicochemical methods, biochemical methods, and
morphological methods (39).
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A. Physicochemical Modifications

Cell adhesion, spreading, and migration on a substrate may
be influenced by modifying the physicochemical surface
properties of the material or by changing the surface
charge, energy, and/or chemical composition of the mate-
rial (39). One focus of much materials research is the
hydrophilicity/hydrophobicity of surfaces, often character-
ized as wettability. A variety of cell lines including corneal
epithelial cells, endothelial cells, fibroblasts, and bone-
derived cells have demonstrated increased adhesion and
spreading on hydrophilic surfaces (34,40–43). Webb et al.
demonstrated that when materials were exposed to dilute
serum, fibroblast attachment, spreading, and cytoskeletal
organization were increased on hydrophilic (oxidized
thiol–, quaternary amine–, and amine-modified glass) ver-
sus hydrophobic (thiol- and methyl-modified glass) sur-
faces (40). Differences in charge and wettability influenced
only cell attachment on hydrophilic surfaces (40). In the
absence of serum, positive charge had a large influence on
the number of adherent cells, as demonstrated by the large
number of cells adhered to the quaternary amine–modified
glass and the small number of cells attached to the oxidized
thiol–modified glass (40). Griesser et al. studied the effects
of both surface hydrophilicity and nitrogen content (in the
presence of serum) on human umbilical vein endothelial
cell and human dermal fibroblast adhesion (43). Amine and
amide compounds were polymerized onto fluorinated
ethylene propylene copolymer using a low pressure gas
plasma. The number of adherent cells increased with hy-
drophilicity, and in general the amide plasma polymers
were the most adherent surfaces (although the individual
monomer and the plasma parameters also affected cell at-
tachment) (43). Dalton et al. studied the effects of surface
hydrophilicity, in the presence and absence of serum pro-
teins, on colonization and migration of human bone–
derived cells (42). Vitronectin and fibronectin were used
as model serum proteins, and the substrates tested were
untreated polystyrene and sulfuric acid–treated polysty-
rene surfaces (possessing surface oxidative and sulfonic
functional groups) (42). Results indicated that cells prefer-
entially adhered to and migrated on hydrophilic surfaces;
in fact, the cells would not migrate across a border between
hydrophilic and hydrophobic surfaces (42). Vitronectin
was found to stimulate cellular migration, while the same
concentration of fibronectin was found to be insufficient
for this activity (42). Evans and Steele studied the effect of
hydrophilicity on corneal epithelial cell adhesion to tissue
culture and untreated polystyrene, in the absence of fibro-
nectin and vitronectin (41). A large amount of cell attach-
ment and spreading was observed on the hydrophilic sur-
faces; however, a small number of cells also adhered to

the moderately hydrophobic untreated polystyrene surface
(41).

Many polymers designed for the control of cellular
functions use copolymer grafting and polymer coatings to
elicit specific cell behaviors. Mayes et al. studied two dif-
ferent surfaces for the control of cellular activity and of
protein adsorption. First, using silicone wafers with either
end-grafted star copolymers or linear polymers of poly
(ethylene oxide), it was found that star polymers provided
good resistance to protein absorption; however, a combina-
tion of star and linear copolymers gave complete resistance
to protein absorption at relatively low densities of poly
(ethylene oxide) (44). The second substrate examined was
a comb copolymer with a poly(lactide) backbone and poly-
(ethylene glycol) (PEG) teeth, which assumed a brush
structure in water and showed excellent resistance to pro-
tein absorption (44). Due to its highly mobile chain confor-
mation in water and large excluded volume, PEG is well
known to repel protein adhesion and subsequent cell–sur-
face interactions. Addition of bioactive ligands to PEG sur-
faces could be an opportunity to create surfaces which sup-
press nonspecific protein adsorption, yet still make the
ligands of interest available for interactions with cells (44).
Kao et al. reported that otherwise protein adhesion– and
cell adhesion–resistant PEG networks could be grafted
with interleukin 1-β or a component of complement C3a
to elicit macrophage adhesion, or with C3a and fibronectin
to elicit fibroblast adhesion (45). Drumheller and Hubbell
have created a polymer system incorporating PEG
throughout a hydrophobic, densely crosslinked matrix; this
retained the bulk properties of the substrate while still pro-
viding a substrate that resisted protein and cell adsorption
(46). Du et al. prepared a PEG-grafted phospholipid bi-
layer surface; the PEG grafting greatly decreased the
amount of surface-bound fibronectin, albumin, and laminin
and also greatly decreased the number of surface-adherent
erythrocytes, lymphocytes, and macrophages (47). Iwasaki
et al. investigated the effects of phospholipid grafts on
platelet and protein adsorption to polymer substrates in the
presence of serum (48). Three ω-methacryloxyalkyl phos-
phorylcholine (MAPC) polymers were grafted onto poly-
ethylene backbones using a corona discharge treatment
(48). The amount of fibrinogen adsorbed to the polymer
surface decreased as the phospholipid density increased;
the amount of absorbed fibrinogen decreased with an in-
crease in the length of the methylene chain (increasing hy-
drophobicity) on the MAPC unit (48). The number of
platelets in serum attached to the polymer decreased as the
density of the MAPC grafts increased; however, there was
no clear relationship between the platelet adhesion and
MAPC chain length (48).

The coating of substrates such as silicone and glass with
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polymer films can completely hide the nature of the under-
lying substrates, allowing the creation of a biologically ac-
tive surface (49). By using self-assembled monolayers and
appropriate monomers and initiators, many surface compo-
sitions can be created in a very controlled manner (49)
using thermal or photopolymerization procedures. Ruhe
et al. demonstrated that surfaces modified with poly(meth-
acryloyl oxypropyl (trimethyl ammonium bromide)) and
poly(methyl methacrylate) promoted neuron adhesion and
outgrowth through interactions of the cells with the surface
positive charges (49). Recently, Zhang et al. synthesized a
novel nontoxic biodegradable lysine-di-isocyanate–based
urethane polymer (50). In vitro, this polymer has been
found to support bone marrow stromal cell attachment and
viability, opening the door for future synthesis of biode-
gradable peptide-based urethane polymers and new appli-
cations in cellular engineering (50).

Modification of polymer surfaces can involve the depo-
sition of nonpolymeric materials. Khang et al. have studied
platelet adhesion on gold sputter-coated polymer surfaces
(51). Platelet adhesion to the substrate was decreased and
cell adhesion and growth was increased due to the alter-
ations in surface wettability as well as to the chemistry of
the gold (51). Another group, Kaibara et al., has investi-
gated the effect of carbon deposition as a means of control-
ling cells on polymer surfaces (52). The adhesion and pro-
liferation of endothelial cells on a carbon-deposited
polymer surface was greatly improved, most likely due to
serum proteins preferentially adsorbing to the surface (52).

B. Biochemical Modifications

The attachment of biomolecules to polymer surfaces could
be an important tool for controlling cell–biomaterial inter-
actions. Covalent immobilization of various integrin-bind-
ing peptides on a variety of materials has been shown to
mediate the adhesion of many cell types [for example, os-
teoblasts (53–56) fibroblasts (57–63), endothelial cells
(64–69), and neuronal cells (64,70–74)]. Increased cell ad-
hesion, proliferation, and/or spreading has been obtained
by grafting the specific peptide arginine–glycine–aspartic
acid (RGD) to polymer surfaces (56,58,61,75–78). RGD
is probably the most well-known integrin ligand and pro-
motes adhesion of a number of cell types, including bone-
derived cells (53,54,56), fibroblasts (58,61,75,77), macro-
phages (79), and aortic endothelial cells (76). Surfaces
modified with peptides that mimic the adhesive activity of
glycosaminoglycan-binding domains in cell adhesion pro-
teins (and which are not integrin ligands) can also mediate
cell adhesion via interactions with cell surface heparin or
chondroitin sulfate proteoglycans (54,80,81). Biochemical
surface modifications are not limited to the use of peptides;

entire proteins may be immobilized on surfaces as well.
For example, polyurethane substrates with surface-immo-
bilized heparin demonstrate excellent blood compatibility
in vitro and in vivo (82), and enhanced human umbilical
vein endothelial cell adhesion to a variety of fibronectin-
grafted polymers has been reported (83,84).

To date, biochemical surface modification strategies
show a good deal of promise for controlling cellular func-
tions at the tissue–implant interface. However, a number
of questions must still be answered to fully evaluate the
potential applications of this emerging area of research.
Can integrin-binding peptides reproducibly control cell
functions other than adhesion? Can surface modifications
be developed to allow selective control of particular cell
types, even when multiple cell types are present at the sur-
face? How will biochemical surface modifications fare
during the complex wound healing processes which occur
at the tissue–implant interface in vivo? Continued devel-
opment of surface modification approaches, as well as of
analytical methodologies to quantitatively characterize
these novel surfaces and the resulting cell/biological re-
sponses, will help answer these questions.

C. Morphological Modifications

Chemical micropatterning of polymer surfaces is a recent
development in the pursuit of controlling cell–surface in-
teractions. This approach allows very specific control of
cell function, since micropatterned surfaces may contain
areas supporting and areas inhibiting cellular adhesion
(85). Cells will adhere preferentially to areas ‘‘patterned’’
to support cellular attachment and can migrate on these
surfaces within the patterns supporting adhesion (85). Cur-
rently, most surfaces are morphologically modified using
photolithographic patterning techniques. However, soft
lithographic techniques such as microcontact printing, pat-
terning using microfluidic channels, and laminar flow pat-
terning (86) may provide advantages over photolithog-
raphy since these techniques are relatively simple,
inexpensive, and do not need extremely stringent environ-
mental conditions (86). Most importantly, these techniques
allow the patterning of surfaces with delicate ligands while
providing control over surface chemistry and the cellular
environment (86). Micropatterning techniques have been
used in a number of studies of cell–biomaterial interac-
tions. A few examples include investigations of human
bone–derived cell preferential attachment and spreading
on N-(2-aminoethyl)-3-aminopropyl trimethoxysilane–
treated regions as opposed to dimethyldichlorosilane-
treated areas (87) and the role of vitronectin on the attach-
ment and distribution of these cells (88); the control of
retinal pigment epithelial cell attachment, spreading, pro-
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liferation, and morphology on microcontact-printed sur-
faces (89); and the use of microtextured membranes for
cardiac myocyte adhesion and spatial orientation (90).

IV. MODIFICATION OF BIOMATERIAL
SURFACES: ARCHITECTURAL AND
MECHANICAL CONSIDERATIONS

The majority of current efforts to understand and influence
cell–biomaterial interactions have focused on controlling
the chemistry of the biomaterial surface. This approach is
certainly logical, since it builds on the knowledge that cells
respond to chemical stimuli; however, this approach ne-
glects an important and broad class of cellular stimuli. In
vivo, cells are typically exposed to, and thus must be able
to respond to, a mechanically dynamic environment. De-
pending on cell type and maturation state, cells are able to
detect and respond to mechanical strain, fluid shear, elec-
tromagnetic forces, etc. Researchers have, in some cases,
chosen to exploit the natural cellular responses to mechani-
cal stimuli by carefully choosing the mechanical and struc-
tural parameters of biomaterials presented to cells.

A. Surface Architexture

The term ‘‘architexture’’ is intended to refer to planned,
three-dimensional surface structure and topography at the
micron scale. Cellular responses to microtopographical
features of substrates in vitro have been extensively stud-
ied over the past decade. It is widely accepted that the mi-
crotexture–cell interaction can be a powerful stimulus, es-
pecially in a controlled in vitro cell culture environment.
Surface microtexture has been shown to influence cellular
shape, proliferation, motility, and adhesion (91,92). Many
attempts to control architextural parameters have involved
adding microgrooves or micropores to the substrata used
in cell culture (93,94), while other studies have attempted
to correlate a general surface roughness to cellular re-
sponses (95). For an extensive discussion of cellular re-
sponses to topographical phenomena, see the excellent
review by Curtis and Wilkinson (92).

1. Microgrooved and Microporous Surfaces

In the presence of microgrooves, many cells undergo a
phenomenon known as contact guidance. That is, the cells
align or orient themselves in the direction of the groove.
Various studies have attempted to determine optimal
groove width (96), groove depth (97), and groove ridge
(98) dimensions to influence cellular functions. Because
the contact guidance response varies according to cell type
(99), recommended values for these surface structure pa-

rameters will probably vary depending on the intended ap-
plication of the biomaterial.

The incorporation of micropores in tissue engineered
scaffolds for corneal epithelial cells has been shown to
allow essential nutritional fluxes (94). Researchers are cur-
rently investigating cellular and tissue responses to various
physical parameters of microporous surfaces. For example,
Nakayama et al. conducted an in vivo canine study which
correlated pore density with neointimal tissue thickness
and thrombus formation in polyurethane cardiovascular
stents (100). Pore diameter was held constant in this study
at 30 µm; increased micropore density (percentage of total
pore area per unit area: 0.3, 1.1, and 4.5%) aided tissue
ingrowth, reduced the thickness of thrombus layer, and re-
sulted in a thinner neointimal layer (100). Cell responses
to materials incorporating micropores of various sizes
(ranging from 0.1 to 30 µm) have also been investigated
(94,100–102). For fibroblasts in vitro, proliferation and ad-
hesion increased as the micropore size decreased from 8
to 0.2 µm (102). This result is consistent with other reports
of cell interactions with microscale surface topographical
phenomena (91), suggesting that the scale, or size, of archi-
textural features has a greater influence than the actual geo-
metrical structure or shape in governing cell–biomaterial
interactions.

2. Surface Roughness

Surface roughness, though difficult to define and quantify,
has been used to influence cellular functions on biomateri-
als. Roughness can be characterized by using a scanning
mechanical microscope or profilometer to quantify surface
topological aspects including the average surface height,
distance between highest and lowest points, and increase
in total surface area made possible by the roughness (as
compared to a smooth surface of equal cross-sectional
area) (103). Using corneal and vascular tissue from 14-day
chick embryos, Lampin et al. showed a positive correlation
between surface roughness of poly(methyl methacrylate)
and cell adhesion. This increase was attributed to increased
surface hydrophobicity and subsequent serum protein ad-
hesion rather than directly to specific topological parame-
ters of the surfaces (103). Compared to satin-polished tita-
nium surfaces, roughened titanium surfaces enhanced
osteoblast adhesion as well as production of extracellular
matrix and subsequent mineralization (95). Surface
roughness has been shown to be inversely correlated with
MG63 osteoblast-like cell proliferation (104,105). How-
ever, MG63 osteoblast-like cell alkaline phosphatase activ-
ity and matrix production (indicators of cell differentia-
tion) were positively correlated with increased surface
roughness (104,105). These results suggest that in vitro
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topographical parameters of surface roughness (or second-
ary effects of surface roughness) may be used to direct
cell–material interactions.

3. In Vivo Evaluations of Microtextured
Biomaterials

In vivo studies concerning microtextured material–cell in-
teractions have had mixed results. Studies of microgrooved
silicone substrates implanted subcutaneously in the guinea
pig (97) and of microgrooved polystyrene implants in the
goat (106) both concluded that the microgrooved surfaces
produced the same cellular and tissue response as smooth
surfaces: fibrous capsules separated from the implant by a
layer of inflammatory cells. The microtextures did not aid
the subcutaneous wound healing response, perhaps as a
result of differences between the material properties of the
implant and the subcutaneous soft tissue surrounding the
implant (106). It has also been suggested that these results
were due to the influence of inflammatory cells present
at the implant surface, which formed an amorphous layer
between the surface architexture and the connective tissue.
Because inflammatory cells do not respond to the contact
guidance phenomenon (107), the cells in the connective
tissue may have been unable to sense and respond to the
microtopography (97).

However, in other areas or applications, microtextures
may prove to be beneficial. Roughened surfaces have been
reported to yield better integration of breast and subcutane-
ous implants as well as enhanced osteointegration and less
fibrous encapsulation when compared to the performance
of smooth surfaces (108). As previously described, the ad-
dition of micropores to a cardiovascular stent has been re-
ported to aid tissue ingrowth, reduce thrombus thickness,
and yield a thinner neointimal layer (100). Moreover, it is
possible that the architexture of a surface could be planned
to maximize the addition of bioactive proteins or ligands
(97), creating a biomaterial which uses dual (both chemical
and structural/topological) strategies for controlling cell–
biomaterial interactions.

B. Special Application: Scaffolds for Tissue
Engineering

Biomaterials used for tissue engineering present special
challenges to materials scientists and engineers. On the
macroscopic scale, a material scaffold for tissue engi-
neering must have an appropriate shape and sufficient bulk
mechanical properties for the intended application. On the
microscopic scale, the scaffold must have microstructural
and surface characteristics which are conducive to cell
growth. Many tissue engineering efforts currently utilize

biodegradable, porous matrices as scaffolds; these materi-
als provide a temporary three-dimensional structure to
which cells can adhere and, ideally, maintain their normal
differentiated function. Over time, the scaffold can be bro-
ken down in vivo, either by hydrolysis or enzymatic activ-
ity, and replaced by the extracellular matrix (or tissue) de-
posited by the cells. A variety of scaffold microstructures
have been developed for tissue engineering applications,
including fiber-based scaffolds and sponge scaffolds with
interconnected pores. Benefits of fiber-based scaffolds in-
clude extremely high porosity, up to 97% (109), and a high
surface-to-volume ratio. One drawback to fiber-based scaf-
folds are a potential inability to withstand compressive
loads (109), which could cause the scaffold structure to
collapse in vivo. Fiber bonding techniques can strengthen
scaffolds with respect to compressive loading (110), but
may make it difficult to independently control porosity and
pore size within the scaffolds (111).

To overcome some of the drawbacks associated with
fiber-based scaffolds, a solvent-casting particulate leach-
ing technique has been developed which produces sponge
scaffolds, also referred to as foams (112). This technique
allows control of porosity, pore size, surface-to-volume
ratio, and crystallinity. The highly controllable nature of
these foams makes them desirable scaffolds for tissue engi-
neering applications.

1. Composition

Poly(L-lactic acid) (PLA), poly(glycolic acid) (PGA), and
poly(D, L-lactic-co-glycolic acid) (PLGA) belong to the
family of poly(α-hydroxy esters) and are commonly used
polymers for the production of synthetic foam scaffolds
for a number of reasons. First, these polymers seem to pro-
vide a good substrate for cell adhesion and proliferation.
Second, because poly(α-hydroxy ester) polymers are de-
graded primarily via hydrolysis of the polyester bond, the
degradation rate in vivo should not vary significantly from
one individual to another. Moreover, the degradation rate
can be modified via the selection of molecular weight dur-
ing the fabrication process. In the case of PLGA, the degra-
dation rate can also be controlled by varying the relative
composition of the two polymers. Third, the degradation
products of these polymers (lactic acid or glycolic acid)
can be removed through naturally occurring metabolic
pathways, primarily respiration. Finally, PLA, PGA, and
PLGA have demonstrated biocompatibility, and the FDA
has approved their use for a variety of different applica-
tions (113).

One drawback to the use of the poly(α-hydroxy ester)
polymers is that the lactic and glycolic acid degradation
products may lower the pH in the immediate vicinity of
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the polymer (111). In the worst case, the microenviron-
ment may become nonviable for the cells, creating necro-
sis. This is especially likely in the event that the implant
undergoes autocatalysis (111). Since degradation increases
with increasing acidity, the release of lactic and glycolic
acid could positively feed back and cause the breakdown
and release of even more acid products. In addition to cel-
lular and tissue damage, a buildup of degradation products
also has the potential to shorten the expected functional
life of the scaffold matrix (114,115).

2. Porosity

Porosity and pore size are key factors for tissue engi-
neering scaffolds since these parameters help determine a
number of performance aspects of the scaffold. Depending
on the fabrication technique used, the porosity can range
from 0 to 95% (116–118), while pore sizes typically range
from �10 to �700 µm in diameter (114,117). Porosity can
affect the overall initial mechanical strength of the polymer
foam. Poly(L-lactic acid) and PLGA have been shown ca-
pable of supporting compressional forces of up to 10 kPa
when fabricated with a porosity ranging from 80 to 93%
(116). Porosity may also affect the rate of foam degrada-
tion. An increase in the polymer surface area exposed to
the biological environment increases the rate of hydrolysis
of the polymer units. Additionally, pore number and size
delineate the surface area available for cell attachment,
usually maximized as much as possible in tissue
engineering constructs (but limited by the mechanical
strength required for the specific application and the fabri-
cation techniques). Finally, highly porous constructs can
possess thinner pore walls and highly interconnected pore
spaces. Interconnection of the pore spaces is important as
this allows cells to penetrate deeper into the foam.

3. Design for Mechanical Properties

Historically, materials have been selected for implantation
applications because they possessed adequate mechanical
properties. The mechanical properties of polymer scaffolds
vary widely depending on the foam fabrication technique
used (112,117,119), even while the biomaterial is kept con-
stant. Additionally, the same degradative properties which
make these materials desirable for tissue engineering appli-
cations cause changes in the mechanical properties over
time (118). The mechanical properties and structure of a
tissue engineering scaffold mediate how mechanical stim-
uli from the biological environment will be transferred to
cells within the scaffold. It is well-known that mechanical
stimuli have an important role in governing the phenotype
and functions of many cell types. Therefore, it is becoming
increasingly important to be able to characterize scaffold

mechanical properties to determine if they are appropriate
for use in engineered tissues. It is also important to look
closely at points of cellular adhesion on the scaffold sur-
faces to see how and to what degree the macroscopically
induced mechanical stimuli are being transferred to the
microscopic environment of the cell. An increased funda-
mental understanding of how cells respond to mechanical
influences may provide impetus to design polymeric bio-
materials such that a desired micromechanical environ-
ment is provided to cells as another means of controlling
cell–biomaterial interactions.

V. CONCLUSIONS

Even the most basic cellular functions, such as adhesion,
are the result of complex interactions between a cell and
the extracellular environment. Controlling cellular func-
tions on a biomaterial surface is a nontrivial undertaking.
First, the correct type and amount of extracellular chemical
ligand (or, potentially, mechanical stimuli) must be identi-
fied and reproducibly supplied at the biomaterial surface
for communication with the cell. This could be accom-
plished by chemically modifying the biomaterial surface
in a number of ways, by creating surface architexture, or
by designing the biomaterial to transduce macroscopically
applied mechanical loads into an appropriate mechanical
microenvironment. Second, the necessary cell membrane
receptors need to be identified and strategically targeted to
suitably interact with the signal(s) at the biomaterial sur-
face. The receptors must perform adequately, meaning that
issues including but not limited to receptor conformation,
activation, and ligation need to be addressed. Once a
‘‘link’’ is established between the intracellular and the ex-
tracellular environment via receptor ligation, the subse-
quent intracellular processes—often complex and overlap-
ping chemical signaling cascades—must predictably cause
desirable cellular functions. Enough beneficial cellular in-
teractions with the biomaterial must occur to sum to a ben-
eficial tissue interaction with the biomaterial.

Many of the scientific and engineering issues outlined
herein can and should be modeled and tested under the
controlled conditions possible with in vitro cell culture ex-
periments. Computational models and analytical method-
ologies can help quantitatively characterize and confirm
the interactions of cells and proteins with biomaterial sur-
faces, as well as the influences of mechanical stimuli on
cell functions. Carefully designed in vivo studies can then
follow to perform tests in the presence of conditions that
cannot be replicated in vitro (e.g., stages of the wound
healing process), but which are crucial to establishing the
potential of a biomaterial for clinical use. Fundamental
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studies in a number of research areas can contribute to the
development of strategies for controlling cell and, ulti-
mately, tissue interactions with biomaterials in a clinically
desirable manner.
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I. INTRODUCTION

The main routes of administration for ocular therapeutics
include topical, periocular, and intraocular routes (Fig. 1)
(1). In addition, some ocular diseases may be treated by
systemic dosage forms, either by oral ingestion or paren-
teral injection (2). However, the systemic route presents
the great disadvantage of exposing all the organs of the
body to the action of the drug, thus leading to unwanted
side effects. Since such oral and parenteral systems are
largely beyond the scope of this review, the systemic route
will not be treated in this chapter.

For evident convenience reasons, the administration of
medications to the eye by topical instillation of eyedrops
into the lower cul-de-sac is undoubtedly the most popular
method. The local instillation of drugs may be used to treat
both surface and intraocular pathological conditions (1).
However, efficient protective mechanisms such as solution
drainage, lachrymation, and diversion of exogenous sub-
stances into the systemic circulation via the conjunctiva
reduce considerably the availability of the applied drugs.
Hence, the success of the therapy is based on frequent in-
stillations for most of the pathological states encountered,
leading to poor patient compliance. One of the most com-
mon methods to improve this parameter is to increase the
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precorneal residence time of topical formulations by using
polymers for the preparation of delivery systems such as
hydrogels, micro- and nanoparticles, and inserts. The use
of such systems for ocular applications has been recently
reviewed by Baeyens et al. (3) and by Felt et al. (4).
Though some of these systems provided interesting results
for local diseases when compared with classical solutions,
they remain unsatisfactory in most cases for the treatment
of pathologies affecting the posterior segment of the eye.
This is mainly due to the structure of the cornea, which
is relatively impermeable to most drugs, and to the tight
junctional complexes (zonulae occludentes) of the retinal
pigment epithelium and retinal capillaries, a barrier which
inhibits the penetration of substances from the blood flow
into the posterior segment of the eye. To circumvent these
barriers, different routes of intraocular drug delivery have
been investigated.

The first part of this chapter is devoted to the description
of some ocular diseases, describing briefly disorders that
may be treated by local applications and those which ne-
cessitate intraocular interventions. The different polymeric
systems (hydrogels, microparticulate systems, and solid
dosage forms) allowing ocular drug delivery after local or
intraocular administration are discussed in the second and
third part of this chapter, respectively.
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Figure 15.1 Routes for the administration of ophthalmic therapeutics.

II. PATHOLOGIES

A. Topically Treated Pathologies

1. Inflammation

Inflammation is one of the most common ocular disorders
and can have several etiologic causes including trauma,
viral or bacterial infections, immunorelated phenomena, or
corneal ulceration (3). Blepharitis and conjunctivitis repre-
sent common cases of inflammation. Blepharitis describes
a variety of inflammatory conditions of the eyelid margins,
where usual symptoms are redness, thickening with scales
and crusts, and shallow ulcers (5). It may be caused by
bacteria, local allergic reactions, or sebaceous secretions
from the skin (5). The inflammation of the conjunctiva can
be the consequence of bacterial, fungal, or viral infections
or of an allergic reaction. In the case of bacterial conjuncti-
vitis, the main causative agents include Staphylococcus
aureus, Pneumococcus species, and Haemophilus aegyp-
tius (5).

Treatments of inflammation vary with the etiologic
agent and may be based on the use of a topical steroidal
active compound associated with nonsteroidal anti-
inflammatory drugs such as diclofenac and flurbiprofen,
immunosuppressive agent (azathioprine), antimicrobial

agents (tobramycin, ofloxacin), and mydriatic-cycloplegic
drugs (pilocarpine) (3).

2. Keratoconjunctivitis Sicca

The terms dry eye and keratoconjunctivitis sicca (KCS)
refer to a group of disorders of the ocular surface con-
nected with reduction or instability of the precorneal tear
film (6). The symptoms usually identified in such diseases
include itchy and burning sensations, photophobia, reflex
tearing, redness, blurred vision, mucous strands, and intol-
erance to contact lenses (7). Diagnosis of dry eye may be
based on physical examination as well as on laboratory
tests (Table 1). The treatment of KCS relies mainly on the

Table 15.1 Diagnosis Tools for the Investigation
of KCS

Physical examination Laboratory tests

Rose bengal staining Lysozyme measurement
Fluorescein staining Goblet cell count
Tear film breakup time Tear osmolarity
Schirmer test Tear mucin measurement

Source: Ref. 6.
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use of artificial tears to fulfill the physiological role of nor-
mal tears, e.g., lowering the surface tension of the tear film,
forming a hydrophilic layer, and enhancing the tear vol-
ume. Others possible treating agents include Vitamin A
derivatives, mucolytic (N-acetylcysteine) and tear stimu-
lating products (bromhexine) (8).

3. Glaucoma

Glaucoma is a consequence of the impairment of the aque-
ous humor outflow. An increased intraocular pressure, pro-
gressive optic neuropathy, visual impairment, and in se-
vere cases blindness are common characteristics of this
disease (3). The therapy of glaucoma aims either to reduce
the rate of aqueous humor secretion or to increase the aque-
ous humor outflow. The first approach is achieved by using
beta-adrenergic agonists (epinephrine) and antagonists (ti-
molol) or carbonic anhydrase inhibitors (acetazolamide),
whereas the second approach is based on the use of para-
sympathomimetic agents (pilocarpine) (9). However, when
such medical therapy is unsuccessful argon laser trabecu-
loplasty or surgical actions are required (see Section II.
B) (9).

B. Intraocular Pathologies

1. Glaucoma Filtering Surgery Failure

Glaucoma filtration surgery entails the construction of a
fistula between the anterior chamber and the subconjuncti-
val space as an alternative or enhanced passage for the
drainage of the aqueous humor from the eye in order to
reduce the intraocular pressure and preserve vision in se-
vere cases of glaucoma. The outcomes of filtration surgery
are affected by wound healing, a normal event. The healing
response is initiated at the moment of injury, when the tis-
sue architecture is disrupted. A complex cascade of events
characterized by coagulation, inflammation, angiogenesis,
extracellular matrix deposition, and epithelialization occur
and fibroblasts proliferate, leading to the obstruction of the
filtration site (10). Pharmacological agents have been used
to control certain stages of the wound healing response;
these include anti-inflammatory agents, antimetabolites or
antiproliferative agents, and collagen crosslinking inhibi-
tory agents (10).

2. Proliferative Vitreoretinopathy

Proliferative vitreoretinopathy (PVR) is a pathologic con-
dition occurring in part as a complication of retinal detach-
ment, in which cells originating from the retina and trans-
differentiating into fibroblasts proliferate, inducing the
formation of retractile membranes on both surfaces of the

detached retina (11). The aim of the pharmacological treat-
ment of PVR is to intervene at different stages of disease
progression (12), that is, inflammation and cellular prolif-
eration. In the inflammatory phase, long-effect steroids are
more suitable, while antifibroblastic drugs can be used in
the proliferative phase. Proliferative vitreoretinopathy is a
recurrent disease; even if surgical removal of the contrac-
tile membranes enables flattening of the detached retina,
the proliferation process can reappear (13). The controlled
release of anti-inflammatory and antiproliferative drugs
can both prevent the development of PVR in high risk eyes
and hinder PVR recurrence while minimizing toxic side
effects and improving patient comfort.

3. Cytomegalovirus Retinitis

Cytomegalovirus (CMV) retinitis is an opportunistic infec-
tion frequently seen in patients with acquired immune de-
ficiency syndrome (AIDS), occurring in 15–40% of pa-
tients (14), and those with other forms of immune
suppression. Ganciclovir was the first virustatic agent that
showed an activity against CMV in patients with AIDS
(15). Another drug used in the treatment of CMV retinitis
is foscarnet, an alternative to ganciclovir if resistant strains
of cytomegalovirus develop (16). Both drugs are adminis-
tered systemically or, if an intolerance develops, intravi-
treally.

A promising new treatment of CMV retinitis consists
of the intravitreal administration of a phosphorothioate oli-
gonucleotide, fomivirsen (17). Its activity is very selective
against the virus; its half-life of elimination from the vitre-
ous is long; and it triggers no relevant toxicity.

4. Endophthalmitis

Endophthalmitis is an inflammatory response to the inva-
sion of the internal structures of the eye by replicating mi-
croorganisms, i.e., bacteria, fungi, or parasites (18). This
disease is most often a complication of ocular surgical pro-
cedures such as cataract extraction, corneal transplanta-
tion, glaucoma filtering surgery, or retinal detachment sur-
gery. Another cause is a penetrating ocular trauma, which
can occur in up to 20–30% of the cases. The vitreous body
and the retina are generally involved, and depending on
the virulence of the infectious agent this disease can lead
to retinal necrosis and blindness within a very short period
of time.

The current therapeutic strategy for presumed endoph-
thalmitis includes the intravitreal injection of an antibiotic
or more frequently a combination of broad-spectrum anti-
biotics (19). Besides antibiotics, intravitreal corticosteroids
such as dexamethasone play an important role in the man-
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agement of bacterial endophthalmitis because of their ben-
eficial effect in reducing the inflammation that accompan-
ies the infection. Therapy for fungal endophthalmitis is
similar to that for bacterial endophthalmitis except that an-
tifungals, rather than antibacterials, are administered.

5. Posterior Uveitis

Posterior uveitis, whether it is endogenous and chronic or
associated with systemic diseases such as Behçet’s disease,
is a pathology characterized by a vitreal inflammation and
a retinal vasculitis. In the majority of patients, the etiologic
agent is not known. It has been postulated that in many
cases uveitis may be autoimmune in origin. Uveitis usually
has a low response to treatments with steroids or cytotoxic
drugs, and it may require long-term chronic treatment. If
untreated, the outcome is generally severe, eventually lead-
ing to progressive blindness. The immunomodulating drug
cyclosporine was investigated and found effective in treat-
ing experimental autoimmune uveitis and acute inflamma-
tion unresponsive to the usual treatment (20).

6. Posterior Capsule Opacification

Cataract extraction with the implantation of a posterior
chamber intraocular lens has become the most popular
technique for cataract surgery. However, one of its most
frequent complications is posterior capsule opacification
(PCO), which appears in 50% of the cases between the
third and fifth year postoperatively (21). It is caused by
migration, proliferation, and metaplasia to fibroblasts of
the epithelial cells of the anterior capsule on the posterior
capsule surface. The prevention of PCO, other than by sur-
gical procedures such as cryocoagulation, consists of the
administration of antiproliferative drugs in the intraocular
infusion fluids during surgery (21).

7. Retinal Degenerative Diseases

Age-related macular degeneration (AMD) is the leading
cause of irreversible visual loss in the United States in the
elderly people (22). Blindness associated with AMD is
caused by degeneration of visual cells, a result of degener-
ative changes in the retinal pigment epithelium (RPE).
Whether the disease takes the form of localized degenera-
tion without the complications of vascular invasion or
whether cells are destroyed by the disruptive effects of
neovascularization, degeneration of the RPE precedes or
accompanies death of the associated rods and cones. Laser
photocoagulation of choroidal neovascular membranes
(CNVM) is currently the only well-studied and widely ac-
cepted treatment modality. However, it is beneficial for
only a small minority of patients and is associated with an

unacceptably high CNVM persistence and recurrence rate.
Consequently, investigators have attempted to develop
new modalities for treatment of CNVM: subretinal sur-
gery, radiation therapy, photodynamic therapy, and phar-
macological inhibition of CNVM formation (23). Pharma-
cological therapy has focused on interfering with
inflammation, oxidative stress, and angiogenesis. Inflam-
mation is often associated with neovascular membranes,
and steroids have been shown to have a direct antiangio-
genic activity, in addition to their anti-inflammatory ef-
fects. Free radical production is partly the result of the high
oxygen consumption by the retina. Antioxidants have been
proposed as a preventative measure to reduce lipid peroxi-
dation. Antiangiogenic drugs are the latest addition to the
list of suggested pharmacological treatments for AMD.
These drugs may be useful in treating and preventing the
neovascular phase of this disorder. Local administration
would be possible with the advent of slow-release technol-
ogies for chronic drug delivery.

III. TOPICAL DELIVERY SYSTEMS

A. Polymeric Gels

Hydrogels, also called aqueous gels, are defined as colloi-
dal dispersions of high molecular weight polymers which
have the ability to swell, but not dissolve, in water or aque-
ous solvent systems (24–26). Macromolecules in the hy-
drogels form a swollen, crosslinked network of twisted
matted strands bound together by various electrochemical
interactions like covalent bonds or somewhat weaker inter-
molecular forces (van der Waals forces and hydrogen
bonds, electrostatic forces, ion bridging interactions, or hy-
drophobic interactions). The network contains crystalline
and amorphous regions throughout the entire system
(27,28).

The desired properties of polymers used in ophthalmic
hydrogels as drug delivery systems are the following (29):

Chemical compatibility with the other excipients and
the drug

Stability after prolonged storage and, if possible, heat
stability permitting sterilization by autoclaving

Absence of ocular irritation or toxicity
Little or no problem for vision
Promotion of precorneal retention due to viscosity or

bioadhesive properties
Physicochemical properties (pH, osmolality) compati-

ble with the ocular use

Polymeric hydrogels used in ophthalmology are gener-
ally classified in two distinct groups (Fig. 2). The first cate-
gory includes systems which are administered as viscous
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Figure 15.2 Classification of hydrogels as sustained ocular drug delivery systems.

preparations which do not undergo any other transforma-
tion on the eye such as an eventual dilution by lacrymation
or gradual elimination by lachrymal drainage. These hy-
drogels are called preformed gels, i.e., they are structured
before ocular application. The second group refers to poly-
meric systems that are topically applied on the ocular sur-
face as solutions or suspensions and which shift from a sol
to a gel phase as they are exposed to ocular physiological
conditions like pH, temperature, or the presence of ions.
This second group of hydrogels is called in situ activated
gel-forming systems. Both polymeric gels—preformed as
well as in situ forming gels—are used for the ocular route
to improve drug bioavailability by extending drug resi-
dence on the eye (30). The main advantage of in situ acti-
vated gels over preformed hydrogels is that they facilitate
the administration of the ophthalmic preparation, since the
preparation is conveniently delivered in a drop form and
undergoes a transition from a solution to a gel on the ocular
surface, thus permitting an administration of accurate and
reproducible quantities in contrast to already gelled prepa-
rations (31).

The mechanism of drug release from hydrogels in-
volves a combination of diffusion and erosion of the gel
surface (30). Due to the hydrophilic nature of the gels, tears
readily diffuse into the gel interior thereby rapidly leaching
out water-soluble drugs such as pilocarpine salts.

There are two general methods for the loading of hy-
drogels as drug carriers (25). In the first method, the hy-
drogel monomer is polymerized in the presence of the drug
by addition of chemicals—initiator and crosslinker—so

that the drug remains trapped in the polymeric matrix. This
method has the disadvantage that some polymerization
conditions may have deleterious effects on the drug and
that some chemicals are toxic and difficult to extract from
the polymeric device. In the second method, a polymer is
allowed to swell in a suitable drug solution or the drug is
added to a preformed hydrogel and diffuses through the
polymeric network.

It should be noted that in the ophthalmic field, hy-
drogels are not all loaded with drug, for example, in the
case of artificial tears, where the polymeric hydrogels are
themselves used as a treatment of tear film disorders (32).
This point is further developed subsequently.

From a medical point of view, ophthalmic hydrogels
aim to optimize ocular drug delivery of an active ingredi-
ent by prolonging the corneal contact time of the drug and
decreasing its drainage rate, thus increasing its ocular bio-
availability. Furthermore, the hydrogels may also lower the
frictional resistance between the cornea and the eyelids
which occurs with each blink, thereby exerting a lubricat-
ing effect beneficial in tear film disorders (33).

1. Preformed Hydrogels

a. Cellulose Derivatives

Semisynthetic water-soluble cellulosic polymers have
been widely used in ophthalmic preparations such as eye
drops, artificial tears, and contact lens solutions as viscos-
ity-increasing agents. The first cellulosic derivative used
in ophthalmology was methylcellulose (MC), a topically
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inert material able to provide gels of high viscosity (34,35).
Other cellulosic compounds used in ocular preparations in-
clude hydroxyethylcellulose (HEC), hydroxypropylcellu-
lose (HPC), hydroxypropylmethylcellulose (HPMC), and
sodium carboxymethylcellulose (CMC Na). These visco-
lysers differ with respect to their degree of substitution and
the nature of the chemical substituents, but present com-
mon properties include (36)

Wide range of viscosity (400 to 15,000 mPas)
Compatibility with many topically applied drugs
Stability to autoclaving (120°C)
Good ocular tolerance

The viscosity of cellulose derivative–based hydrogels de-
pends on the molecular weight grade and on the substitu-
tion (nature, degree of substitution) of the derivative (37).

Methylcellulose and HPMC hydrogels are prepared by
addition of hot (80–90°C) water to the polymer powder
under strong agitation, followed by cooling for 24 h in the
refrigerator and swelling of the polymer. Afterward, the
final volume is adjusted. The preparation of HEC can be
made with cold water. Carboxymethylcellulose and HPC
hydrogels are obtained by sprinkling the polymer on the
water surface and mixing and boiling the solution.

Cellulosic polymers have been extensively used for oc-
ular drug delivery as viscous solutions in low concentra-
tions rather than as hydrogels in higher concentrations.
Some representative examples of clinical and pharmaco-
logical studies with these polymers are listed in Table 2.
Several investigations have shown the efficacy of cellu-
losic derivatives in increasing ocular drug availability, by
extending the corneal residence time, with respect to sim-
ple saline solutions (38–40). Ludwig and Van Ooteghem
(41) used slit lamp fluorophotometry to compare the effect

Table 15.2 Examples of Ocular Hydrogels Based on Cellulosic Derivatives

Concentration
Cellulose derivative (%) Species Drug Ref.

Methylcellulose NS R Tritiated pilocarpine 38
1.0 R � H Nonmedicated hydrogel 45

Hydroxyethylcellulose 1.1, 1.5, 3.4 H Sodium fluorescein 46
0.325, 0.5 R � H Pilocarpine nitrate 39

Hydroxypropylcellulose 0.35–3.4 H Sodium fluorescein 41
1.2, 5.0 R � H Pilocarpine nitrate 47

Hydroxypropylmethylcellulose 0.5 H Nonmedicated hydrogel 48
NS R Cromolyn sodium 49

Sodium carboxymethylcellulose 1.0 R Timolol 50
1.63 R � H Tropicamide 40

Notes: NS, not specified; H, human; R, rabbit.

of different cellulosic viscolysers, namely, HEC, HPC, and
HPMC, on the ocular retention of a fluorescent tracer in
human subjects. They concluded that HEC is more com-
fortable and thus is superior to the two other polymers in
reducing the ocular elimination rate of the viscous eye
drops. Other authors have compared the performance of
cellulosic derivatives with more recently developed poly-
mers in the field of ocular drug delivery. Generally these
polymers, such as polyacrylic acid, sodium hyaluronate,
and poly(vinyl alcohol), give better results than cellulose
(40,42–45).

Currently, a large number of hydrogels on the market
are formulated with cellulosic viscolysers, among them
CMC Na (Celluvise from Allergan, Irvine, CA), HEC
(Adsorbotear from Alcon, Fort Worth, TX), HPC (Lacris-
ert from Merck Sharp & Dohme, West Point, PA), HPMC
(Lubritears Solution from Bausch & Lomb, Tampa, FL),
MC (Methocel from Ciba Vision, Niederwangen, Swit-
zerland).

b. Polyacrylic Acid

Polyacrylic acids, also called carbomers or carboxyvinyl
polymers, are acrylic acid–based polymers which are
available in different molecular weights and different
structures (linear, branched, or crosslinked). Carbopol

resins (BFGoodrich Specialty Chemical, Cleveland, OH)
are high molecular weight, crosslinked carbomers. Carbo-
pol was introduced in the mid- to late-1950s as a group of
synthetic, hydrophilic colloidal gums with improved and
constant thickening properties at relatively low concentra-
tions compared with natural gums (51).

Rheograms of carbomers exhibit non-Newtonian flow
behavior. A pseudoplastic (decrease of the viscosity with
increasing shear rates) or plastic (rheogram with a yield
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value) nonthixotropic (none or negligible hysteresis loop
in the rheological curves) flow has been described (44,51–
55). Carbopol gels have shown elastic properties (56).

Several mechanisms have been suggested to account for
the formation of Carbopol hydrogels. Carbomer molecules
in their dry state are tightly coiled, thus limiting their thick-
ening capability (Fig. 3). When dispersed in water, the
molecules begin to hydrate and partially uncoil. A cloudy
acidic dispersion of low consistency is formed (51). Neu-
tralizing the carbomer resin with a suitable base generates
negative charges along the polymer backbone. Repulsion
of these negative charges causes the polymer to completely
uncoil in an extended rigid structure of high viscosity.
Neutralization increases consistency and reduces turbidity.
Another method for the thickening of Carbopol gels with-
out neutralization involves hydrogen bonding of solvent
molecules along the polymer chain to produce a rigid chain
(57). The pH of such systems tends to be acidic. A third
mechanism explaining the hydrogel formation involves the
absorption of water by the crosslinked polymer to form a
gel consisting of macroscopic, swollen particles (58,59).
There is no evidence for any one mechanism, and it seems
likely that gelation occurs by a combination of these pro-
cesses (51).

The simplest way to prepare Carbopol hydrogels is to
disperse the resin in water at room temperature and to neu-
tralize the polymer with bases such as triethanolamine, so-
dium hydroxide, or even an active alkaline compound. The
other method to form carbomer hydrogels is to add hy-
droxyl donors such as polyols (e.g., glycerine, propylene
glycol), sugar alcohols (e.g., mannitol), or polyethylene
oxide to carbomer dispersions.

Carbomers present many advantages for the ocular drug
therapy, including (54,55,60):

Good flow and good thickening properties at low con-
centration

Relatively good patient compliance

Figure 15.3 Schematic representation of the mechanism of the sol–gel transition of carbomers (From Ref. 51.)

Excellent appearance
Compatibility with many active ingredients
Possibility to neutralize the polymer with a drug
Bioadhesive properties

The bioadhesive properties are very useful for a controlled
drug delivery to the eye because they enable a prolonged
contact time between the eye and the drug and because
they delay drug elimination (61). The mucoadhesion of
carbomer involves several mechanisms such as chain inter-
penetration of the polymer in the mucus (since both car-
bomer and mucin are macromolecular expanded networks
and both exhibit a significant hydration in aqueous media),
hydrogen bonds (both have carboxyl groups), electrostatic
interactions (both are ionic polymers), and hydrophobic in-
teraction (both polymer have various hydrophobic func-
tional groups) (62,63). Besides carbomer, other polymers
having good mucoadhesive properties include hydroxypro-
pylcellulose, carboxymethylcellulose, carbophil, gelatin,
and hyaluronic acid (54,64). Davies and coworkers (65)
have emphasized the importance of mucoadhesion for im-
proving the ocular bioavailability of pilocarpine in rabbits
and shown the superiority of bioadhesive Carbopol 934P
over the nonbioadhesive poly(vinyl alcohol) (PVAL). Ditt-
gen et al. (66) also found Carbopol to be superior to PVAL.

Several authors have examined the stability of carboxy-
vinyl polymers at various storage conditions and demon-
strated the good stability of Carbopol 940 and 941, whose
viscosity decreased the least (67,68). Comparing various
Carbopol types (910,934,940,941), Unlü et al. (54) con-
cluded that Carbopol 934 had the worst thickening proper-
ties and that Carbopol 940 had an excellent appearance
and clarity when compared with the other types.

Many studies have explored the potential of carbomer
in extending the corneal residence time and increasing the
bioavailability of active compounds such as pilocarpine
(43,44,69); some representative examples are listed in Ta-
ble 3.
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Table 15.3 Examples of Topical Hydrogels Based on Carbopol

Carbopol Concentration
type (%) Drug Species Effects Ref.

940 0.05, 0.1, 0.2 Tropicamide H Increased bioavailability 70
940 0.3 Tropicamide R Increased bioavailability compared to an ointment and a HPC hy- 52

drogel
940 and 0.6 Pilocarpine R � H 2–3 � increase of the drug bioavailability; effects more pro- 69

910 1.5 nounced in humans than in rabbits
940 NSc Prednisolone R 4.5� increase of the aqueous humor levels; 4� increase of the 71

(acetate) concentration in the cornea
934 NSc Prednisolone R 5.5� increase of the aqueous humor levels; 10.6� increase of the 71

(sodium concentration in the cornea
phosphate)

940 1; 2; 4; 6 Pilocarpine R Extended duration of miosis 43
941 6 Pilocarpine R Extended duration of miosis 43
940 1.0–4.0 Flurbiprofen R More increased bioavailability than with pluronic F 127 hydrogels 72
934 0.49 Pilocarpine R Increased bioavailability as compared to a 6% PVAL hydrogel 65
940 0.1, 0.2 Fluorescein H Increased corneal retention 53
940 0.9–5.0 Pilocarpine R Extended duration of miosis 44

Notes: H, human; R, rabbit; HPC, hydroxypropylcellulose, 0.7% w/v; NS, not specified.

A large number of commercial products are based on
carbomer, including tears substitutes like Lacrinorm with
carbomer 940 (Chauvin, Montpellier, France) and eye
drops with active compounds such as Pilopine (Alcon).

c. Sodium Hyaluronate

Hyaluronic acid (HA) is a high molecular weight linear
unbranched polysaccharide consisting of repeating disac-
charide units of glucuronic acid and N-acetylglucosamine
(73). It is a glycosaminoglycan and has a flexible open coil
double helix conformation (74). The carboxyl groups of
HA are dissociated at physiological pH, thus conferring a
polyanionic character to the polymer. In the human body,
HA plays an important role in retaining water in the inter-
cellular matrix of connective tissues. It is present in di-
verse tissues including skin, tendons, cartilage, synovial
fluid, and umbilical cords, but also in ocular fluids, partic-
ularly in the vitreous and the aqueous humor. Thus, it has
been suggested that HA might be used in eye surgery as
a substitute for aqueous humor or vitreous either to main-
tain the shape of the anterior chamber during cataract sur-
gery or to protect corneal endothelium during lens implan-
tation (75).

Until recently, HA had been produced by tissue extrac-
tion from umbilical cord of rooster comb, which made its
ophthalmic solutions very expensive. However, HA can
now be produced by microbial fermentation (76). A highly

purified sterile form can be produced in bulk with a variety
of molecular weight ranges and at a cost considerably less
than the tissue-extracted material. Healon (Kabi Phar-
macia, Sweden) is a patented ultrapurified fraction of the
sodium salt of HA (77).

The use of hyaluronic acid in ocular therapy has been
reviewed by Bernatchez et al. (78). The concentration of
HA commonly used in eye drops varies between 0.1 to
0.3%.

Sodium hyaluronate solutions exhibit a typical pseu-
doplastic rheological behavior with a low viscosity at high
shear rate (46). Its viscosity is shear dependent, and the
hydrogel exhibits a drop in viscosity at high shear rates
such as during blinking (shear thinning). This rheological
property is particularly advantageous in ophthalmic appli-
cations because the high viscosity hydrogel can be admin-
istered with the advantage of longer ocular surface reten-
tion times but without the associated sensation of a foreign
body, blurred vision, and patient discomfort as encoun-
tered with high viscosity Newtonian solutions (79). Fur-
thermore, the low viscosity of HA hydrogels favors a ho-
mogeneous distribution on the whole corneal surface after
each blink.

The performance of HA in extending the precorneal
residence time of several ophthalmic drugs such as pilo-
carpine, gentamicin, and tropicamide is summarized in Ta-
ble 4. The HA 0.25% vehicle led to a twofold increase of
the bioavailability of topically administered gentamicin in
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Table 15.4 Ophthalmic Formulations Based on Sodium Hyaluronate

Concentration
(% w/v) Drug Species Effects Ref.

0.25 Gentamicin sulfate H Increased bioavailability for at least 10 min 80
0.125, 0.2, Pilocarpine HCl R Extended duration of miosis; increased corneal resi- 81, 82
0.75 dence time and intraocular absorption
5.0, 15.0 Pilocarpine nitrate R Prolonged miosis 83

Tropicamide Prolonged mydriasis
Sodium fluorescein Extended corneal residence
Nonmedicated gel Good mucoadhesion

0.125, 0.25 Nonmedicated gel H No effect of the 0.125% gel on the ocular clearance; 84
extended corneal residence with 0.25%

0.125 Nonmedicated gel R Extended corneal residence 85
0.125, 0.25 Nonmedicated gel H Extended corneal residence 84
0.1, 0.19, 0.25 Sodium fluorescein H Extended corneal residence 46

Notes: H, human; R, rabbit; HA; hyaluronic acid (sodium salt).

the human eye for at least 10 min after instillation com-
pared to a saline isotonic buffered solution (80). Gamma-
scintigraphic studies of a nonmedicated HA hydrogel also
showed an extended corneal residence time at the surface
of the eye (84,85).

d. Poly(Vinyl Alcohol)

Poly(vinyl alcohol) is a synthetic long-chain polymer ob-
tained by condensation of vinylacetate and partial or full
hydrolysis of the resulting poly(vinyl acetate) (86). It is
available in various grades that differ in the degree of poly-
merization and residual acetate content, thus providing dif-
ferent solubilities (87). The molecular weight average has a
significant influence on the viscosity: very high molecular
weight grades show a very marked change in viscosity for
a small change in concentration, whereas low molecular
weight grades have little influence on the viscosity of the
solution (76). Aqueous solutions of PVAL approximate a
Newtonian rheological behavior (47,88).

Since PVAL was first introduced for ophthalmic use in
the early 1960s (89) a lot of time and effort have been
expended on exploring the influence on ocular bioavail-
ability of various PVAL hydrogels compared mostly to
other hydrogels such as cellulose preparations. Some rep-
resentative examples of ophthalmic formulations based on
PVAL and their subsequent effects on ocular bioavailabil-
ity are presented in Table 5. There have been many contra-
dictory results about the superiority of PVAL in pro-
longing the corneal contact time. On one hand, PVAL
(1.4%) was reported to be superior to MC (0.5%) based
on rabbit studies (89). On the other hand, PVAL (1.4%)

has exhibited a significantly shorter elimination time than
HPMC (0.25–2.5%) (90). Other authors concluded that
cellulose derivatives were superior to 1.4% PVAL
(48,91,92). The rationale for these conflicting findings is
explained by differences in flow properties and in the vis-
cosity of the tested hydrogel. Indeed, when comparing hy-
drogels of different polymers, it is important to take into
account not the concentration used of the polymers, but
rather their viscosity. The importance of the viscosity was
pointed out by Patton and Robinson (88), who demon-
strated that two nonmucoadhesive hydrogels based on
PVAL and MC with Newtonian rheological behavior and
with the same viscosity range show comparable effects on
the ocular residence time.

Attempts have been made to find the optimal concentra-
tion of PVAL in terms of decreased drainage of the hy-
drogel from the precorneal area. Patton and Robinson (88),
testing PVAL concentration range between 0 and 5.0%,
concluded that a 3% PVAL solution was the optimum be-
cause beyond this concentration large increase in viscosity
resulted in only minor decreases in drainage rate and also
resulted in a blockage of the drainage duct. However, the
concentration of PVAL commonly used commercially is
1.4%, the rationale for this choice of concentration is the
visual comfort, concentrated solutions leading to the sensa-
tion of foreign body and blurred vision (88). Kassem et al.
(96) have reported that PVAL was the most effective vehi-
cle, compared to other cellulosic derivatives, for increasing
the ocular bioavailability of phenylephrine, a drug low-
ering the intraocular pressure (IOP) and added to a beta-
methasone preparation in order to balance the side effect
of the steroid (elevation of the IOP).
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Table 15.5 Effects of Polyvinyl Alcohol on the Precorneal Residence Time of Hydrogel Loaded or Not with Drugs Compared
to Saline Solution

Concentration
(%) Type of PVAL Drug Species Effects Ref.

0–10.0 Various grades (20–90) Pilocarpine nitrate R Delayed corneal drainage rate; prolonged aque- 88
ous humor levels

1.0–5.0 Polyviol W40/140 Nonmedicated R Prolonged residence time 93
(tracer 99mTc)

1.2 High molecular weight Pilocarpine nitrate R � H Extended miosis time 47
(90 000)

1.4 NS Nonmedicated R � H Diminution of the drainage rate 45
(tracer 99mTc)

1.4, 2.8, 4.2 Sodium fluorescein H Prolonged residence time; 4.2%: discomfort, 94
blurred vision

3.0–6.5 Polyviol W40/140 Nonmedicated R � H Prolonged residence time (more pronounced in 95
(tracer 99mTc) rabbit than in man)

6.0 Fully hydrolyzed Pilocarpine nitrate R Delayed corneal drainage rate; increased bioa- 65
(MW 86 000) vailability

4 NS Sodium fluorescein H Delayed corneal drainage rate 42

Notes: PVAL, polyvinylalcohol; R, rabbit; H, human; NS, not specified.

Poly(vinyl alcohol) is a common viscolyser used in
many marketed eye drops such as Tears Plus (Allergan),
and Hypotears (Ciba Vision).

e. Other Polymers

Various natural and synthetic polymers have been investi-
gated as potential vehicles for ocular drug delivery and are
still in development. These polymers include poly(vinyl
pyrrolidone) (PVP), chondroitin sulfate, carrageenans, de-
xtrans, xanthan gum, and chitosan. The synthetic polymer
PVP has found interesting applications in ophthalmic solu-
tions, eye drops, and contact lens solutions (40,97,98).
They will be briefly described. Chondroitin sulfate is a nat-
ural mucopolysaccharide (glycosaminoglycan) acting as a
flexible connecting matrix in cartilage and connective tis-
sues (99). It has been examined as a potential polymeric
vehicle, but the results were not conclusive in that chon-
droitin hydrogels failed to enhance the bioavailability of
pilocarpine and cyclopentolate (100). Carrageenans are a
group of water-soluble sulfated galactans extracted from
red seaweed. The main gel-forming carrageenans fractions
are the kappa and iota, while the lambda is known as non-
gelling, because of its higher level of ester sulfate. Carra-
geenan hydrogels exhibit pseudoplastic rheological behav-
ior and viscoelastic properties (101). Verschueren et al.
(101) have reported the good acceptability of carrageenan
hydrogels in human volunteers. Xanthan gum is an anionic

branched polysaccharide composed of glucose, mannose,
and glucuronic acid. The polymer is obtained by fermenta-
tion of the bacterium Xanthomonas campestris. It has been
examined for use in eye products and has shown interesting
properties: Meseguer et al. (102–104) showed by gamma-
scintigraphy that xanthan hydrogels are able to delay cor-
neal clearance by tear flow in the human eye. Xanthan gum
has been proposed as a polymer in artificial tears (105).
Chitosan is a polycationic natural polymer which exhibits
favorable properties for ocular administration such as bio-
degradability, nontoxicity, biocompatibility, and bioadhe-
sion (106–108). Gamma-scintigraphic evaluation has
shown the superior efficiency of chitosan for prolonging
precorneal residence time of tobramycin with respect to a
commercial collyrium containing the same antibiotic at a
concentration of 0.3% (Tobrex) (Fig. 4) (109).

2. In Situ Forming Gels

Gelling systems, also called phase transition systems, con-
sist of a mixture of the drug with a polymeric material that
has low viscosity in the dispensing bottle but changes to
a very viscous solution or a gel once in contact with the
eye (110). The sol–gel transition of in situ activated gel-
forming systems occurs as a result of a chemical/physical
change induced by the physiological ocular environment.
The transition can by triggered by a shift in the pH, by
changing the temperature, or by the presence of cations in
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Figure 15.4 Precorneal drainage of 99mTc-DTPA in formula-
tions containing 0.3% tobramycin and 0.5% of high molecular
weight chitosan (�) as well as Tobrex (�) (From Ref. 109.)

tears (Fig. 5). It is assumed that the formation of the gel
in the conjunctival cul-de-sac could lead to a prolonged
release system for the drug (111).

a. Gelling Activated by pH Change

The concept of using hydrogels based on pH-sensitive
polymers for the ocular route began in the 1980s (112).
These hydrogels are based on latex. The term latex defines
a low viscosity, stable polymeric dispersion of particles,
generally in an aqueous solvent (113). According to the
manufacturing method, latexes are globally classified in
three categories: natural latexes like rubber, synthetic la-
texes obtained by polymerization of insoluble monomers
emulsified in water, and artificial latexes, also called pseu-
dolatexes, which are prepared by dispersion of a pre-ex-
isting polymer in an aqueous medium (114). In situ gelling
pseudolatexes are pH-sensitive aqueous colloidal disper-
sions which undergo spontaneous coagulation and gelation

Figure 15.5 Schematic viscosity behavior of in situ activated
gel forming systems: thermosetting gels, pH-setting gels and
electrolyte-setting gels (From Ref. 112.)

after instillation in the conjunctival cul-de-sac because of
the pH increase (85,115).

The preparation of ophthalmic pseudolatexes involves
an emulsification of an organic solvent containing the
polymer with an aqueous solution leading to an oil-in-wa-
ter (O/W) emulsion (112). There are two general methods
of preparation (Fig. 6) (116,117). In the first method, the
pseudolatexes result from an evaporation of solvents (re-
moval of all organic solvent and a fraction of water). The
internal phase of the emulsion contains a mixture of or-
ganic solvents not miscible with water and the polymer.
The external phase is composed of an aqueous solution
with an emulsifier. The bioactive material, e.g., pilocar-
pine, is added to the dispersion, where it is partially ad-
sorbed onto the polymer. The drug can also be introduced
at the beginning of the preparation, in one or other phase
before emulsification. In the second method, the dispersion
is prepared by a salting out process: the gradual addition
of water breaks the equilibrium between the internal phase
of the emulsion based on polymer in organic solvent misci-
ble with water and the external phase containing salts in
high concentration and hydrocolloids, so that polymeric
particles are formed. In this second case, the bioactive ma-
terial, e.g., pilocarpine, is blended either to the organic
phase before emulsification or to the dry powder obtained
after lyophilization of the particles (118).

The gel-forming polymers have to be carefully selected
with respect to their physicochemical properties and bio-
compatibility. Cellulose acetate phthalate (CAP) has been
shown to be suitable for pseudolatexes containing pilocar-
pine for several reasons: the compatibility of the polymer
with the drug, the stabilizing effect of the polymer at rela-
tively low pH avoiding hydrolysis of pilocarpine, and the
relatively low buffer capacity of the polymeric system in
the conjunctival cul-de-sac (112). The latex formulation
described has a total polymer content (CAP) of 30% w/v
and an average particle size of 250 nm. The CAP pseudola-
texes form a free-running dispersion of acidic pH (pH �
4.4) and coagulate within a few seconds when in contact
with the lachrymal fluid (pH � 7.2). Gamma-scintigraphy
was used to monitor formulations based on pilocarpine–
CAP pseudolatexes and showed a tenfold increase in pre-
corneal residence time (residence half-life � 400 s) com-
pared to a solution of pilocarpine (residence half-life �
40 s) (110,119). The pharmacological response of pilocar-
pine pseudolatexes has also been evaluated in terms of mi-
osis (diminution of the pupil diameter), and it has been
concluded that the bioavailability of the drug was substan-
tially increased, the pseudolatexes maintaining a constant
miosis in the rabbit for up to 10 h compared to 4 h with
pilocarpine eye drops (120).
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(a) (b)

Figure 15.6 Methods for the preparation of pseudolatexes for the ocular route: (a) evaporation of organic solvent in the internal phase
of an O/W emulsion; (b) dilution of the external phase of an O/W emulsion. (From Ref. 112.)

It should be underlined that the long-acting latex, once
coagulated, has no impact on vision (112), although a sen-
sation of discomfort seems to be unavoidable immediately
after administration as in the case of any preparation of
suspension type.

b. Gelling Activated by Temperature Change

Another method for causing phase transitions of the oph-
thalmic polymeric preparations on the ocular surface is
based on thermogelation. Temperature-sensitive polymeric
gels, also called thermoreversible hydrogels, are liquid at
room temperature (20–25°C) and undergo gelation when
at body temperature. This thermosensitive property makes
these hydrogels useful in controlled drug delivery either
in topical administration on the skin or mucosa (nasal, ocu-
lar, or rectal route) or in parenteral administration (121).
Miller and Donovan (122) first mentioned this in situ gel
formation for the ocular route. The most common thermo-
sensitive polymers suitable for ophthalmic preparations are
poloxamers.

Poloxamers are synthetic nonionic surfactants and are
water-soluble triblock copolymers made of poly(oxy ethyl-

ene) (PEO) and poly(oxy propylene) (POP) (123,124).
These polymers consist of a central hydrophobic nucleus
of POP surrounded by hydrophilic sequences of PEO, con-
ferring surface active properties to the copolymer. Chemi-
cally, poloxamers can be classified as polyethers of alcohol
ethers, but generically they are referred to copolymer poly-
ols. Different types of poloxamers exhibit different gela-
tion properties and vary over a wide range of molecular
weights and the relative proportions of the two constituents
(125). Poloxamers are defined by a number, the first two
digits of which, when multiplied by 100, correspond to the
approximate average molecular weight of the POP portion
of the molecule. The last digit, times 10, gives the percent-
age by weight of the PEO portion.

The series of poloxamers is commercially available as
Pluronic (BASF-Wyandotte) (124). The most commonly
used poloxamer, not only in ophthalmology but also in der-
matology and cosmetics, is poloxamer 407, also known
as Lutrol F127 (BASF, Ludwigshafen, Germany). This is
explained by several reasons: first, poloxamer 407 gives
colorless and transparent gels, an important parameter for
the ocular route; second, it has a very low toxicity and it
is also inert toward mucosa; third, the polymer has a high
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solubilizing capacity, and, finally, poloxamer 407 requires
the lowest concentration for gel formation (123,126,127).

The concentration at which poloxamer solutions exhib-
its reversible gelation depends on the type of polymer: po-
loxamers 184 to 188 form gels from concentrations of 50–
60% w/v; poloxamers 234 to 288 form gels from concen-
trations of 40%; poloxamers 333 to 338 give hydrogels by
a concentration of 25%; whereas poloxamer 407 forms a
gel at only 20% concentration in water at 25°C. For a given
type of polymer, as the concentration is increased, the gel
becomes harder and harder, and the sol–gel transition tem-
perature decreases (126,128). An increasing concentration
of the polymer also results in an increased corneal contact
time (128).

Several mechanisms have been proposed to explain the
thermogelification, including micellar aggregation forming
an intermicellar network and gradual desolvation of the
polymer breaking the hydrogen bonds between water mol-
ecules and polymer oxygen atoms. But the most recog-
nized mechanism is that thermogelification results from the
interaction between the different molecules of poloxamer
(124,129–131). The increase in temperature modifies the
hydration spheres around the hydrophobic units of POP,
which in turn induces greater interactions between these
different units, leading to an increased entanglement of the
polymeric network (130,132). A schematic representation
of the gelation process proposed by Waring and Harris
(133) is shown in Fig. 7.

The phenomenon of thermogelling is perfectly revers-
ible: the viscosity of poloxamer solutions increases when
the temperature is raised to the eye temperature (33–34°C)
from a critical temperature (23–26°C) (130,134). The hy-
drogel reverts to a solution by placing the preparation at
refrigerator temperature and gels again at ambient temper-
ature. The gel can be cooled down and/or warmed up innu-
merable times with no change in properties (126). The
rheological behavior of a poloxamer thermoreversible hy-
drogel at 20% was shown to be Newtonian below the tran-
sition temperature and non-Newtonian above this tempera-
ture. Furthermore, the viscosity of the poloxamer hydrogel
is affected by the presence of additives: for example, pre-
servatives such as benzoic acid and parabens produce a
decrease in the poloxamer gelation temperature (126,135).

Hydrogels of poloxamer can be prepared by two meth-
ods. In the cold water process, the polymer is stirred into
water at 5–10°C; gelling sets in on heating to room temper-
ature. In the hot water process, the required amount of
polymer is dissolved in water under gentle shaking at about
90°C. By this hot method, it takes about 4 h for the polymer
to go completely into solution (126). Both methods yield
gels with the same properties.

Saettone et al. (136) demonstrated that poloxamers are

Figure 15.7 Scheme of sol–gel transition of poloxamer hy-
drogels (From Ref. 133.)

useful not only for modified ocular drug delivery, but are
also outstanding ophthalmic solubilizing vehicles for
poorly water-soluble drugs such as tropicamide. Miller and
Donovan (122) have evaluated the pharmacological activ-
ity of pilocarpine nitrate–poloxamer 407 gels in rabbits
and reported an enhanced activity of the hydrogel com-
pared to a simple solution. This increased therapeutic ef-
fect was explained by the longer permanence and contact
of the drug with the ocular surface. Conflicting results were
obtained by Dumortier et al. (137), who showed that a ther-
moreversible poloxamer 407 hydrogel did not prolong the
release kinetics of morphine over a simple morphine salt
solution in rabbits. Comparing the anti-inflammatory effect
of flurbiprofen hydrogel formulated in Carbopol 940 2%
and Pluronic F127 20% of the same viscosity, Mengi and
Deshpande (72) reported that Carbopol provided a more
sustained action than hydrogel with poloxamer. They sug-
gested that bioadhesion of carbopol could play an impor-
tant role in prolonging the contact of the drug with the
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ocular surface. Some commercial products, particularly for
contact lenses, are based on poloxamers including Clerz

and Miraflow (Ciba Vision).
Some other ophthalmic applications of thermorevers-

ible hydrogels have recourse to other polymers such as the
poloxamine marketed as Tetronic (138,139). These are
copolymers derived from an ethylene diamine deriva-
tive (125).

Despite their undeniable qualities, thermoreversible
gels are associated with an important disadvantage,
namely, the risk of gelling before use by an increased am-
bient temperature due to improper packing or storage con-
ditions.

c. Gelling Activated by Electrolyte
Composition Change

A possible way to overcome the drawback of critical stor-
age conditions of thermosensitive hydrogels is to use a
more specific physiological parameter to trigger gelation,
for example, the chemical composition of tears. Gellan
gum shows interesting gelling properties in that it forms a
gel in the presence of certain mono- or divalent cations
present in tears, such as sodium, calcium, and potassium
ions (140,141).

Gellan gum is a natural anionic extracellular polysac-
charide obtained by fermentation of the bacteria Pseudom-
onas elodea. The anaerobic fermentation conditions are
controlled to produce a high yield, the isolation of the poly-
mer from the fermentation liquor is followed by a deacety-
lation step and a subsequent purification (142). Chemi-
cally, this heteropolysaccharide is a linear polymer with a
tetrasaccharide repeating unit of L-rhamnose, D-glucose,
and D-glucuronate partially O-acetylated in the molar ra-
tios 1:2:1 (143–145).

Deacetylated gellan gum is available commercially un-
der the tradename of Gelrite (Kelco Division of Merck
and Co), also called low-acetyl gellan gum. Gelrite is ob-
tained by saponification and clarified by filtration (146).

The gelling mechanism of the deacetylated gellan gum
is based on the formation of double-helical segments,
which leads to a three-dimensional network and which is
induced to form by cations (147–149). Divalent cations,
in particular divalent metallic ions such as calcium and
magnesium, can coordinate to carboxylate groups to stabi-
lize the gel formed.

Gelrite is capable of forming an optically clear disper-
sion in water at low concentrations (�2% w/v), whose ap-
parent viscosity can be easily increased by increasing the
pH or the polysaccharide concentration (150,151). Another
parameter that influences the phase transition is the nature

and the concentration of cations. Mono- as well as divalent
cations promote the gelation of the gellan gum. Sodium,
a monocation whose concentration in tears approximates
113 mmol/L, causes the gelation of the material when topi-
cally instilled into the conjunctival sac (152). However,
divalent ions such as magnesium (0.45 mmol/L in tears)
or calcium (1.35 mmol/L) are superior in promoting the
gelation of the polymer (153,154).

Osmolality is another critical parameter that governs the
salt uptake of gellan gum and hence the rate of gelling
(155). Owing to an osmotic gradient between the hydrogel
and the surrounding environment, hypotonic hydrogel un-
dergoes a rapid gelling and prolongs ocular contact time
longer than isotonic or hypertonic gels.

Finally, the presence of ionic additives in gellan gum
hydrogel may affect the rheological behavior. For instance,
benzalkonium chloride, a common cationic preservative
for ophthalmic preparations, increases the elasticity, proba-
bly by forming micellar aggregates at the oppositely
charged carboxylic groups of the polysaccharide which
participate in the intermolecular network of the gel (155).

Heat treatment including autoclaving for sterilization
enables the full dispersion of the polymer without loss of
apparent viscosity: the hydrogel then has a good thermal
stability (150). Thus, the usual method to prepare gellan
gum hydrogel (containing generally 0.6% of polymer) con-
sists of dispersing the polymer in deionized water and auto-
claving the mixture at 120°C for 10 min to obtain a sterile
optically clear hydrogel (152). Additives such as the buffer
system (e.g., maleate buffer), tonicity adjusting agent (e.g.,
mannitol) or preservatives, (e.g., benzalkonium chloride)
can be dissolved in water before autoclaving.

Gellan gum hydrogels show pseudoplastic flow proper-
ties devoid of a static yield value and little thixot-
ropy (150).

Comparing the methylprednisolone (MP) ester of gellan
gum with MP suspension in gellan gum hydrogel, Sanzgiri
et al. (156) made the assumption that the release mecha-
nism of the drug is influenced by three factors, namely, the
dissolution of the drug, its diffusion through the polymeric
network, and the possible erosion of the matrix.

The suitability of gellan gum hydrogel as an ophthalmic
vehicle has been investigated in different randomized clini-
cal trials. Levy and Alsbury (157) demonstrated that gellan
gum prolonged the pharmacological action of timolol so
that a single daily instillation of the hydrogel was compara-
ble to a solution used twice a day to lower the intraocular
pressure of glaucomatous patients. This finding is consis-
tent with two other studies. Gunning et al. (158) reported
that a Gelrite hydrogel slightly prolonged the duration of
action of two new antiglaucoma drugs, and Vogel et al.
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(159) observed a twofold decrease of the intraocular pres-
sure in patients who were given a Gelrite-based hydrogel
of timolol compared to simple eye drops.

The performance of formulations based on gellan gum,
in terms of improved residence time or in terms of en-
hanced bioavailability, has been assessed either by nonin-
vasive techniques such as fluorometry (155,160) and
gamma-scintingraphy (102,161) or by invasive methods
involving the dosage of drugs in different parts of the eye
(154,162). All techniques showed the prolonged contact
time and improved bioavailability of the drug formulated
in gellan gum hydrogel when compared with other solu-
tions containing the same drug. Meseguer (102) has dem-
onstrated the performance of Gelrite in delaying the ocular
clearance of pilocarpine hydrogel. Despite the extended
ocular residence and enhanced ocular bioavailability, gel-
lan gum preparations do not have pronounced side effects
caused by systemic absorption.

Dickstein and Aarsaland (163) demonstrated that timo-
lol formulated in gellan gum was significantly less ab-
sorbed than a timolol solution and caused less heart rate
response.

Ophthalmic preparations containing Gelrite are mar-
keted under the tradename of TimopticXE (Merck
Sharp & Dohme, France).

3. Artificial Tears

Besides their use in ocular drug delivery systems, polymers
are also commonly employed as wetting agents for contact
lens solutions to avoid friction between the eye and the
contact lens and as tear substitutes, also called artificial
tears, to replace natural lachrymal secretions in cases of
dry eye syndrome or KCS. One of the important criteria
for selecting a polymer for artificial tears is an extended
residence time on the cornea that enables reduction in the
instillation frequency of artificial tears. Sodium hyaluro-
nate (SH) exhibits specific properties that makes it an inter-
esting vehicle for the preparation of artificial tears. Indeed,
SH has chemical, structural, and rheological similarities
with mucin (164). Furthermore, SH has been shown to pro-
tect against corneal damage by benzalkonium chloride, a
preservative often added in tear substitutes and well known
for its potential cytotoxicity (165–169). Thus, SH has been
proposed as a vehicle of choice in the preparation of artifi-
cial tears (99,170–172). Snibson et al. (173) demonstrated
that the corneal residence times of 0.2 and 0.3% SH hy-
drogels were significantly prolonged for patients with dry
eye syndrome compared to healthy volunteers, probably
because the tear mucin in dry eyes is altered and binds
more strongly to the SH.

Poloxamer 407 hydrogel, with its protective and mu-
comimetic properties, as well as its optical transparency,
can also be used for the treatment of dry eye (133,174).
Flow Base, a preparation containing 18% of poloxamer
407 and sodium chloride together with potassium chloride,
has been shown to provide clinical advantages as a tear
substitute (133). Poly(vinyl alcohol) can lower the surface
tension of water, reduce interfacial tension at an oil–water
interface, and enhance tear film stability. These interfacial
properties have led to the widespread use of PVAL in arti-
ficial tear preparation (42,89). It is, for example, contained
in the artificial tears Tears Plus and Liquifilm Forte (Al-
lergan). Cellulosic derivatives are also used in medication
for dry eye: Ultra Tears (Alcon) contains HPMC; Muro-
cel (Baush & Lomb, Rochester, NY) contains MC; and
Celluvisc (Allergan) is based on CMC Na.

4. Ocular Tolerance of Hydrogels

Ocular tolerance is an essential parameter in the develop-
ment of ophthalmic preparations, which have to be safe,
i.e., they neither cause any irritation nor lead to any toxic-
ity. The assessment of ocular tolerance involves either in
vitro methods or in vivo tests (175–177). The acceptability
of ocular hydrogels in human volunteers can be evaluated
on the basis of a subjective evaluation: the volunteers are
asked to answer a standard questionnaire with a grading
scale (41,46,178). The pain sensation, lacrymation, blur-
ring of vision, irritation, blinking rate, and crusting around
the eye are the main evaluated parameters. Visual acuity
and reading speed are also indicative of discomfort
(178).

Tolerance tests have shown that generally hydrogels are
better tolerated than ointments by patients (155,179). In-
deed, blurring of vision is common with ointments,
whereas hydrogels cause a blurring of short duration even
with hydrogels designed for prolonged drug delivery
(158). For instance, Gelrite was reported to form an opaque
material immediately after administration into the eye
(156). However, it does not seem to cause undue irritation.
Nelson et al. (180) investigated the ocular tolerance of gel-
lan gum hydrogel in a double-masked, randomized, cross-
over study where the patient rated the medication using a
visual analog scale at different time intervals. The gellan
gum hydrogel was found to impair visual function more
than the saline solution, but these effects were brief and
transitory.

Ludwig and coworkers (53) reported that some human
volunteers complained of blurred vision after administra-
tion of Carbopol hydrogels. These findings are consistent
with a study on human volunteers that reported irritation
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with artificial tears based on a carbomer 940 gel (105).
Despite these negative results based on a subjective ap-
preciation, carbomer hydrogels do not induce evidence of
irritation in rabbits (68).

The ocular tolerance of hydrogels can be related to their
rheological behavior. Polymer solutions generally exhibit
either a Newtonian behavior or a non-Newtonian behavior
(36). Hydrogels with Newtonian flow properties, where the
viscosity is independent of the shear rate, are poorly toler-
ated in the eye because of the transmitted shearing forces
associated with blinking and rapid eye movements. Hy-
drogels displaying non-Newtonian properties, in which the
viscosity decreases with increasing shear rate, show much
better acceptance because they offer less resistance to the
movement of the lid over the ocular globe than viscous
Newtonian formulations (76,181).

B. Dispersed Systems

Nano- and microparticles are polymeric drug carriers in
the submicron and micron size range. The only difference
between these particles is based on their size. Particles in
the micrometer size range (�1 µm) are called micropar-
ticles or microspheres, whereas those in the nanometer
range (�1 µm) are called nanoparticles (182). These sys-
tems were first developed to resolve solubility problems of
poorly soluble drugs, as well as for long-acting injectable
formulations and for improved drug targeting (182). An
important potential use for these systems was to improve
classical aqueous eye drop formulations, which have sev-
eral disadvantages such as a rapid elimination of the drug
from the precorneal site (183). Consequently, colloidal
suspensions were designed to combine ophthalmic sus-
tained action with the ease of application of eye drop solu-
tions. Upon topical instillation, these particles are expected
to be retained in the cul-de-sac and the drug to be slowly
released from the particles through diffusion, chemical re-
action, or polymer degradation or by an ion exchange
mechanism (184). When using particulate systems for topi-
cal ocular purposes, an upper size limit of 10 µm is gener-
ally respected in order to prevent patient discomfort (185).
The instillation of larger particles could increase lacryma-
tion rate and hence accelerate their elimination from the
precorneal area with the consequence of dramatically re-
ducing drug bioavailability. However, Sieg and Triplett
(186) demonstrated in the early 1980s that a smaller size
limit should also be considered. In fact, comparing the per-
formances of polystyrene microspheres of different sizes
by scintigraphy they found that the precorneal elimination
of small particles (3 µm) (1) was dependent on the volume
instilled and (2) had an accelerated washout phase when
compared to larger particles (25 µm) (Fig. 8) (186).

Figure 15.8 Precorneal retention of topically instilled particles:
(�) 25 µL dose of a 3 µm suspension; (�) 50 µL dose of a 3
µm suspension; (�) 25 and 50 µL doses of a 25 µm suspension
(From Ref. 186.)

Among the several manufacturing techniques generally
used for preparing particulate systems (e.g., emulsion po-
lymerization, desolvation of proteins, heat denaturation,
electrocapillary emulsification, and interfacial polymeriza-
tion), emulsion polymerization is the most common for
producing nanoparticles for ophthalmic drug delivery
(183). The active principles are dissolved, entrapped, en-
capsulated, or linked to these colloidal carriers (187).

To date synthetic polymers such as poly(alkyl cyanoac-
rylates) (PACA), polyacrylamides, and polymethylmetha-
crylates (PMMA) have been most frequently used for the
preparation of colloidal formulations for ocular applica-
tions (188). The polymer PACA has been the most exten-
sively studied since it has certain advantages over the other
two: it is well tolerated, biodegradable, and mucoadhesive
(185,188), and it is not histotoxic (189). Poly(alkyl cyano-
acrylate) nanoparticles are rapidly biodegrade with a deg-
radation rate depending on the chain length of their ester
side chain (182). Two metabolization pathways may take
place, depending on the environmental conditions of the
nanoparticles. The first possible mechanism corresponds
to an erosion of the polymer leading to the formation of
formaldehyde (190). The second way of metabolization
is the hydrolysis of the ester bonds resulting in a water-
soluble polymer backbone and a corresponding alcohol
(191) (Fig. 9). The latter mechanism is predominant in vivo
due to the presence of esterases, which is quite convenient
considering the toxicity of formaldehyde produced during
the first degradation process.
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Figure 15.9 Poly(isobutyl cyanoacrylate) degradation mecha-
nisms (From Ref. 191.)

Besides acute and subacute tests of toxicity, acrylic
polymers have also been evaluated regarding their tolera-
bility after topical application to the eye. It was concluded
that empty poly(butylcyanoacrylate) nanoparticles in sa-
line did not cause any adverse reactions to human volun-
teers (185). Some other acrylic derivatives, i.e., poly(iso-
butylcyanoacrylate) and poly(hexylcyanoacrylate), have
also been shown to be nontoxic after topical iterative appli-
cation into rabbit eyes (185).

As shown in Table 6, the main field of application of
colloidal systems is in glaucoma therapy, studying in vitro
or in vivo drugs such as betaxolol, metipranolol, and espe-
cially pilocarpine. Evaluating the release of pilocarpine in
vivo, Harmia et al. (192) pointed out the importance of the
manufacturing method for the pharmacological efficacy of
the drug. In fact, they compared the behavior of two partic-
ulate systems differing by the localization of pilocarpine,
which was either adsorbed or incorporated into poly(butyl-
cyanoacrylate) nanoparticles. Their results showed that the
miotic activity was prolonged from about 200 to 270 min
when compared with a simple solution for the nanopar-
ticles with adsorbed pilocarpine unlikely for nanoparticles
with the incorporated drug. Such an improvement of the
miotic response using nanoparticles instead of conven-
tional collyrium was confirmed some years later (Fig. 10)
(193). However, regarding the performance of the same

formulations in terms of bioavailability of the drug, it ap-
peared that this parameter was only slightly increased, by
a factor 1.2 (193).

So far, two nanoparticulate systems have been devel-
oped for ophthalmic drug delivery under the trade names
of Piloplex and Glaupex, both containing pilocarpine
(185). In the Piloplex delivery system, pilocarpine is bound
to charged poly(methylmethacrylate–acrylic acid) copoly-
mer particles, whereas Glaupex is based on PACA nano-
particles.

In conclusion, most of the results subsequent to the use
of colloidal systems for topical ocular application have
been promising. However, the commercial development of
these products remains limited for various reasons, includ-
ing (1) stability problems after sterilization, (2) only slight
improvement of the pharmacological and pharmacokinet-
ical performances respective of the long manufacturing
processes involved when compared to classical solutions.

C. Inserts

Ophthalmic inserts are defined as preparations with a solid
or semisolid consistency, whose size and shape are espe-
cially designed for ophthalmic application (i.e., rods or
shields) (221). Historically, the first solid medication, pre-
cursors of the present insoluble inserts, consisted of
squares of dry filter paper, previously impregnated with
drug solutions (e.g., atropine sulfate, pilocarpine hydro-
chloride) (222). Small sections were cut and applied under
the eyelid. Later, lamellae, the precursors of the present
soluble inserts, were developed. They consisted of glycer-
inated gelatin containing different ophthalmic drugs (222).
However, the use of lamellae ended when more stringent
requirements for sterility of ophthalmic preparations were
enforced. Nowadays, growing interest is observed for oph-
thalmic inserts as demonstrated by the increasing number
of publications in this field in recent years. The uses of
ocular inserts have been extensively reviewed by Felt et
al. (4), Bawa (223), Saettone et al. (222,224,225), Khan
et al. (226), and Shell (227,228). The patent literature on
ophthalmic inserts has been reviewed by Gurtler and
Gurny (221), while Baeyens et al. (3) have described the
use of inserts as ocular drug delivery devices in veterinary
medicine.

Inserts are placed in the lower fornix and, less fre-
quently, in the upper fornix or on the cornea. They are
usually composed of a polymeric vehicle containing the
drug and are mainly used for topical therapy. Despite sev-
eral advantages (3) such as accurate dosing, absence of
preservatives, and increased shelf-life, they have one sig-
nificant disadvantage, their solid consistency, which means
that they are perceived by patients as a foreign body in the
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Table 15.6 Some Polymers Used for the Preparation of Micro-
and Nanoparticles for Topical Ocular Administration

Polymer Drug Ref.

Albumin Hydrocortisone 194
Pilocarpine 195–198

Chitosan Acyclovir 107
Gelatin Pilocarpine 195
Polyamide Pilocarpine 199
Poly(ε-caprolactone) Betaxolol 200

Carteolol 201
Indomethacin 108, 202, 203
Metipranolol 204

Poly(lactic acid) Chloramphenicol 205
Pilocarpine 206

Poly(lactic-co-glycolide) Betaxolol 200
Polyphthalamide Pilocarpine 207
Poly(alkyl cyanoacrylate) Timolol 208
Poly(butyl cyanoacrylate) Amikacin 209

Pilocarpine 192, 193, 210–213
Progesterone 214

Poly(hexyl cyanoacrylate) Pilocarpine 193, 212
Progesterone 215

Poly(isobutyl cyanoacrylate) Betaxolol 200, 216
Poly(methyl methacrylate) Pilocarpine 212
Poly(methyl methacrylate- Pilocarpine 217–220

c-acrylic acid)

Figure 15.10 Miotic effect of 2% pilocarpine formulations in
untreated rabbits with normotone IOP; (�) aqueous reference so-
lution; (�) nanoparticle suspensions (Poloxamer 188/BCA ratio
1.2:1); (■) nanoparticle suspensions (Poloxamer 188/BCA ratio
1.2:8) (From Ref. 193.)

eye (224). Besides the initial discomfort, other potential
disadvantages arising from their solid state are possible
movement around the eye, occasional inadvertent loss dur-
ing sleep or while rubbing the eyes, and interference with
vision and difficult placement (and removal in the case of
insoluble inserts) (224). Most of the ongoing research is
therefore dedicated to improving ocular retention and to
ensure an easy placement by the patient, while reducing
the foreign body sensation in the eye.

Ophthalmic inserts are generally classified according to
their solubility behavior and their possible bioerodibility,
depending on the polymer(s) incorporated in the device.

1. Soluble Inserts

Inserts described in the literature are most frequently based
on soluble polymers (Table 7). Their main advantage relies
on their complete solubility compared with their insoluble
counterparts, so that they do not need to be removed from
the eye after therapy. They are usually divided into two
categories according to the origin of the polymer. The first
type is based on natural polymers, and the second is de-
rived from synthetic or semisynthetic polymers. Drug re-
lease from soluble inserts is generally characterized by a
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Table 15.7 Currently Investigated Polymers for Soluble Ocular Inserts

Carrier Drugs Main conclusions Species Ref.

Alginate, MC Pilocarpine Increased duration of the miotic activity as compared to solu- R 230
tions in the presence of MC.

Collagen Gentamicin 3 h after administration, collagen insert gives the highest tear R 231
film and tissue concentration compared to topical ointment,
aqueous solution, as well as subconjunctival application.

Collagen Gentamicin Concentrations in the precorneal tear film approximate the B 232
MIC during the 24 h after insertion.

Collagen Gentamicin � Collagen shields are comparable to the subconjunctival deliv- R 233
dexamethasone ery of the same drugs over a 10-h period.

Collagen Tobramycin No significant difference between collagen and aqueous solu- R 234
tion in the treatment of induced keratitis.

Copolymers of N-vinyl- Erythromycin Complete suppression of a Chlamydia trachomatis infection. M 235, 236
pyrrolidone Inserts remain in the eye for 7 days.

HA, HAE Pilocarpine Increased bioavailability of pilocarpine compared to a stan- R 83
dard aqueous vehicle.

HPC Pilocarpine Delayed and decreased peak concentration in general circula- R 237
tion compared to aqueous solution.

HPC/D-lactose/glyceryl Pilocarpine Increased lipophily as well as coating result in an increased R 238
palmitostearate/Eu- pilocarpine bioavailability.
dragit RS

HPC/EC/Carbopol Gentamicin Concentrations in the precorneal tear film approximate the R, D 239
934P (BODI) MIC during the 72 h after insertion.

HPC/EC/Carbopol Gentamicin � Release of dexamethasone and gentamicin over 24 and 48 h, R, D 240–242
934P (Chrono- dexamethasone respectively. Increased lacrymal availability for both drugs
Logic) when compared to commercial solution.

HPC/Eudragit RS Timolol Coated inserts antagonized isoproterenol-induced ocular hypo- R 243
tension significantly more than Timolol eyedrops and un-
coated inserts; sustained release of Timolol in tear fluid
and decreased systemic peak concentration with coated and
uncoated inserts compared to the aqueous solution.

HPC, PVAL, PVAL/ Timolol Drug release from the insert decreases in the order PVAL � R 244
Carbopol 940 HPC � PVAL/C940. Reduction in peak plasma Timolol

concentration 2–5 times compared to the aqueous solution.
HPM Tilisolol Release by a non-Fickian mechanism. R 245
PVAL (NODS) Chloramphenicol Increased bioavailability with respect to standard eyedrop for- R 246

mulations.
PVAL (NODS) Pilocarpine Increased bioavailability with respect to standard eyedrop for- R 246

mulations.
PVAL/XG/HPMC/HA/ Pilocarpine Coated inserts show a sustained release over 9 to 10 h; shift R 247

GB/Eudragit RS 30 of the peak time to 120–240 min; over 3-fold increased
D AUC over the standard aqueous solution.

PVAL, HPC, EC, CAP, Dexamethasone Increased concentration in eye tissues compared to suspen- R 248
Eudragit sion.

PVAL, HPC, PVAL/ Timolol and Release from the insert decreased in the order PVAL � HPC R 249
Carbopol 940 prodrugs of � PVAL/C940. Release rate much slower for Timolol pro-

Timolol drugs compared to the Timolol-containing inserts.
PVP Pilocarpine 2.5-fold increased AUC over the aqueous solution. R 250

Notes: CAP, cellulose acetophtalate; EC, ethylcellulose; GB, glyceryl behenate; HA, hyaluronic acid; HAE, ethyl ester hyaluronic acid; HPC, hydroxypro-
pylcellulose; HPM, poly(2-hydroxypropyl methacrylate); HPMC, hydroxypropylmethylcellulose; MC, methylcellulose; MIC, minimum inhibitiory con-
centration; PVAL, poly(vinyl alcohol), PVP, poly(vinyl pyrrolidone). poly(vinylpyrrolidone); XG, xanthan gum. B, bovine; D, dog; M, monkey; R,
rabbit; AUC, area under the curve.
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diffusion process occurring in two steps (221,229). The
first corresponds to the penetration of tear fluid into the
insert, which induces a rapid diffusion of the drug and
forms a gel layer around the core of the insert. This exter-
nal gelification induces the second phase corresponding to
a decreased release rate, again controlled by diffusion. The
major problems of these soluble inserts are the rapid pene-
tration of the lachrymal fluid into the device, the blurred
vision caused by the solubilization of insert components,
and the glassy constitution of the insert increasing the risk
of expulsion.

a. Natural Polymers

Natural polymers include collagen, which was the first
ophthalmic insert excipient described in the literature. Col-
lagen-based inserts were first developed by Fyodorov
(223,251) as a corneal bandage used after surgical opera-
tions and various eye diseases. Collagen shields were later
suggested also as potential drug carriers (231). The thera-
peutic agent is generally absorbed by soaking the collagen
shield in a solution containing the drug. Once placed in
the eye, the drug is gradually released from the interstices
between the collagen molecules, as the collagen dissolves.
Accordingly, the residence time of drugs (252) such as an-
tibacterials (253,254), anti-inflammatory agents (255,256),
antivirals (257,258), or combination drugs (233) was in-
creased when compared to traditional eye drops. For exam-
ple, Bloomfield et al. (231) compared the levels of genta-
micin in tears, cornea, and sclera of the rabbit eye after
application of a collagen insert, drops, an ointment or by
subconjunctival administration. After 3 h, they found that
the collagen insert gave the highest concentration of genta-
micin in the tear film and in the tissues when compared
with the other types of formulations. The corneal shields,
currently available for clinical use, do not contain drugs
and are designed specifically as disposable therapeutic cor-
neal bandages (224). For example, Bio-Cor (Bausch and
Lomb, Clearwater, FL) is made of porcine scleral collagen,
while Medilens (Chiron Ophthalmics, Irvine, CA) and
ProShield (Alcon) are prepared from bovine corium tis-
sue (258–260). The main problem arising from the use of
collagen is that it may cause an inflammatory reaction in
the ocular tissues. Also, if shields are not used in associa-
tion with antibacterials, a secondary infection may occur
(257). Nowadays, the use of such devices is controversial
due to possible prion-based infection.

b. Synthetic and Semisynthetic Polymers

Ophthalmic inserts containing synthetic [i.e., poly(vinyl)
alcohol (247,248)] and semisynthetic [i.e., cellulosic deriv-
atives (230,237–239,243,247,248)] polymers are fre-

quently described in the literature. This stems in part from
their advantage of being based on products well adapted
for ophthalmic use and their ease of manufacture by con-
ventional methods, including extrusion (239), compression
(238), and compression molding (261). Ethylcellulose, a
hydrophobic polymer, can be incorpored in the formula-
tion to decrease insert deformation and therefore prevent
blurred vision (239,241,248). Regarding the risk of expul-
sion, several authors (239,241,242,244,249) have incorpo-
rated a carbomer (Carbopol) which is, at low concentra-
tions, a strong and rather well-tolerated bioadhesive
polymer. Recently, Baeyens et al. (240–242) and Gurtler
et al. (239,262) have used cellulose acetate phthalate in
combination with gentamicin sulfate to decrease drug solu-
bility. Prolonged release of the drug above the minimum
inhibitory concentration (MIC) was obtained for more than
50 h, while gentamicin incorporated without CAP was re-
leased over less than 24 h. Subsequently, a new insert
(ChronoLogic), providing release of gentamicin and dex-
amethasone at different rates was developed. The pro-
longed release of gentamicin—an antibacterial agent—is
combined with the immediate release of dexamethasone—
an anti-inflammatory agent—against structural damage
that can be caused by the inflammatory reaction (Fig. 11).

The release rate can also be decreased by using a co-
polymer of methacrylic acid (Eudragit) as coating agent
(238,243,247). Saettone et al. (238) have observed in rab-
bits that EudragitRS-coated inserts containing pilocar-
pine induced a miotic effect of longer duration compared
to the corresponding uncoated products (Fig. 12).

Lacrisert is a soluble insert that was commercialized
by Merck Sharp and Dohme in 1981 (223). The device

Figure 15.11 Combined release of gentamicin sulfate (■) and
dexamethasone phosphate (�) at different release rates from a
single insert containing 5.0 mg of gentamicin sulfate and 1.0 mg
of dexamethasone phosphate (tested in rabbit, mean � SEM, n �
6). (From Ref. 241.)
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Figure 15.12 Miotic activity profiles of uncoated (�) and
coated (�) ophthalmic inserts. (Adapted from Ref. 238.)

weighs 5 mg, measures 1.27 mm in diameter with a length
of 3.5 mm, and is composed of hydroxypropylcellulose
and is useful in the treatment of dry eye syndrome. The
device is placed in the lower fornix where it slowly dis-
solves over 6–8 h to stabilize and thicken the tear
film (263).

New Ophthalmic Delivery System (NODS), originally
patented by Smith & Nephew Pharmaceuticals Ltd. in
1985, consists of a medicated flag (4 mm � 6 mm; thick-
ness, 20 µm; weight, 0.5 g) which is attached to a paper-
covered handle by means of a short (0.7 mm) and thin (3–
4 µm) membrane (246). All components (flag, membrane,
and handle) are made of the same grade water-soluble
poly(vinyl) alcohol. For use, the flag is touched onto the
surface of the lower conjunctival sac. The membrane dis-
solves, rapidly releasing the flag which swells and dis-
solves in the lachrymal fluid to deliver the drug. When
evaluated in vivo, NODS produced an increase in bioavail-
ability for pilocarpine and chloramphenicol with respect
to standard eyedrop formulations (246).

2. Insoluble Inserts

Inserts made up of insoluble polymer can be classified into
two categories (242): reservoir and matrix systems. Each
class of insert shows different drug release profiles. The
reservoir systems can release drug either by diffusion or
by an osmotic process. It contains, respectively, a liquid,
a gel, a colloid, a semisolid, a solid matrix, or a carrier
containing drug. Carriers are made of hydrophobic, hydro-
philic, organic, natural, or synthetic polymers. The second
category, matrix systems, is a particular group of insoluble
ophthalmic devices mainly represented by contact lenses.

The main disadvantage of the insoluble devices is their
insolubility, since they need to be removed from the eye
after treatment.

a. Reservoir Inserts

Reservoir inserts based on a diffusional release mechanism
of the drug consist of a central reservoir of drug enclosed
in specially designed semipermeable or microporous mem-
branes allowing the drug to diffuse from the reservoir at
a precisely determined rate. Drug release from such a sys-
tem is controlled by the lacrimal fluid permeating through
the membrane until a sufficient internal pressure is reached
to drive the drug out of the reservoir. These diffusional
systems prevent a continuous decrease in release rate by
the use of a barrier membrane of fixed thickness, resulting
in a zero order release pattern.

Ocusert (developed by Alza Corporation, Palo Alto,
CA) is undoubtedly the most commonly described insolu-
ble insert in the literature (Fig. 13) (64,224,228,264–269).
This flat, flexible elliptical device consists of a pilocarpine
reservoir with alginic acid, a mixture surrounded on both
sides by a membrane of ethylene vinyl acetate copolymer.
The device is encircled by a retaining ring impregnated
with titanium dioxide. The dimensions of the elliptical de-
vice are as follows: major axis, 13.4 mm; minor axis, 5.7
mm; thickness, 0.3 mm. Two types of Ocusert are available
for humans: Pilo-20 and Pilo-40, providing two different
release rates for pilocarpine (20 and 40 µg/h, respectively)
over a period of 7 days (264). In rabbits, Sendelbeck et
al. (264) have compared the distribution of pilocarpine in
ocular tissues after administration by eyedrop or by the
Ocusert system. After the administration of eyedrops, pilo-
carpine levels in ocular tissues rose and fell within each
6-h intervals between eyedrops. On the other hand, pilocar-

Figure 15.13 Ocusert system.
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pine levels remained constant over a 2- to 8-day period
with the delivery system.

Reservoir inserts based on an osmotic release mecha-
nism of the drug are mostly described in the patent litera-
ture, and in vivo tests are rarely reported (221). They are
generally made up of a central core surrounded by a pe-
ripheral component. The central part can consist of a single
reservoir or two distinct compartments (Fig. 14). The sin-
gle reservoir contains the drug, with or without an addi-
tional osmotic solute dispersed through a water-permeable
polymeric matrix (e.g., ethylene vinyl esters copolymers)
so that the drug is surrounded by the polymer as discrete
small deposits. If the central part is made up of two com-
partments, the drug and the osmotic solute are placed in
separate chambers, the drug reservoir being surrounded by
an elastic impermeable membrane and the osmotic solute
reservoir by a semipermeable membrane (e.g., cellulose
acetate derivatives). The peripheral part of these osmotic
inserts comprises in all cases a covering film made of an
insoluble semipermeable polymer.

The majority of patents deals with systems having a
unique central reservoir (270,271). The release of drug
from these inserts can occur via two release mechanisms,
an osmotic and a diffusional release (221). When the insert
is placed in the ocular environment, this starts the osmotic
release, meaning tear fluid diffuses to the peripheral depos-
its through the semipermeable polymeric membrane, wets
them, and induces their dissolution. The solubilized depos-
its generate a hydrostatic pressure against the polymer ma-
trix triggering its rupture in the form of pores releasing the
drug. This osmotic part of the release is characterized by a
zero order release profile. Ideally, the drug is continuously

Figure 15.14 Schematic representation of two types of osmotic
inserts.

released from the osmotic insert by the increasing forma-
tion of apertures in the device forming a lattice of composi-
tion dispensing paths in the polymer on all sides of the
inserts. In fact, these paths are interconnected, forming tor-
tuous microchannels of irregular shapes and size, causing
a second drug release corresponding to a diffusional non-
constant release.

The release of drug from systems having a central reser-
voir subdivided into two compartments (272,273) starts as
soon as the device is placed in the eye. Tears diffuse into
the osmotic compartment, inducing osmotic pressure that
stretches the elastic membrane and contracts the compart-
ment containing the drug, so that the active compound is
forced through the single drug release aperture. Thus, these
systems are characterized by two distinct compartments
and a single aperture having a very small diameter.

A constant zero order release can also be reached by
using reservoir devices based on silicone polymers. The
prolonged release of drugs can be controlled either by a
diffusion process (274,275) or by an osmotic mechanism
(276,277). Recently, Chetoni and coworkers (277) manu-
factured bioadhesive polydimethylsiloxane rod-shaped in-
serts maintaining lacrimal concentrations of oxytetracy-
cline above the MIC for at least 3 days.

b. Matrix Inserts

As mentioned previously, the matrix insoluble inserts are
mainly represented by contact lenses. The initial use of
contact lenses was for vision correction. Their use has been
extended as potential drug delivery devices by presoaking
them in drug solutions. The main advantage of this system
is the possibility of correcting vision and releasing drug
simultaneously. Contact lenses are composed of a hydro-
philic or hydrophobic polymer which swells by absorbing
water. The swelling, caused by the osmotic pressure of the
polymer segments, is opposed by the elastic retroactive
forces arising along the chains as crosslinks are stretched
until a final swelling (equilibrium) is reached.

Refojo (278) has proposed a subdivision in five groups
of contact lenses, namely, rigid, semirigid, elastomeric,
soft hydrophilic, and biopolymeric. Rigid contact lenses
have the disadvantage of being composed of polymers
[e.g., poly(methylmethacrylic) acid] hardly permeable to
moisture and oxygen, a problem which has been overcome
by using gas permeable polymers such as cellulose acetate
butyrate. However, these systems are not suitable for pro-
longed delivery of drug to the eye and their rigidity makes
them very uncomfortable to wear. For this reason, soft hy-
drophilic contact lenses were developed for prolonged re-
lease of drugs such as pilocarpine (279), chloramphenicol
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and tetracycline (280), and prednisolone sodium phosphate
(281). The most commonly used polymer in the composi-
tion of these types of lenses is hydroxyethylmethyl meta-
crylic acid copolymerized with poly(vinylpyrrolidone) or
ethylene glycol dimethacrylic acid (EGDM). Poly(vinyl-
pyrrolidone) is used for increasing water of hydration,
while EGDM is used to decrease the water of hydration.

Shell et al. (229) and Khan et al. (226) have shown that
drug release from presoaked contact lenses was extremely
rapid, with an in vivo residence time in general not longer
than 24 h. In addition, preservatives, such as benzalkonium
chloride, cannot be avoided and they have greater affinity
with the hydrophilic contact lens material than for the
aqueous drug solution (223). Bawa (282,283) has de-
scribed other approaches to decrease drug release rate from
contact lenses. These include the introduction of the drug
into the monomer mixture followed by polymerization of
the monomers in the presence of the drug. This procedure
removes the need for preservatives and consequent eye
sensitization, since the drug is added in the matrix as a
solid (282,283). However, the main problem associated
with all contact lenses is their high cost of manufacture
and the difficulty of incorporating a precise amount of drug
into the matrix. Disposable contact lenses have been com-

Table 15.8 Currently Investigated Polymers for Bioerodible Ocular Inserts

Carrier Drugs Effects Species Ref.

Gelatin Dexamethasone Increased dexamethasone concentration in eye R 248
tissues compared to suspension.

Gelatin Gentamycin Ocular irritation. B 285
Gelatin Pilocarpine 2-fold increase in duration of effect as compared R 290

to pilocarpine administered as a solution of
1.0 and 60 cps viscosity.

Gelatin Phenylephrine � Mydriatic response is larger and longer lasting R 289
(Gelfoam) tropicamide than that produced by eyedrops with an equiv-

alent amount of drugs.
Gelatin Pilocarpine Gelfoam device is more effective than conven- R 286

(Gelfoam) tional pilocarpine dosage forms in prolonging
the duration of the pilocarpine.

Polypeptide Idoxuridine Better results than drops and ointment in the R 284
treatment of herpes simplex keratitis.

PVMMA Pilocarpine Delayed and decreased peak concentration of pi- R 237
locarpine in general circulation compared to
aqueous solution.

PVMMA Timolol 2- to 5-fold reduction of peak plasma Timolol R 244
concentration compared to the aqueous solu-
tion.

PVMMA Timolol and pro- Release rate much slower for Timolol prodrugs R 249
drugs of Timolol compared to the Timolol-containing inserts.

Notes: PVMMA, n-butyl half ester of poly(methyl vinyl ether/maleic anhydride); B, bovine; R, rabbit.

mercially available for many years, and the continued
progress made in polymer chemistry should facilitate the
development of this type of insert in the future.

3. Bioerodible Inserts

These inserts are formed by bioerodible polymers (e.g.,
crosslinked gelatin derivatives, polyesters) which undergo
hydrolysis of chemical bonds and hence dissolution (Table
8) (237,248,264,284,285). The great advantage of these in-
serts is the possibility of modulating their erosion rate by
modification of their chemical structure during synthesis
and by addition of anionic or cationic surfactants. A cross-
linked gelatin insert was proposed by Attia et al. (248) in
order to increase bioavailability of dexamethasone in the
rabbit eye. The dexamethasone levels in the aqueous hu-
mor were found to be fourfold greater compared to a dexa-
methasone suspension. More recently, absorbable gelatin
sponges (Gelfoam) described in USP XXIII were used to
deliver drugs to the eye (286–289). The device consists of
a crosslinked gelatin sponge. The drug is incorporated in
this polymeric system by soaking it in a solution con-
taining the active compound. In vivo results showed that
the Gelfoam device is more effective than conventional
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pilocarpine eyedrops and various other gel formulations in
prolonging the action of pilocarpine (286), phenylephrine
(289), and tropicamide (289).

However, erodible systems can have significantly vari-
able erosion rates based on individual patient physiology
and lacrimation patterns, while degradation products and
residual solvents used during the polymer preparation can
cause inflammatory reaction.

In conclusion, a wide range of polymers can be used to
manufacture ocular inserts. Inserts are a promising alterna-
tive administration route because of their various advan-
tages compared to classical dosage forms. However, only
a few of these formulations have been commercialized.
This can be attributed to the reluctance of ophthalmologists
and patients to replace traditional ophthalmic solutions as
well as the cost and the need to train both the prescribers
and the patients to place the inserts correctly in the eyes.
In the future, the use of ophthalmic inserts will certainly
increase because of the development of new polymers, the
emergence of new drugs having short biological half-lives
or systemic side effects, and the need to improve the effi-
cacy of ophthalmic treatments by ensuring an effective
drug concentration in the eye for several days.

IV. INTRAOCULAR DELIVERY SYSTEMS

Different routes of intraocular drug delivery have been in-
vestigated. Periocular injections may either be subconjunc-
tival or sub-Tenon’s. Subconjunctival injections are made
underneath the conjunctiva, whereas sub-Tenon’s injec-
tions are made beneath the Tenon’s capsule. Following
periocular injection, the administered drug passes through
the sclera and into the eye by diffusion. Penetration of
drugs into the vitreous following periocular injection is
generally negligible. This route of administration is often
employed to treat severe infections of the anterior portion
of the eye or to administer drugs as an adjunctive treatment
to glaucoma filtering surgery (2). Intraocular injections
may be intracameral, intravitreal, intracapsular, or subreti-
nal (see Fig. 1). The intracameral injection, i.e., in the ante-
rior chamber, may be sought for intraocular antibiotic ther-
apy as a last resort in case of severe infections of the eye.
Injections within the posterior chamber might be beneficial
after cataract surgery to prevent complications. Intravitreal
injection of drugs represents a direct way of attaining ef-
fective drug concentrations in the vitreous cavity (291).
The vitreous humor is a hydrophilic gel, containing 99%
water and 1% of organic substances such as collagen and
hyaluronic acid, through which drugs diffuse freely as they
would in water (292). After injection into the vitreous
body, drugs may be eliminated through the retina or by

diffusion into the aqueous humor of the posterior chamber
with subsequent removal by the normal egress of fluid
from the anterior chamber. The intravitreal dosage route
was initially reserved primarily for the treatment of en-
dophthalmitis; nowadays this route is also used for the
treatment of other sight-threatening intraocular diseases.

Intracapsular administration is achieved by dissolving
drugs into the intraocular infusion fluids used during sur-
gery. This route allows the treatment of afflictions of the
capsular bag such as posterior capsular opacification, a fre-
quent complication of cataract surgery (21).

Subretinal injections allow drug delivery directly to the
retina, or more precisely to the retinal pigment epithelium
cells. Conventional delivery routes cannot achieve ade-
quate intracellular concentrations of drugs or other sub-
stances such as oligonucleotides or genes to modulate
functions of RPE cells effectively. Subretinal injections are
performed by a transvitreal approach (293) or by creating
a tunnel in the sclera.

Successful treatment of most intraocular diseases re-
quires multiple injections to maintain therapeutically effec-
tive drug concentrations for a desired period of time. Addi-
tionally, repeated intraocular injections can cause several
complications, such as increasing risk of ocular infection,
vitreal hemorrhage, retinal detachment, and cataract.
Moreover, the initial peak level of drug achieved immedi-
ately after a bolus injection may result in direct toxicity to
ocular tissues. Because of the rapid clearance of drugs
from the eye and the variable toxicity encountered in vari-
ous studies, researchers have been encouraged to develop
new systems of intraocular drug delivery that would sus-
tain a therapeutic level of the drug over an extended period
of time. Thus, the ‘‘peak and valley’’ effects could be min-
imized and drug concentrations could be maintained at an
effective therapeutic level for a prolonged period of time.

A. Intraocular Implants

1. Bioerodible Polymers

Bioerodible polymers are particularly suitable in the case
of intraocular implants since their use eliminates the step
of removing the implant after the drug has been released,
which in some applications can represent a significant ad-
vantage over other systems.

a. Poly(Lactic Acid), Poly(Glycolic Acid)
and Their Copolymers

Polymers and copolymers of lactic and glycolic acids are
poly(α-hydroxy acids) (PLA and PLGA) that are generally
synthesized by a condensation reaction at high temperature
via ring-opening polymerization of the corresponding lac-
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tide and glycolide (294). The mechanism of degradation
of these polymers is a simple chemical hydrolysis predom-
inantly occurring in the core of the matrix (295). The poly-
meric chains are first cleaved by hydrolysis, thereby releas-
ing acidic monomers which are rapidly eliminated by a
physiological pathway. The degradation rate can be varied
by many factors: the composition of the polymer used, its
conformation, and also the physicochemical characteristics
of the incorporated drugs (296).

Intraocular biodegradable poly(α-hydroxy acid)–based
implants have been developed as new drug delivery sys-
tems for the treatment of glaucoma filtering surgery failure

Table 15.9 Poly(Lactic Acid) and Poly(Lactic and Glycolic Acid) Implants
for Intraocular Administration

Polymer Drug Implant type Site Animal Ref.

PLA Fluorescein Implant Intravitreal Rabbit 297

Glaucoma filtering surgery failure
PLGA 5-Fluorouracil Disc Subconjunctival Rabbit 298
PLGA 5-Fluorouracil Disc Subconjunctival Rabbit 299

Guinea pig
PLGA 5-Fluorouracil Implant Subconjunctival Rabbit 300
PLGA 5-Fluorouracil Implant Subconjunctival Rabbit 301

Proliferative vitreoretinopathy
PLGA 5-Fluorouracil Cylinder Intravitreal Rabbit 302
PLGA Doxorubicin Scleral plug Intravitreal Rabbit 303
PLA Doxorubicin Scleral plug Intravitreal Rabbit 304
PLGA 5-FUrd, t-PA, Cylinder — In vitro 305

triamcinolone

CMV retinitis
PLA/PLGA Ganciclovir Scleral plug Intravitreal Rabbit 306
PLGA Ganciclovir Scleral plug Intravitreal Rabbit 307
PLGA ODN Pillar — In vitro 308

Endophthalmitis
PLA Ciprofloxacin Disc Intravitreal Rabbit 309
PLGA Fluconazole Scleral plug Intravitreal Rabbit 310
PLA Dexamethasone Rod Intravitreal Rabbit 311

Sulfobenzoate

Posterior capsule opacification
PLGA Indomethacin Disc Intracapsular Rabbit 312
PLA Daunorubicin, Ring Intracapsular Rabbit 313

Indomethacin
PLGA EDTA Disc Intracapsular Rabbit 312
PLA/PVP Fluorometholone Rod Intracameral Rabbit 314
PLGA Dexamethasone Tablet Intracameral (poste- Human 315

rior chamber)
PLGA Dexamethasone Tablet Intracameral (poste- Human 316

rior chamber)

Notes: PLA, poly(lactic acid); PLGA, poly(lactic and glycolic acid); 5-FUrd, 5-fluorouridine; t-PA, tissue plasminogen
activator; ODN, oligodeoxynucleotide; EDTA, ethylenediaminetetraacetic acid; PVP, poly(vinyl pyrrolidone).

or vitreoretinal pathologies. These implants are generally
in the form of small cylinders which can be implanted in
the eye by means of a syringe with a conventional needle
(19- or 20-gauge). Table 9 summarizes the different exper-
iments using these polymers.

Various experiments were carried out concerning im-
plantation of PLGA-based drug delivery systems con-
taining 5-fluorouracil (5-FU) for the management of glau-
coma filtering surgery outcome. In the first studies in 1994
(298,299), efficacy and biocompatibility of such implants
were assessed. After subconjunctival implantation, filtra-
tion fistulae survival time was significantly lengthened. A
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mild host response inflammatory reaction was triggered in
both guinea pig and rabbit eyes 1 week after implantation,
and slight inflammation persisted for at least 6 weeks.
Steady-state concentrations of 5-FU were achieved in the
conjunctiva and the sclera 24 h after implantation and con-
tinued for about 200 h (300,301). The advantage of such
a system is its reversibility during the first 14 days in case
a contraindication to the use of 5-FU appears postopera-
tively.

Rubsamen et al. (302) investigated PLGA-based cylin-
ders containing 5-FU to treat experimental PVR in rabbit
eyes. The devices could deliver therapeutic levels of 5-FU
for almost 3 weeks and reduce the incidence of tractional
retinal detachment. No adverse mechanical or toxic effects
were apparent during the time of the study. However, be-
cause these devices were not fixed in the vitreous cavity,
they might move and come into contact with the retina.
Consequently, a stable localization of the device in the vit-
reous base through a suture fixation or an alternative mode
of fixation at the site of implantation might be desirable.
In 1994, Hashizoe et al. designed a new device that is im-
planted at the pars plana and releases drugs directly into
the vitreous (303). These scleral plugs, made of PLGA,
gradually released doxorubicin in a concentration main-
tained within the therapeutic levels for 1 month, without
any notable toxicity to the retina. In another study with
PLA-based scleral plugs with doxorubicin, drug release
was still prolonged and showed less initial burst (304).

Sustained release of ganciclovir for the treatment of cy-
tomegalovirus retinitis was also investigated (Fig. 15)
(306,307). The concentration of ganciclovir was main-
tained within the therapeutic range for over 3 months in
the vitreous and for over 5 months in the retina and the

Figure 15.15 Concentrations of ganciclovir in the vitreous and
the retina/choroid after implantation of ganciclovir-loaded PLGA
scleral implant (From Ref. 306.)

choroid. Concerning retinal toxicity, the authors concluded
that the biocompatibility of the device might be clinically
acceptable. A promising study was carried out by Yama-
kawa concerning the in vitro release of phosphorothioate
oligonucleotide from PLGA matrices (308). Pseudo–zero
order release of oligonucleotide lasted more than 20 days.

Treatment of endophthalmitis was investigated with an-
tibiotics (309), antifungals (310), and anti-inflammatory
agents (311). In all cases, the intravitreal sustained delivery
device showed great promise as a means of delivering ther-
apeutic intravitreal levels of drugs over an extended period
of time.

In order to prevent posterior capsule opacification
(PCO) after cataract surgery, several investigations have
been made to inhibit proliferation of lens epithelial cells.
Poly(lactic and glycolic acid) with indomethacin, im-
planted in the capsular bag, significantly decreased intrao-
cular inflammation, but did not reduce PCO (317). On the
other hand, the implantation of PLA implants containing
indomethacin and daunorubicin reduced PCO formation
by approximately 50%. The administration of EDTA,
which complexes with calcium, disrupted the interaction
between the posterior capsule and migrating lens epithelial
cells by inactivating the adhesion molecule integrin, sig-
nificantly reducing cell migration onto the posterior cap-
sule (312). Implants with fluorometholone (314) as well
as a new dexamethasone delivery system (Surodex)
(315,316) were found to be a safe and effective treatment
method to reduce intraocular inflammation after cataract
surgery.

b. Polycaprolactones

Other polymers from the polyesters family have been eval-
uated as drug delivery systems. Poly-ε-caprolactone (PCL)
is synthesized by a ring-opening polymerization of the mo-
nomer ε-caprolactone at high temperature. It is semicrys-
talline and rather hydrophobic compared to poly (α-hy-
droxy acids) (318).

As with PLA and PLGA, degradation of PCL produces
ε-hydroxycaproic acid by cleavage of the polymeric chains
at the ester linkage, leading to an initial decrease of the
molecular weight without any significant weight loss.
When the molecular weight reaches about 5000, small
polymeric fragments begin to diffuse from the matrix and
weight loss occurs; subsequently, fragments undergo
phagocytosis (318).

Intraocular application of polycaprolactone-based de-
livery systems has been investigated by Borhani et al.
(319). Devices of PCL loaded with 5-FU and implanted
intravitreally exhibited a slow release and thus proved to
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be efficient against PVR by providing a constant concen-
tration of drug during the active period of the disease. An
inflammatory cell reaction was found in the sclera near
the implant site; however, no implant-related inflammation
was observed (319).

Peyman et al. (320) developed a PCL-based biodegrad-
able porous implant. Nontoxic water-soluble inorganic
salts such as sodium or potassium chloride were used as
pore-forming agents and incorporated into PCL by a melt-
ing process. Biodegradable porous reservoir devices were
prepared and loaded with different substances, i.e., 5-FU,
ganciclovir, foscarnet, and the dye carboxyfluorescein.
When the implants are immersed in water, the inorganic
salts dissolve, leaving pores in the PCL devices. A concen-
tration gradient across the wall of the polymer is created
that forces the flow of the drug from the inner reservoir
system to the surrounding aqueous medium. The release
pattern followed zero order kinetics without any initial
burst and lasted more than 6 months (320).

c. Polyanhydrides

Polyanhydrides can be synthesized by melt-polycondensa-
tion, dehydrochlorination, or dehydrative coupling (321).
The first method leads to the formation of high molecular
weight polymers, and the two last methods to polymers of
lower molecular weight. The most frequently investigated
polyanhydride is a copolymer of 1,3-bis(carboxyphenoxy-
propane) (PCPP) with sebacic acid (SA), a more hydro-
philic monomer. Pure PCPP has an extremely long lifetime
(over 3 years), whereas after copolymerization with 80%
SA, this is reduced to a few days (322). The ratio of the
two monomers plays an important role in the rate of hydro-
lysis of the resulting polymer: when the proportion of se-
bacic acid increases, the hydrophobicity of the polymer
decreases, resulting in a faster rate of hydrolysis of the
polymeric chains at the surface. It should also be noted
that polyanhydrides are pH sensitive: they undergo faster
breakdown at high pH and are more stable in acidic
media (322).

Due to their surface erosion and excellent biocompati-
bility (323), polyanhydrides have been particularly useful
for the controlled delivery of drugs for the prevention of
glaucoma filtering surgery failure (Table 10).

Implants made of bis(p-carboxyphenoxy)hexane and
sebacic acid, loaded with 5-FU, were implanted intraopera-
tively at the site of filtration surgery in rabbits (324). In-
traocular pressures were lower in the experimental groups
during the second postoperative week, but eventually both
experimental and control eyes returned to preoperative lev-
els. Filtration blebs lasted longer in experimental eyes; im-

Table 15.10 Subconjunctival Applications of Polyanhydrides
in Glaucoma Filtering Surgery Failure

Implant
Polymer Drug type Animal Ref.

PCPH-SA 5-Fluorouracil Cylinder Rabbit 324
PCPP-SA 5-Fluorouracil Disc Rabbit 325
PCPP-SA 5-Fluorouracil Disc Monkey 326
PCPP-SA Mitomycin C Disc Rabbit 327
PCPP-SA Taxol, etoposide Disc In vitro 328
PCPP-SA Taxol, etoposide Disc Monkey 329
PCPP-SA Etoposide Disc Rabbit 330
PCPP-SA Daunorubicin Disc Rabbit 331

Notes: PCPH, bis (p-carboxyphenoxy)hexane.

plant disappearance occurred after intraocular pressure and
bleb failure. Experimental eyes showed more postopera-
tive complications, such as hyphema, implant extrusion,
corneal pigmentation, and haze. Eventually, the filtration
surgery failed in both the experimental and control rabbit
eyes (324). When using bis(p-carboxyphenoxy)propane in-
stead of PCPH (325), the filtration surgery also failed in
both experimental and control rabbit eyes. These negative
results are probably due to the fact that the polymer be-
comes depleted of drug before its erosion is complete. To
prolong the duration of drug release, a more hydrophobic
polymeric carrier may be required to slow down the diffu-
sion of the hydrophilic 5-FU. Jampel et al. implanted
PCPP–SA devices containing 5-fluorouridine in monkeys
(326). The duration of success of the filtration surgery was
significantly longer in the eyes that received the implant
than in the controls. Since the anatomy and physiology
of the monkey eye resemble closely the human eye, the
assessment of the implants efficacy has much clinical rele-
vance.

The intraoperative use of mitomycin C (MMC) is com-
mon among ophthalmic surgeons; however, it is associated
with multiple complications such as loss of the tissue vas-
cularization, which leads to leaky filtering blebs that have
thinner epithelium, bleb-associated endophthalmitis, and
scleritis (332). A localized and sustained delivery of this
agent would allow reduction of side effects. Incorporation
of MMC into polyanhydrides enhanced efficacy and re-
duced toxicity (327).

Polyanhydrides containing taxol and etoposide, which
are hydrophobic drugs, showed favorable release kinetics
(328,330) and were thus implanted in monkey eyes (329).
Use of disks containing taxol, but not etoposide, had a
marked beneficial effect on intraocular pressure and bleb
appearance after filtration surgery. The difference between
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the two drugs may result from the greater antiproliferative
potency of taxol and its greater duration of release from
the polymer (329).

2. Nonbiodegradable Polymers

a. Ethylene Vinyl Acetate

The ethylene vinyl acetate (EVA) copolymers are a family
of materials with a number of promising advantages. This
thermoplastic lipophilic polymer is mainly used as a mem-
brane in reservoir systems. Ethylene vinyl acetate is per-
meable to certain lipophilic substances such as pilocarpine
but sufficiently hydrophobic to be relatively impermeable
to hydrophilic drugs as well as water. In 1992, Ashton and
coworkers developed an implantable sustained release de-
vice to treat chronic disorders of the eye (333). This device
consists of a central core of drug entirely coated in polyvi-
nyl alcohol, a permeable polymer. The surface area avail-
able for release, and consequently the release rate, is then
controlled by additional layers of ethylene EVA, which is
impermeable to the drugs used, and PVAL. Water diffuses
into the device and dissolves part of the pellet, forming a
saturated drug solution. The drug diffuses then out of the
device, and as long as the solution inside the device is satu-
rated, the release rate is constant (334).

This device has been implanted subconjunctivally and
intravitreally in animal and human eyes for the treatment
of various vitreoretinal disorders (Table 11). As it is non-

Table 15.11 Intraocular Administration of the
EVA/PVAL Devices

Site of
Drug Model implantation Ref.

Glaucoma filtering surgery failure
5-Fluorouracil In vitro — 335
5-Fluorouracil Rabbit, Subconjunctival 336

monkey
5-Fluorouracil Human Subconjunctival 337

CMV retinitis
Ganciclovir Rabbit Intravitreal 334
Ganciclovir Human Intravitreal 338
Ganciclovir Human Intravitreal 339
Ganciclovir Human Intravitreal 340
Ganciclovir Human Intravitreal 341

Uveitis
Dexamethasone Rabbit Intravitreal 342
Dexamethasone Rabbit Intravitreal 343
Cyclosporine Rabbit Intravitreal 344
Cyclosporine, Rabbit Intravitreal 345

dexamethasone
Cyclosporine Rabbit Intravitreal 346

degradable, this system is almost devoid of any intraocular
inflammatory response. However, it has to be removed or
replaced to prevent any risk of fibrous encapsulation.

The first devices were developed to prevent glaucoma
filtering surgery failure. Blandford et al. (336) implanted
subconjunctival implants containing 5-FU. Devices pro-
longed the reduction of intraocular pressure. Although 5-
FU was released from the devices for 2 weeks, intraocular
pressure remained low for 3 months. These implants have
also been implanted in patients undergoing filtering sur-
gery (337); the mean follow-up was 2.5 years. In three of
the four patients, intraocular pressure was controlled with
stabilization of the visual field. The other patient had early
failure. No untoward events were linked to the placement
of the implant.

Treatment of intraocular inflammation and posterior
uveitis with EVA/PVAL devices was also investigated.
Implants were prepared, containing dexamethasone
(342,343). Dexamethasone was released continuously for
3.5 months at an effective concentration. Furthermore, the
devices were well tolerated with no indication of toxicity
or inflammation. Cyclosporine devices were implanted by
Pearson et al. (344). Data suggest that due to the high po-
tency of cyclosporine and the very slow release rate from
the device, these implants would provide sustained intravi-
treal levels of the drug for up to 10 years. However,
cyclosporine levels produced by these implants appeared
to be toxic in the rabbit, resulting in focal lens opacifica-
tion. This toxicity was reversible and resolved after the
device was removed. In a rabbit model of uveitis (346),
cyclosporine implants appeared to effectively suppress oc-
ular inflammation. Intravitreal cyclosporine remained at
therapeutic levels for at least 6 months, and histopathologic
examination showed that cyclosporine-treated eyes had
preserved architecture and greatly reduced inflammatory
cells. Devices containing both cyclosporine and dexameth-
asone were also prepared (345). Based on the fact that
cyclosporine and corticosteroids reduce inflammation by
different mechanisms, a device which contains both drugs
in combination would be more effective than a device con-
taining either agent alone. These implants maintained ther-
apeutic levels of both drugs in the vitreous over 10 weeks,
and the presence of dexamethasone did not seem to change
the release characteristics for cyclosporine (345).

However, the main application of EVA/PVAL devices
is the treatment of CMV retinitis with ganciclovir. First
developed by Smith et al. in 1992 (334), this system has
been widely experimented in both animal and human eyes
(338–340,347–352). The ganciclovir device was approved
by the Food and Drug Administration in 1996 and is com-
mercially available under the name Vitrasert (Bausch
and Lomb Surgical), each implant containing a minimum
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Figure 15.16 Progression of CMV retinitis in eyes affected at
baseline (From Ref. 353.)

of 4.5 mg of ganciclovir and being designed to release the
drug over a 5- to 8-month period of time. The international
AIDS Society has promulgated recommendations concern-
ing Vitrasert (341), which offers a number of advantages
over systemic ganciclovir therapy, including the longest
median time of control of retinitis reported to date (Fig.
16) (340,353). Better control of retinitis from higher in-
traocular drug levels may reduce the risk of emergence of
viral resistance. The disadvantages include pain and dis-
comfort from surgery, a transient decrease in visual acuity,
and the risk of complications inherent in the surgical proce-
dure, which may increase with multiple operations. Be-
cause of the lack of systemic anti-CMV effect of the gan-
ciclovir implant, patients remain at risk for developing
CMV disease elsewhere (340). Thus, concomitant oral
ganciclovir therapy is usually recommended.

b. Polysulfone

Polysulfone is a water-impermeable polymer. A polysul-
fone capillary fiber (PCF) has been investigated as a slow-
release delivery system. It is an anisotropic ultrafiltration
fiber mainly developed for cell culture purposes. Polysul-
fone capillary fibers have the following important features:
they have deep macrovoids in its outer membrane, which
increase the surface area for drug diffusion and release;
they are permeable to lipophilic as well as hydrophilic
compounds; the PCF–drug device can be readily sterilized;
the device prevents dispersion of drug formulations, such
as liposomes or microspheres, in the vitreous; and most
important the bioactivity of the drug is unchanged by uti-
lizing the PCF device since the fabrication process does
not require chemical reaction, heat, or solvent exposure.
The obvious disadvantage of this device is the need for

surgical removal of the drug-depleted device since it is not
a biodegradable system.

Rahimy et al. (354) found that the PCF system is capa-
ble of maintaining a constant intravitreal level of the hy-
drophilic dye carboxyfluorescein (CF) for up to 45 days.
Investigation of the in vitro release suggests that the PCF
device is a reservoir diffusion-controlled system. Carboxy-
fluorescein diffusion through the PCF membrane is mainly
driven by the concentration gradient between the PCF core
and the incubation medium. The transport of CF molecules
across the PCF membrane remains constant if the core is
maintained in a saturated state, such as a solid or suspen-
sion form. However, such a state is difficult to maintain
in this case since CF is highly water soluble. Intravitreal
implantation of this device into rabbit eyes showed sus-
tained-release kinetics for up to 45 days in the vitreous
cavity. Furthermore, both clinical and histopathological
data demonstrated that the PCF device is well tolerated by
the rabbit eye (354).

Promising results have been obtained with daunomycin-
charged PCF for the treatment of PVR (355). Devices were
implanted intravitreally in rabbit eyes and results showed
that the release of daunomycin was maintained at a thera-
peutic concentration in the vitreous for at least 21 days.
The devices prevented tractional retinal detachment in an
experimental model of PVR and were well tolerated with-
out causing toxicity to ocular tissues (355).

B. Viscous Nonaqueous Injectable Preparations

1. Third Generation Poly(Ortho Esters)

Poly(ortho esters) (POE) are hydrophobic and bioerodible
polymers whose main characteristics are a release of the
drug by surface erosion, following zero order kinetics.
Since the late 1970s, four generations of POE have been
synthesized to produce bioerodible carriers for drug deliv-
ery. Among them, the third generation has been recently
described (356) and characterized by Merkli et al. (357).

This viscous, ointmentlike, material is prepared by a
transesterification between trimethyl orthoacetate and
1,2,6-hexanetriol (357). Drugs can be incorporated by sim-
ple mixing at room temperature, without the use of a sol-
vent. This characteristic is of considerable interest with re-
spect to peptide and protein delivery, as well as for other
thermolabile drugs. Poly(ortho esters) can be injected us-
ing a syringe with an appropriate hypodermic needle with-
out any other surgical intervention, which is a significant
advantage when compared with solid devices that must be
placed either with a trocar or through a surgical procedure.

The release of drugs from semisolid POE occurs via a
combined erosion and diffusion mechanism. Because POE
contains pH-sensitive linkages in the polymeric backbone,
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the erosion rate can be controlled by incorporating acidic
substances into the polymer matrix to accelerate the ero-
sion rates or basic ones to stabilize the polymer backbone
(358,359).

Degradation occurs in two steps: the first reaction is a
rapid hydrolysis of the labile ortho ester bonds. This initial
reaction is followed by a slower hydrolysis which produces
a carboxylic acid and a triol (357). Degradation rate is also
influenced by the physicochemical properties of the incor-
porated substances (359).

POE has been investigated as an injectable bioerodible
polymeric implant for controlled subconjunctival release
of antimetabolites such as 5-fluorouracil and mitomycin C
as an adjunctive treatment to glaucoma filtering surgery
(360). The biotolerance of the semisolid biodegradable
POE was investigated subcutaneously and with the cage-
implant system (361): the biocompatibility appeared to be
acceptable. The subconjunctival biocompatibility in rab-
bits was studied by Bernatchez et al. (362). The acute in-
flammation resolved rapidly and no chronic inflammation
developed. After further purification of the polymer and
using an aseptic preparation method instead of γ-steriliza-
tion, Zignani et al. (363,364) further improved the biocom-
patibility of the polymer. Extended biocompatibility inves-
tigations have also been carried out both in the anterior and
posterior parts of the rabbit eye (365). After intracameral
injection, polymer biocompatibility appeared to the depen-
dent on the amount injected in the anterior chamber. When
a small quantity (typically 50 µL) was administered, the
polymer degraded within 2 weeks with a good biocompati-
bility, without harming any ocular tissues nor increasing
the intraocular pressure. After intravitreal administration,
POE was well tolerated and no inflammatory reaction de-
veloped during the study. The polymer degraded slowly,
appearing as a round and whitish bubble in the vitreous
cavity (Fig. 17).

Since POE appears to be a biocompatible material, the
efficacy of a system containing 5-FU has been tested in a
rabbit model of glaucoma filtering surgery. Results appear
encouraging because POE systems lowered intraocular
pressure and maintained filtration blebs for more than 4
weeks (unpublished results).

2. Fourth Generation Poly(Ortho Esters)

A fourth generation of POE has been very recently devel-
oped (366,367). These POE are said to be self-catalyzed
since they possess short dimers of glycolic or lactic acid
within the polymeric chain, allowing an excellent control
of the polymer degradation rate.

The exact mechanism of hydrolysis of self-catalyzed
POE has recently been elucidated (369). It proceeds in
three consecutive steps: in the first step, the lactic acid di-

Figure 15.17 External photograph of rabbit eye 5 days after
intracameral injection of 50 µL POE (From Ref. 365.)

mer segment hydrolyzes to generate a polymer fragment
containing a carboxylic acid end group which will catalyze
the ortho ester hydrolysis. A second cleavage produces free
lactic acid which also catalyzes hydrolysis of the ortho es-
ter links (369).

The biocompatibility of this last generation of POE has
been assessed subconjunctivally (unpublished results).
These polymers are far more hydrophobic than the third
generation, which means that polymer lifetime under the
conjunctiva was much longer. Almost no hyperemia and
chemosis was triggered, which suggests that POE are
promising candidates for ophthalmic applications (unpub-
lished data).

C. Dispersed Systems

1. Nanoparticles and Microspheres

a. Nanoparticles

Concerning the ophthalmic potential applications of nano-
particles, they are mainly used as a topical treatment for
glaucoma, inflammation, or external infections of the eye
since they are administered as drops and provide a sus-
tained action (see Section III.B). A few studies have been
conducted concerning the intraocular application of nano-
particles. El-Samaligy and coworkers (370) described the
intravitreal injection of acyclovir and ganciclovir nanopar-
ticles made of biodegradable polymers, i.e., bovine serum
albumin (BSA), polyethylcyanoacrylate, and chitosan. All
of these polymers exhibited interesting characteristics dur-
ing in vitro evaluation (drug loading capacity, particle size,
homogeneity of nanosphere formation, drug release). Poly-
ethylcyanoacrylate was chosen for in vivo studies in rab-
bits because it demonstrated the best drug loading and the
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smallest particle size. Therapeutic levels of ganciclovir
were detected in the vitreous for up to 10 days following
injection of the PECA nanospheres. Lens opacification and
vitreous turbidity appeared after the injection of this colloi-
dal opaque dispersion, certainly due to the drug formula-
tion.

b. Microspheres

The polymers used for the preparation of microspheres are
mainly based on lactic and glycolic acids. These bioerodi-
ble systems present the advantage that they do not have
to be removed after degradation of the microspheres and
delivery of the drug. Following administration of the sus-
pension in the eye, the particles remain at the delivery site
and the drug is released from the polymeric matrix through
diffusion, polymer degradation, erosion, or a combination
of these processes.

Besides topical ophthalmic application, which have
been widely studied (184) (see Section III.B), some au-
thors have investigated microspheres for intraocular injec-
tions to provide sustained release of drugs (Table 12).

Subconjunctival injection of microspheres for the pre-
vention of glaucoma filtering surgery failure was investi-
gated by incorporating adriamycin (372). This delivery

Table 15.12 Microspheres for Intraocular Applications

Animal Route of
Polymer Drug model administration Ref.

Glaucoma filtering surgery failure
PLA/PLGA Fluorescein Rabbit Subconjunctival 371
PLA Adriamycin Rabbit Subconjunctival 372

PVR
PLA/PLGA Fluorescein Rabbit Intravitreal 373
PLA/PLGA 5-Fluorouracil Rabbit Intravitreal 374
PLGA 5-Fluorouracil, Monkey Intravitreal 375

cytarabine
PLA Adriamycin Rabbit Intravitreal 376
PLGA Retinoic acid Rabbit Intravitreal 377
PLGA None Rabbit Intravitreal 378

CMV retinitis
PLA/PLGA Acyclovir Rabbit Intravitreal 379
PLGA Ganciclovir Rabbit Intravitreal 380

Retinal degenerative diseases
PLA POPOP In vitro — 381
PLA/PLGA Rhodamine In vitro — 382
PLA/PLGA Rhodamine Rabbit Subretinal 293
Gelatin bFGF Rabbit Subretinal 383
Gelatin bFGF Rabbit Subretinal 384

Notes: POPOP, 1,4-bis[2-(5-phenyloxazolyl)]-benzene; bFGF, basic fibroblast growth factor.

system using PLA microspheres was found to reduce sig-
nificantly intraocular pressure as well as prolong filtering
bleb persistence. When injecting fluorescein-loaded micro-
spheres, transient conjunctival inflammation was found 6
to 7 days after injection. Clinically, a granulomatouslike
reaction appeared, and one eye showed necrosis at the site
of injection. The conjunctival reaction disappeared in a few
days with no further complication (371).

In 1991, Khoobehi et al. (373) investigated the intravi-
treal injection of microspheres containing fluorescein as a
drug model. High concentrations of the dye were detected
within 24 h and gradually decreased after 5 days; lower
concentrations were still measurable for 16 days. Moritera
et al. (374) entrapped 5-FU in PLA and PLGA micro-
spheres and injected them intravitreally in rabbits. The
drug was released over a period up to 7 days. The micro-
spheres were observed as a white mass in the vitreous
cavity and were completely cleared out after 48 days. Ad-
ministration of microspheres had no adverse effects on the
ocular tissues, even though the degradation products of
PLA and PLGA are acidic. Peyman et al. (375) demon-
strated the efficacy of microspheres in increasing the half-
life of encapsulated antimetabolites when injected intravi-
treally in primate eyes. Both cytarabine and 5-FU were
entrapped in PLGA microspheres; both were still detect-
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able in the eye 11 days after injection and the clearance
kinetics were similar for both drugs. Moritera injected
PLA microspheres with adriamycin in rabbits (376). This
drug, 50 times more potent than 5-FU, was released at a
continuous rate for over 14 days and was effective in pre-
venting the rate of retinal detachment after 4 weeks in an
experimental model of PVR and showed no toxicity to the
retina even at a relatively high dose. Giordano et al. (377)
entrapped retinoic acid, a highly hydrophobic drug, in
PLGA microspheres and obtained a constant release of
the drug. This system could provide therapeutic levels of
retinoic acid for 40 days. Giordano et al. assessed biodeg-
radation and tissue reaction to intravitreal PLGA micro-
spheres (378). A mild localized, nonprogressive foreign
body reaction was observed. The cell reaction was com-
posed mostly of glial cells and fibroblasts. The choroid
and retina were normal. No clinical inflammatory signs
were observed 4 days postoperatively and thereafter
(378).

Antiviral drugs such as acyclovir and ganciclovir were
also encapsulated into microspheres and administered in-
travitreally (379,380). In both cases, drugs were released
at a sustained rate and appeared to be promising for the
treatment of viral retinitis.

As mentioned, there is no effective therapy available
for achieving sufficient intracellular drug concentrations
to modulate functions of retinal pigment epithelium cells.
Since RPE cells have phagocytic activity, drug delivery
could be targeted with the use of microspheres. A first
study by Moritera et al. (381) showed that gelatin-coated
PLA microspheres containing a fluorescent dye, 1,4-bis[2-
(5-phenyloxazolyl)]-benzene (POPOP), were phagocy-
tosed by RPE cells in vitro. In further work by Kimura et
al. (382), PLA microspheres were loaded with a fluores-
cent dye, rhodamine. Ogura et al. (293) injected these rho-
damine-loaded microspheres subretinally via a transvitreal
approach with a glass micropipette in the rabbit. Micro-
spheres were degraded in the cytoplasm of the RPE cells,
but fragments were observed for up to 4 weeks. The retinal
architecture overlying the delivery site was well preserved,
which suggests that direct delivery of substances to the
RPE cells is feasible, without damaging the neural retinal
structure (Fig. 18) (293).

Another application of subretinal administration of mi-
crospheres is the creation of a model of choroidal neovas-
cularization. By administrating gelatin microspheres im-
Rev 16.01egnated with basic fibroblast growth factor
(bFGF), a reproducible subretinal neovascularization was
triggered, which represents a useful model for testing drugs
against retinal diseases such as age-related macular degen-
eration (383,384).

In conclusion, most intraocular diseases, including
sight-threatening endophthalmitis, devastating CMV reti-

Figure 15.18 A glass micropipette is inserted transvitreally to
administer the microspheres subretinally. (From Ref. 293.)

nitis, proliferative vitreoretinopathy and uveitis, as well as
glaucoma filtering surgery failure and degenerative dis-
eases of the retina, were treated by systemic and topical
administration of drugs in the past. These routes of treat-
ment led, in the majority of cases, to the loss of the eye
due to the poor penetration of the various drugs into the
vitreous cavity. The means of bypassing physiological and
anatomical barriers and achieving high concentrations of
drugs within the eye is through direct intraocular adminis-
tration. The use of intraocular drugs has formerly been re-
stricted to the treatment of endophthalmitis. Nowadays, it
is also considered for the disorders described in this chap-
ter. As all these clinical conditions require frequent and
repeated intraocular injections of drugs, this may cause se-
vere complications such as retinal detachment, vitreous
hemorrhage, or intraocular infections. That is why sus-
tained delivery systems have been developed, in order to
prolong the therapeutic intraocular levels of drugs and thus
diminish the frequency of the injections.

Biodegradable polymers have an advantage over other
controlled release systems in obviating the need to surgi-
cally remove the drug depleted device. Potentially, biode-
gradable matrix systems also enjoy a number of other ad-
vantages in terms of simplicity of design and predictability
of release if this is controlled solely by the erosion of the
matrix. In many cases, however, the release occurs also
by diffusion through the matrix, making the process more
difficult to control, particularly if the matrix is hydrophilic
and thereby absorbs water, promoting degradation in the
interior of the matrix. To maximize control over the release
process, it is desirable to have a polymeric system which
degrades only from the surface and delays the permeation
of drug molecules. Achieving such a heterogeneous degra-
dation requires the rate of hydrolytic degradation on the
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surface to be much faster than the rate of water penetration
into the bulk. The ideal polymer would have a hydrophobic
backbone, but with a water-labile linkage. Many classes
of polymers have been designed with these considerations
in mind. Among them, polyanhydrides and poly(ortho es-
ters) erode from the surface. Taking advantage of the pH
dependence of the rate of ortho ester cleavage, preferential
hydrolysis at the surface is obtained by either addition of
basic substances to suppress degradation in the bulk or in-
corporation of acidic catalysts to promote degradation on
the surface.

Devices that are not biodegradable such as the EVA-
PVAL implants are of clinical utility for chronic, sight-
threatening diseases such as CMV retinitis and uveitis.
These conditions are likely to require long-term drug ther-
apy; therefore any device may need to be replaced once
depleted of drug. On the other hand, in diseases such as
glaucoma filtering surgery failure or PVR, which require
relatively short-term therapy (weeks or months), a biode-
gradable system is clearly more desirable.

Microspheres have been shown to increase the efficacy,
reduce the toxicity, prolong the activity, and provide site-
specific delivery for many drugs when administered to the
eye. Microspheres are very stable; their production is re-
producible; and the release rate is controllable. Yet, the
injection of microspheres in the vitreous is always fol-
lowed by an impairment of the visual acuity.

V. CONCLUSION

The ideal ophthalmic drug-release system should fulfill cri-
teria which are identical for local as well as intraocular
application: the systems should provide a sustained thera-
peutic concentration of drug in a reliable and predictable
way over an adequate period to obtain the desired clinical
response; the concentration of drug administered should
be uniform over the administration period with no early or
late excessive release of the drug; the formulation should
be easily handled and administered either by the patient or
by medical personnel; the device should have a long shelf-
life and be easily sterilized; and there should be no toxic
effect from sustained exposure to the drug or degradation
products of the device.

None of the sustained delivery systems introduced to
date and discussed in this chapter fulfill all these criteria,
though they represent great strides when compared with
classical solutions. Viscous formulations of the hydrogel
type provide an increased bioavailability, but do not allow
a significant sustained and controlled release of the incor-
porated drugs. Colloidal systems are often associated with
stability problems and are difficult to sterilize. Solid sys-
tems are not always well tolerated by the patients.

Some new approaches, such as the use of lectins or
cyclodextrins for topical formulations and iontophoresis to
allow enhanced penetration of drugs to the posterior seg-
ment of the eye, may be promising alternatives to the vari-
ous polymeric systems discussed in this chapter.
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I. INTRODUCTION

The oral cavity is an external environment where a wide
range of conditions are in constant change (i.e., pH, tem-
perature, abrasion forces, presence of bacteria, etc.). How-
ever, under physiological conditions, the oral cavity is very
tolerant and resistant to external challenges. In order to
achieve this goal, the teeth and their associated structures,
such as the jaws and gums, must display harmonious be-
havior and interrelationships. The anatomical design of
teeth and associated tissues provides resistance to this hos-
tile environment. However, several factors (diseases, phys-
iologically unacceptable conditions, trauma, etc.) may alter
the function and structure of the oral cavity elements. Clin-
ical treatments directed to restore and maintain the normal
functions of the oral structures (teeth and supporting tis-
sues) are grouped in what is known as dentistry.

Dentistry involves the repair and/or removal of decayed
teeth, malocclusion correction, straightening of the teeth,
and the design and manufacture of false teeth or other pros-
thetic devices. Studies within the dental biomaterial field
are focused on the clinical functionality and longevity of
dental implant devices in order to improve human dentition
health, esthetics, and quality of life.

There are four main groups of widely used materials in
dentistry: metals and alloys, ceramics, synthetic organic
polymers and biopolymers (derived from natural tissues),
and composites (an organic matrix of different kinds of
polymers filled with inorganic fine particles). Although
several metallic biomaterials are widely used due to their
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good properties, they show a slow and progressive de-
crease in specific applications which is concomitant to an
increase in the use of polymers, composites, and inorganic
materials. This might have different explanations: (1) non-
precious metal alloys can be chemically unstable in the
oral environment (etching, oxidation, pigmentation); (2) a
general negative feeling against visible alloys in dentistry
has appeared in recent years based on esthetic criteria; (3)
many of the nonprecious metal alloys frequently show bio-
logical complications (allergenicity, cytotoxicity, carcino-
genicity); (4) complex equipment is required for metal pro-
cessing, which usually makes its dental application too
expensive; (5) the price of many metals is not balanced
and depends on economic or political crisis. For these and
other reasons, the materials used for dentistry have been
modified in recent years. These changes in use tendency
are characterized by (1) increased use of polymers, com-
posites, and ceramics; (2) development of new techniques
for covering metal surfaces with polymer or ceramic mate-
rials; (3) development of composites for specific dental ap-
plications; and (4) improvement of adhesiveness of all
these materials to dental structures. However, the use of
polymers in dentistry has to be combined with the use of
other types of biomaterials due to the special characteris-
tics of the oral biological environment where different soft
and hard tissues are found. Thus, for example, endosteal or
endosseous devices placed into the bone tissue are mainly
metals and alloys (1).

In a short historical overview, it must be mentioned that
oral disease treatment and tooth replacement can be found
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in ancient civilizations. Dead animal parts or minerals were
used to replace damaged structures. In the 17th century,
the implants used for oral treatment became more similar
to the missing or damaged part: teeth extracted from cadav-
ers or from living persons were used. In the 18th and 19th
centuries, increasing attention was given to the basic prop-
erties of the implanted materials. A systematic investiga-
tion of the physical, mechanical, and biological properties
of dental implant devices was carried out. The technologi-
cal and scientific advances in the 20th century provided
the basis for the design of new biomaterials with a better
behavior and an adequate durability for dental applica-
tions.

The use of polymers for dentistry was initiated in the
19th century. Thus, gutta-percha (leathery material derived
from the latex of certain trees) was used as a material for
dental impressions in 1848 (it is still an important material
for root canal filling); vulcanized caoutchouc was em-
ployed in 1854 for denture bases; and celluloid (developed
in 1869 from a homogeneous colloidal dispersion of cellu-
lose nitrate and camphor) was used arround 1870 for dental
prosthetics. Figure 1 shows an old dental prosthetic device
(a caoutchouc base with porcelain teeth) that has been in
continuous use for 45 years (from 1940) and finally substi-
tuted by another polymethyl methacrylate (PMMA) de-
vice. However, the modern age of polymers began in 1909
with bakelite (a phenol–formaldehyde resin), a material
scarcely used in dentistry. The first rigid polymer em-
ployed in odontology was PMMA, which has been used
from 1930 for different purposes (denture bases, artificial
teeth, removable orthodontics, surgical splinting, and even
for esthetic filling in anterior teeth). In the 1930s many
other polymers appeared for dental and surgical uses (poly-

Figure 16.1 Old caoutchout (prepared around 1940) complete
dental lower prosthesis with porcelain teeth.

amide, polyester, polyethylene, etc.), prepared in different
forms (rigids, softs, fibers, adhesives, etc.), and exhibiting
several applications (dentures, veneering of crowns and
bridges, fillings, mouth protectors, sutures, implants, etc.).
Bis-GMA, a combination of bis-phenol and glycidyl meth-
acrylate, appeared in 1956 as an important innovation in
the field of rigid polymers for dental uses. From that time
on, there has been continuous and important research con-
cerning the use of polymers and composite materials for
dentistry.

II. ORAL BIOLOGY AND BIOCHEMISTRY

When a material is used for any surgical purpose (implant,
suture, etc.), the organism reacts in order to restore the
integrity of the affected tissues. There are many general
processes following any kind of injury, such as inflamma-
tion and development of inflammatory tissue, cell prolifer-
ation, and necrosis of damaged cells. But the specific re-
sponse depends on the biology of the particular affected
regions. Thus, the use of restorative materials for biomedi-
cal applications requires a good knowledge of the biology
and biochemistry of the specific location considered. Oral
surgery repair treatments move into a highly specialized
biological environment. A significant part of the functions
performed at the maxillofacial level shows a mechanical
component that exhibits high stress. The specific properties
of the biological components at this location must accom-
plish such requirements. Most treatments involve the use
of nonnatural materials that must be able to perform spe-
cifically designed functions in that particular biological
theater. Therefore, the characteristics of the biology and
physical chemistry of this neighborhood must be analyzed
when considering the use of biomaterials at the maxillo-
facial level. Human dentition consists of 32 teeth (candi-
dates to implant sites); there are four incisors, two canines,
four premolars, and six molars in each jaw (mandible and
maxilla). The anatomical shape of these teeth is heteroge-
neous reflecting their specific functions; the incisors and
canines are used for cutting and tearing, while premolars
are used for crushing, and the molars for grinding. Three
different zones can be distinguished in each tooth: the root,
attached to the tooth-bearing bone of the jaws by a fibrous
ligament (periodontal membrane), the neck, embraced by
the fleshy gum tissue, and the crown, that projects into the
mouth. Figure 2 shows a longitudinal section of a tooth
with its major structures.

After an oral surgical operation, in most cases the pic-
ture is characterized by the presence of a hard material
surrounded by soft tissues. All of these components must
be adequately interfaced in order to function properly, and
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Figure 16.2 Schematic diagram of the major tooth compartments, connective tissues, and cells in the periodontal unit. CEJ: cementun–
enamel junction.

this requires the cooperation of many different tissue cells
and biopolymers. The main role corresponds to connective
tissues forming the periodontium, which is responsible for
the support and attachment of the tooth in the bones of
the jaw. Many different connective tissues (ranging from
mineralized to fibrous) can be distinguished in the oral cav-
ity (Fig. 2; Table 1): alveolar bone, enamel, dentin, cemen-
tum, periodontal ligament, and gingiva (2–18).

The basic constituents of human enamel and dentin,
their composition, and several other parameters (mechani-
cal properties, elastic modulus, and viscoelastic properties)
have been reported (18–20). The enamel is the very hard,
dense, and brittle cover of the tooth’s crown that is located
above the gumline. Enamel is highly mineralized and con-
tains prismlike structures comprised of hydroxyapatite
crystallites and very little organic material. Its properties
make dental enamel a good material for cutting and masti-
cating food, processes that involve friction and wear. Ma-
ture enamel is an acellular nonliving structure that cannot
be renewed after damage.

The bulk of the tooth is made up by dentin, which de-
fines its shape. Dentin, a continuous nonuniform mineral-
ized tissue, is similar in composition to bone but is tougher
and less hard than enamel (9,10). It is formed by a highly
mineralized matrix (peritubular dentin) that surrounds the
dentinal tubules. These tubules are distributed throughout
the dentin matrix in a more or less uniform manner. In
contrast to enamel, dentin is a living tissue. A layer of
dentin producing cells, the odontoblasts, surrounds the
pulp cavity of the tooth sending projections into the den-

tinal tubules. Secondary dentin, a less organized form of
tubular dentin, is produced throughout life. Tertiary, or re-
parative, dentin is formed when the enamel of the crown
is damaged. The dentin is nourished by the pulp in which
cells, tiny blood vessels, and a nerve are enclosed in the
pulp chamber. Below the gumline, from the cervix to the
apex of the root, dentin is covered by the cementum to
which the periodontal ligaments bind attaching the tooth to
the alveolar bone (17). Cementum is less hard than dentin,
showing properties very similar to those of bone.

The connective tissues of the oral cavity are involved
in several specific and diverse functions, including speech,
mastication, and the maintainance of face esthetics. More-
over, the periodontium represents one of the biological bar-
riers against the external environment (21). Thus, it can be
affected by a variety of diseases producing alterations of
its connective tissues and requiring frequent clinical treat-
ments (22–28).

From a general point of view, the connective tissues can
be considered as composed of cells and extracellular ma-
trix (ECM). In such tissues there are many types of cells
performing different functions, e.g., biosynthesis of the
ECM components, lipid storage, biological protection, etc.
Table 1 shows some of the different tissues and cell types
from the periodontal unit. Fibroblasts, one of the principal
cells of the periodontal connective tissues, are involved
in maintaining the connective tissue matrix (29). After an
alteration of the periodontal connective tissues, following
injury, fibroblasts migrate into the wound site. Also epithe-
lial cells appear to be related to the formation of epithelial
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Table 16.1 Tooth Compartments and Associated Tissues

Tissue and cells Characteristics and function Ref.

Mineralized
Enamel

Ameloblasts Enamel-producing cells; differentiated and polarized epithelial 2
cells. Secretion of amelogenins (proline-rich proteins; 5–28 kDa)
and enamelins (more acidic and lower proline content than amelo-
genins; 42, 56, and 72 kDa). Noncollagenous fibrils. Mineral con-
tent: 95–98%. Mature enamel: nonliving tissue.

Dentin
Odontoblasts Dentin-producing cells; differentiation of mesenchymal cells. Sin- 2–10

gle layer of fully differentiated and polarized cells; located at the
boundary between the dentin and pulp chamber. Mineral content:
65%. Secretion of extracellular matrix components, uncalcified ma-
trix: predentin and control of its mineralization. Synthesis of non-
collagenous proteins.

Cementum
Cementoblasts Secretion of collagen and noncollagenous proteins. Type I (�90%) 2–4,8–17

and type III (�5%) collagen.
Alveolar bone

Osteoblasts Matrix-producing cells. Formation of mineral bone tissue. Synthe- 2,3
sis of type I collagen (100%) and noncollagenous proteins. High
levels of alkaline phosphatase. Synthesis of collagenolytic enzymes
and their inhibitors.

Osteoclasts Specialized resorptive cells. Role in remodeling processes. Resorp- 2,3,18
tion of the degraded organic matrix by osteoblasts.

Osteocytes Embedded in the mineralized matrix in the lacunae space. Derived 2,3
from osteoblasts. Role in the calcium exchange between mineral-
ized tissue and blood. Matrix-producing cells; resorptive properties
but to a lower extent than osteoclasts and osteoblasts.

Nonmineralized
Dental pulp

Dental pulp cells Loose connective tissue enclosed in the dentin. Nerves and vascu- 2,3,5,11,13
lar elements permeate the tissue and provide nutrients entry, sup-
porting metabolic activity via the blood vessels and capillaries.

Periodontal ligament
Fibroblasts Collagen-producing cells. Dense collagenous structure. Synthesis 2–4,11

of type I (�90%), type III (�18%), and type V (�1%) collagens.
Presence of other cells from blood and lymphatic vessels.

Gingiva
Fibroblasts, epithelial Collagen-producing cells. Type I and type III collagens represent 2–4,10,13
cells 60% of the total tissue protein. Synthesis of type IV and type V

collagens (�1%).
Mast cells, leuko- Primary defense against invading microorganisms. They are pres- 2,4
cytes, plasma cells ent in gingiva and periodontal ligament.

attachments during wound healing after periodontal ther-
apy. On the other hand, the ECMs can be divided into two
groups: those forming interstitial connective tissue and
those from the basement membrane (30–36). However,
both types of ECM comprise many different macromolecu-
lar structures, which can be grouped into collagens, glyco-

proteins, and proteoglycans, attending to their major com-
ponents (37–45).

Collagens and glycosaminoglycans (one of the compo-
nents of proteoglycans) are discussed elsewhere in this
book since these molecules are used as natural biopoly-
mers in the biomaterials field. The periodontal tissues are
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highly collagenous. The family of collagens accounts for
more than 50% of the total tissular protein. Collagens are
well-known proteins whose chemical and tridimensional
structures are clearly elucidated (37–42). The fibrillar type
I collagen is the one present in the largest amount. How-
ever, this type of collagen is only the representative mole-
cule of a broad family of proteins which mainly have a
structural function in connective tissues. But in spite of
such a structural role, the relative proportions of the differ-
ent collagen types are important factors in determining bio-
logical functions at the ECM. In particular, the periodontal
structures contain high proportions of type I collagen,
about 90% of the collagen present in the periodontium,
whereas type III collagen only accounts for about 10%,
and other minor collagen types are only present in about
1% (4).

Based on this information, it is perfectly comprehensi-
ble that a significant part of the diseases and misfunctions
at a maxillofacial location will be related to collagens. For
instance, a destruction of collagen bundles occurs during
gingivitis (22), and extensive degradation of connective
tissues with a concomitant reduction in the amount of col-
lagen appears in chronic periodontitis (4), considering only
two of the most common diseases at the periodontal level.
Also physical trauma–induced lesions, which are frequent
at the oral cavity, may affect collagen deposition and fi-
broblasts migration, although cellular and biochemical
studies concerning this topic are scarce.

The ECM is a structurally stable association of biopoly-
mers surrounding the connective tissue cells. But this ma-
trix is not a simple inert supporting material (46–48). It
exhibits close functional relationships with the tissue cells;
specific cell receptors interact with ECM components
modulating cell behavior (43,49). These functional compo-
nents have been grouped into a heterogenous family of ad-
hesion glycoproteins that include some types of collagens
and several noncollagenous ECM proteins (43,49,50). Par-
ticular matrix components can associate in a diversity of
macromolecular structures defining specific ECMs with
whom different types of cells can interact. Noncollagenous
proteins present in oral cavity tissues are involved in sev-
eral processes, as the initiation and formation of apatite
crystals (mineralized tissues) and the regulation of cell pro-
liferation and tissue growth and development (16,17,51).
In the dentin matrix, a mineralized tissue, there are several
noncollagenous ECM proteins (Table 2) (52,53). The main
characteristic of these proteins is their acidic nature, some
of them presenting the capacity of being phosphorylated.
Several of these proteins are also found in the bone matrix
(osteonectin, osteopontin, osteocalcin, matrix Gla protein,
proteoglycans, etc.) (53–65). However, some of them ap-

pear to be dentin specific such as dentin phosphophoryn,
dentin sialoprotein, and dentin matrix protein-1. Some
characteristics of these proteins from the mineralized tis-
sues are summarized in Table 2. Bone morphogenetic pro-
teins (BMPs), which are present in dentin, deserve special
attention since they can induce bone formation (66–68).

As already mentioned, some natural polymers such as
collagen are used in different applications in biomaterials
science (69). Other noncollagenous glycoproteins from the
ECM that also play important roles in the control of cell
behavior should be taken into consideration in dentistry.
A brief description of some of these proteins is shown in
Table 3 (70–85). In this way, fibronectin has been used in
the treatment of periodontal disease (27,28), and laminin-
5 is used to promote cell attachment of gingival epithelial
cells to titanium alloy implants (86).

When studying biomaterials, one should never forget
that they are going to be in close contact with the sur-
rounding tissue cells. Cells are in constant communication
with their external environment. Several cell surface recep-
tors are involved in cell-to-cell association and cell–ECM
interactions (87–89). These receptors are grouped into dif-
ferent families based on similarity of structure and func-
tion, such as integrins, selectins, cadherins, etc. Integrins
are heterodimers comprised by two different transmem-
brane subunits (α and β) that play a critical role in cell-
to-cell and cell–ECM association. They are capable of
transducing information from the external environment to
the inside of the cell (90–92). The maintainance of a nor-
mal cell phenotype is dependent on the signals received
from the ECM. Thus, the posible alteration of the external
cell environment is an important aspect to be considered
in order to understand host response to biomaterials. The
binding site or receptor recognition sequences, among
them the arginine–glycine–aspartic acid sequence (RGD),
have been described in several adhesive ECM proteins
(Tables 2 and 3) (93,94).

However, many other natural molecules are also in-
volved in the complex mechanisms that control cell behav-
ior. Thus, polypeptide growth factors have a determinant
role in stimulating migration and growth of cells in wound
healing and repair. Interesting studies are still in progress
concerning this topic (26).

These brief comments are intended to present the com-
plexity of the biology of the maxillofacial region where
cells (fibroblasts, endothelial cells, bone cells and nerve
cells, among other cell types), many biopolymers (colla-
gens, proteoglycans, and glycoproteins), and growth fac-
tors play specific roles resulting in a highly specialized
structure. All of them must be considered when studying
the response of a biomaterial after any use at this location.
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Table 16.2 Noncollagenous Proteins in Mineralized Tissues

Bone Dentin

Glycoproteins/sialoproteins Osteonectin (SPARC) Osteonectin
Protein of 35 kDa. Acidic secreted protein, Similar to those from bone.
cystein rich. Affinity for collagen, gelatin and Osteopontin
hydroxyapatite. Calcium binding protein. Role Similar to those from bone.
in bone matrix assembly. 13% carbohydrate. Dentin matrix protein-1 (Dmp-1)
(2,10,54) Specific of dentin. Aspartic acid and serine

Bone sialoprotein (BSP) rich protein. Expression in odontoblasts and os-
70–80 kDa; 20% sialic acid. (2,55,56) teoblasts. Binding to collagen. Contains one

Osteopontin (sialoprotein I) RGD sequence. Role in matrix calcification.
32 kDa; 5% sialic acid, high content of phos- (10,62)
phate. Contains the -GRGDS-sequence Dentin sialoprotein (DSP)
(2,18,57,56,58) Specific of dentin. 53 kDa. Synthetized and se-

Bone sialoprotein II creted by odontoblast cells of the dental pap-
13% sialic acid. (2,9,10) ila. (10,63)

Bone acidic glycoprotein (BPG-75) (2,10,59)
Phosphoproteins Phosphoserine and phosphothreonine proteins Phosphophoryns

5–70 kDa. Some are glycoproteins and/or si- 155 kDa. Specific of dentin. More than 50%
aloproteins. (2,9,10) of noncollagenous dentin proteins. 75% of ser-

ine and aspartic acid and 85% of serine resi-
dues are phosphorylated. They are able to bind
calcium ion with high affinity. Higher phos-
phorylation and molecular mass than bone pho-
sphophoryns. Heterogeneity between dentin of
different species. (7,10,64,65)

γ-Carboxy glutamic acid– Osteocalcin (BGP) Osteocalcin (BGP)
containing proteins Major endogenous protein constituent of the Similar to those from bone.

bone (5.2–5.9 kDa). It contains three Gla resi-
dues; present in mineralized tissues and also
found in plasma. Its plasma content is related
to metabolic bone disease. Specific role in ma-
trix mineralization. (2,9,10,58,60)

Matrix Gla protein (MGP) Matrix Gla protein (MGP)
10 kDa. Five Gla residues. (2,9,60) Similar to those from bone.

Proteoglycans Biglycan Biglycan and decorin (major proteoglycans)
Core of 38 kDa and two GAG chains of 40 Proteoglycans represent about 2.5% of the or-
kDa. Containing primarily chondroitin 4-sul- ganic matrix. Small core proteins and GAG
fate. (10,61) chains of 35–40 kDa. All the GAG have been

Decorin detected but they are composed predominantly
Core of 38 kDa and only one GAG chain of of chondroitin 4-sulfate. The content in preden-
40 kDa. Containing primarily chondroitin 4-sul- tin is higher than in dentin and is enriched in
fate. (10,61) chondroitin-6-sulfate. (5,7,44)

Serum-derived proteins α2HS-Glycoprotein, serum albumin, fibronectin α2HS-Glycoprotein, immunoglobulin, serum albu-
min, transferrin

Notes: Some serum derived proteins trapped or binding to the mineralized tissues are also indicated. Gla: γ-carboxy glutamic acid; GAG: glycosaminogly-
cans. References in brackets.
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Table 16.3 Main Noncollagenous Proteins (Elastin, Glycoproteins, and Proteogycans) of the Extracellular Matrix

Component Characteristics Ref.

Elastin Single polypeptide chain of 72 kDa. Glycine rich protein (33%). High alanine, va- 70,71
line, and proline contents; presence of hydroxyproline. Elastin fibers form a network
with two different components: amorphous elastin and microfibrils (10–12 nm diam-
eter). Covalent crosslinks. Responsible for tissue elastic properties. Synthesis by fi-
broblasts, chondrocytes, and endothelial and smooth muscle cells.

Glycoproteins
Fibronectin Variants of a dimer (440–550 kDa) of two polypeptide chains (230 kDa) disulfide 72–74

bonded near the C terminus. Each chain is composed of a different number of re-
peats (type I, type II, and type III repeats). Three regions with alternative splicing;
4–10% carbohydrate. High degree of sequence homology between fibronectin from
various species. Interactions with collagen, glycosaminoglycans, fibrin, heparin, cell
surface receptors, etc. Cell attachment site of -Arg-Gly-Asp-(Ser)- recognized by
cell surface receptors of the integrin family. Functions: control of cell adhesion, cell
spreading, cellular motility, differentiation, opsonization, and wound healing. Serum,
stroma, and particular basement membrane. Synthesis by fibroblasts and other cell
types.

Laminin Family of trimeric basement membrane glycoproteins with multiple domains, struc- 75–78
tures, and functions. Three disulfide-linked polypeptide chains (850–900 kDa) are
assembled in a cruciform structure with three short arms containing globular do-
mains and a long arm with a distal globular domain. Different isoforms according
with tissues and origins. Major noncollagenous protein of basement membrane.
They show different cell biological activities controlling cell adhesion, growth, mor-
phology, differentiation, and migration; have role in matrix assembly. Repeats with
similar sequences to the EGF-like domains. Cell laminin receptors are mainly of the
integrin family.

Tenascin Six-armed structure (1900 kDa). Three arms are assembled forming a trimer (disul- 79,80
fide bonded) and two trimers are bound forming the hexamer molecule through di-
sulfide bonds. Isoforms. The molecule contains three structural domains: a terminal
globule at each arm (C terminus), thick distal, and thin proximal segments. Repeats
with similar sequences to the EGF-like domains and domains similar to the type III
repeats of fibronectin. Tendons, ligaments, bone, cartilage, and smooth muscle. Syn-
thesis by fibroblasts and glial cells.

Thrombospondin Three polypeptide chains (180 kDa) crosslinked by interchain disulfide bonds near 81,82
the N terminal domains (420 kDa). The molecule is organized into globular do-
mains connected by thin regions of polypeptide. Large globular structure at the N
terminal (three chains assembled) and three globular domains each corresponding to
the C terminal polypeptide chain. Binds to heparin, fibronectin, fibrinogen, type V
collagen, and calcium. Thrombin-sensitive protein. Associated to extracellular ma-
trix. Synthesis by platelets.

Proteoglycans Family of molecules composed of different core polypeptide chains where one or 83–85
more types of glycosaminoglycans are attached by O-glycosidic linkages. Wide-
spread distribution on cell surfaces, in basement membranes, and in the extracellular
matrix of most tissues. They are involved in cell–cell interactions, cell migration,
differentiation, tissue morphogenesis, cell–substrate attachment, and in the ionic con-
trol of filtration through basement membranes.
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III. TESTING AND EVALUATION OF
MATERIALS FOR DENTISTRY

Many factors must be considered in the evaluation of the
potential use of a material in a biological environment. Ev-
ery process resulting from the presence of such a material
is a consequence of a reciprocal set of reactions, i.e., host
response against the material and vice versa. These re-
sponses cannot be independently analyzed since both arise
from the presence of the material considered and are
closely related. The main events occurring related to the
material–host reactions are summarized in Fig. 3.

The behavior of a material in a biological environment
would first depend on its intrinsic properties related to its
physicochemical structure. However, these properties are
modulated by the surrounding tissues, with the cellular and
biochemical components of that particular site playing a
determinant role. Depending on the characteristics of this
local double response, the material might be cataloged as
biocompatible. However, in spite of these short-range re-
sponses, the potential long-range consequences arising
from the presence of the material should be also consid-
ered. For instance, products liberated from the material
may produce significant effects in distant tissues or organs
(95). Such possibilities should be taken under consider-

Figure 16.3 Summary of the general host–implant reactions.

ation when designing assays for testing and evaluating a
material for biomedical applications.

A biomaterial behaves as a foreign body in terms of the
tissue response it evokes (96). Therefore, there is a se-
quence of events, ranging from the molecular scale to the
cellular and tissue level, that can be expected following
any biomaterial application. But the particular characteris-
tics of the whole response are also dependent on the sur-
geon’s skill, the patient’s condition, and, more importantly
from the present point of view, the material properties.
Thus, the chemical, physicochemical, and mechanical
properties of the material must be considered. On the other
hand, the biodegradability of the biomaterial represents an-
other point of interest. Nonbiodegradable materials consti-
tute a permanent trauma to the adjacent tissues. But ab-
sorbable products result in scar tissues whose presence
would depend on the material removal rate. In summary,
there are many properties of biomaterials to be considered
in terms of tissue reactions against their presence. Among
these properties, some of the most relevant are surface
roughness and porosity, interfacial forces, surface charge,
hydrophilicity, chemical composition, leaching of chemi-
cals into the surrounding tissues, shape, size, and perme-
ability (97).

The surface roughness determines the contact area of
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the material with the surrounding tissue and the extent of
the tissue–material interactions at the physicochemical
level. The porosity of the material, pore size, and distribu-
tion affect the ingrowth, attachment of the adjacent tissues,
and protein deposition (98). The interfacial forces arising
from the surface properties of the product can also deter-
mine to a large extent interactions between the biomateri-
als and the tissue or physiological fluids. Surface charge
must be also considered. This charge may result from the
processing of the biomaterial or from either surface defects
or adsorbed charged molecules. The hydrophilicity of the
material and the distribution of polar and nonpolar groups
in its surface are also important since the material will be
located in a polar environment, and these factors determine
the thermodynamical parameters of the biomaterial–tissue
interactions. All the surface properties of the biomaterial
may be involved in processes of macromolecules adsorp-
tion (98,99).

Most of the nonnatural products to be used as biomateri-
als can be considered as inert in terms of liberation of com-
ponent products. However, the biological environment is
highly aggressive for any foreign material, and conse-
quently leaching of chemicals into the surrounding tissue
may occur during degradation of the used product. This is
especially important when the liberated products are mo-
nomers from the polymerization process due to their poten-
tially high toxic effect (100). Thus, the chemical composi-
tion of the biomaterial is also something to be considered.
Size and shape are also important physical factors when
considering the material–tissue relationships. In fact, most
of the mentioned effects are related to the relative surface
of the biomaterial, which correlates with size and shape.
But these two factors are also intrinsically important. The
size and shape of the device must be compatible with the
anatomical and histological characteristics of the implanta-
tion site. Moreover, in general, large and sharp devices can
induce more reactions in the surrounding tissue than small
and flat structures.

On the other hand, any biomaterial is potentially sub-
jected to etching processes. Thus, corrosion would affect
metal devices, or dissolution would affect ceramics. Poly-
mers are subjected to degradation. They can be partially or
totally destroyed by different causes, e.g., heat, oxidation,
mechanical forces, radiation, etc. But biological degrada-
tion of polymers is also possible, e.g., enzymic action or
phagocytic activity of macrophages (101). This is very im-
portant when considering the tissue reaction to an im-
planted polymer. Sometimes biological degradation is a re-
quired characteristic of resorbable implants. However, it
can also result in secondary toxic effects produced by the
liberated components. Therefore, the synthesis of the poly-

meric biomaterial should tentatively control all of these
specific requirements and precautions.

In spite of all the previous considerations concerning
the properties that polymeric material should exhibit to be
used for biomedical applications, its response against bio-
logical environments must be tested prior to human clinical
uses. Thus, after manufacture of a polymer according to
the structural characteristics required for its desired func-
tion, the resulting product must tested both in vitro and in
vivo.

Most of the in vitro tests involve cell culture in the pres-
ence of either the potential biomaterial or products re-
sulting from its degradation (97,102,103). The validity of
these assays can be extended by using tissue or organ cul-
ture, a more reliable test but involving highly specific
methodologies. There are many different in vitro tests
(104–110). They usually deal with the cell morphology,
cell adhesion and spreading, cell migration patterns and
rates, cell growth kinetics, and DNA and protein synthesis
in the presence of the material to be tested (105,106,111–
113). These cellular characteristics are representative of
the cell response against nonbiological materials. Thus,
their analyses give information concerning the potential
biological performance of the material.

Results from in vitro tests are obtained in relatively
short periods of time and normally with a low cost. How-
ever, they do not completely mimic the complexity of the
potential responses after implantation.

The in vivo tests intend to overcome such limitations.
But they require a defined standardization in allowing a
clear explanation of the obtained data. Sometimes the re-
sults appearing in the literature are difficult to interpret be-
cause the experiments have been performed under very dif-
ferent conditions. In fact, the in vivo tests are mainly
related to implantation in animals, and the selected animal
species is of crucial importance, as well as the animal age
and the dietary and laboratory living conditions, for gener-
alization purposes.

The effects of implanted materials on biological fluids
must also be considered. After implantation, the blood and
cellular exudates contact the material and many physiolog-
ical reactions can occur. These are of great importance
when related to blood. Among these potential effects, im-
mune response and thrombogenicity are of special signifi-
cance. Immune responses should be considered under in
vivo testing conditions of an implant. This assay should
be extended to products potentially arising from the degra-
dation of the implanted material. Remote site immune re-
sponses, e.g., urticaria or asthma, may also appear after
implantation. Concerning thrombogenicity, even chemi-
cally inert materials can produce thrombus on contact with
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blood (114,115). The surface of the implanted material
may adsorb plasma proteins resulting in altered local pro-
tein concentrations and modified blood coagulation.

In order to evaluate materials for dentistry, all of the
mentioned steps should be considered. First, if the material
to be used is a new one, its toxicity must be tested by in
vitro assays (e.g., Fig. 4; Table 4) (105). Further, implant
devices should be tested in vivo. Subcutaneous and/or in-
tramuscular implantation in experimentation animals can
be the first step since the host response, including cellular
and immunological data, can thus be measured for rela-
tively short periods of time (e.g., Fig. 5) (116–120). The
bacteriological effects are also very important when mate-
rials for dentistry are being considered. First, alterations
on the local immune response, modifying the resistance of
the oral environment to bacteriological contamination,
may result from the presence of the biomaterial. On the
other hand, the product would be exposed to bacterial deg-
radation at the maxillofacial unit, which should also be

Figure 16.4 Sepiolite (clay)–collagen complex has been tested
by scanning electron microscopy for biocompatibility. The adhe-
sion and spreading of human skin fibroblasts have been studied
as a function of time: (A) 20 min, �5000; (B) 30 min, �5000; (C)
60 min, �2500; (D) 120 min, �2500. Cell-to-sepiolite–collagen
complex attachments are indicated by arrows. The clay–type I
collagen complex is a suitable substrate for fibroblast attachment
(see Ref. 105). According to this analysis fibroblasts exhibit a
normal morphogenetic process when sepiolite–collagen com-
plexes are used as substrate. The cell spreading seems to be essen-
tial for fundamental biological properties such as mobility, mac-
romolecule biosynthesis, or proliferation. Bars � 1 µm.

taken into account (Fig. 5). The next step is to consider the
device implantation at the maxillofacial unit of a suitable
animal model. Probably primates are the most preferred
experimental animals because their physiological and im-
munological responses are very similar to those in humans.
However, some materials used in maxillofacial surgery are
not adequately tested in monkeys. The behavior of this
type of animal as well as its anatomy sometimes do not
allow these clinical tests. For instance, these animals can
remove the devices to be tested with their fingers. Thus,
small and calm beagle dogs are sometimes used for these
purposes. The in vivo analyses require histopathological
and radiographic examinations and should be performed
for long periods of time, even at the order of years, to eval-
uate the functional abilities of the implant. When studying
the use of a biomaterial as dental implant, its osteoconduc-
tive and osteoinductive abilities should also be taken under
consideration when bone regeneration is required.

IV. OPERATIVE DENTISTRY AND
ENDODONTIC TREATMENT

Specific dental surgical treatments using polymer materials
are shown in Fig. 6. Some dental defects are shown as
well as the division of dentistry dealing with them and the
currently used methods of treatment.

A. Operative Dentistry

Operative dentistry deals mainly with the removal of tooth
caries, a localized disease that begins at the surface of the
tooth and may progress through the dentin into the pulp
cavity. Caries is one of the most widespread health prob-
lems in humans, with a concomitant economic relevance.
Nowadays three main topics can be distinguished in opera-
tive dentistry: (1) floor and wall protection of the carved
cavity after caries removal; (2) filling and restoration of
the cavity by using composite materials; and (3) bonding
between composites and dental structures.

1. Bases, Liners, and Varnishes for Cavities

There is a large diversity of organic and inorganic materi-
als for these purposes. They can be used as a barrier against
other materials with agressive pH, for thermal or electrical
insulation, or to provide hardness and mechanical resis-
tance (121,122). These materials are nowadays under revi-
sion since in the last years special attention has been paid
to adhesion mechanisms between biomaterials and dental
tissues (123). The materials most frecuently used are zinc
polycarboxylate cement, glass-ionomer cement, and differ-
ent varnishes.
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Table 16.4 Summary of the Results Obtained from Proliferation Curves of Human Skin Fibroblasts
Grown on Sepiolite–Collagen Complex

DNAa Proteina Saturation cell densitya Doubling timeb

Substrate (pg/cell) (pg/cell) (cells/cm2) (days)

Plastic 8.81 � 0.19 454 � 49 60,000 � 4,500 1.40 � 0.08
Sepiolite–collagen 8.88 � 0.29 451 � 37 66,000 � 5,435 1.36 � 0.05

a Values determined for cells at the stationary phase.
b Time required to double the cell population determined in the logarythmic phase.
Notes: Sepiolite–collagen complex does not modify the extent of DNA and protein contents nor the kinetic parameters
of the cell growth when compared to a standard substrate, like culture plastic dishes, under the conditions used in this
in vitro assay. Normal adhesion and growth of fibroblasts and other so-called anchorage-dependent cell types in culture
require suitable substrates. Thus, sepiolite–collagen complex exhibits biocompatibility with regard to cell proliferation.
Data are expressed as averages � SD.
Source: Ref. 106.

Zinc polycarboxylate (or polyacrylate) cement is pre-
pared by mixing zinc oxide and the polymer solution, a
highly viscous water solution of polyacrylic acid (25,000–
50,000 molecular weight). Carboxyl groups of the polymer
structure are crosslinked by the metal ion or form a com-

Figure 16.5 (A) Degradation of collagen in type I collagen–
sepiolite complex by Clostridium histolyticum collagenase (see
Ref. 116). The degradation of collagen by the bacterial enzyme
decreases when the protein is bound to the clay; the degradation
of collagen fibers by collagenase is lower than that produced in
collagen solutions (control) (see Ref. 117). This would be in
agreement with the longitudinally ordered structure of collagen
in the protein-clay complex (see Ref. 118). (B) Evaluation of the
subcutaneous implantation of sepiolite–collagen complex. Per-
sistence of the biomaterial determined as percentage of (14C)-ace-
tylated collagen remaining at the implantation site after two
months. (C) Titration of anti–type I collagen antibodies by
ELISA tests (measurements of absorbance at 492 nm, A492) in
rat sera 2 months after implantation of sepiolite–collagen com-
plex (SC) and sepiolite–collagen complex treated with 0.2%
(v/v) and 1% (v/v) glutaraldehyde (SCG).

plex with the calcium ions in the surface of the calcified
tissue. The resulting product is not only highly resistant,
with similar properties to dental zinc phosphate cement,
and has an excellent biocompatibility, but also shows adhe-
sion to the enamel and dentin layers of the tooth (124).

Glass-ionomer cement also results from a two-compo-
nent mixture. Instead of zinc oxide, fluorocalcium alumi-
nosilicate glass powder is used and, as the second compo-
nent, a solution of a variety of acids, mainly homopolymers
or copolymers of acrylic acid with different proportions of

Figure 16.6 Scheme of different areas of dentristry.
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tartaric, itaconic, or maleic acid. Polyacid groups interact
with calcium and aluminum ions from the glass. The re-
sulting product is a more rigid cement, exhibiting a high
mechanical resistance and adherence to enamel and dentin
as the zinc polycarboxylate cement. It can also release flu-
oride ions, which induce the formation of fluorapatite in
the teeth. Glass-ionomer cement can be also used as restor-
ative material and luting cement (125–130). These materi-
als present some advantages over acrylic bone cements:
absence of monomer, lack of exotherm during setting, and
improved release of incorporated therapeutic agents. They
integrate with the bone influencing its growth and develop-
ment. They have been used successfully in several biomed-
ical applications; however, adverse effects have been de-
scribed on neural tissues (131).

The varnishes are constituted by natural (copal, colo-
phony, etc.) or artificial (polystyrene) resins dissolved in
conventional organic solvents like chloroform, ether, or
some alcohols. A thin (few micrometers) film of the poly-
mer appears after application of these solutions on the den-
tal surface. These products are used as barriers against sev-
eral irritants. When protection against thermal changes or
rigid support are required, a suitable cement is also used
(122,124).

2. Filling and Restorative Materials

a. Composite Resins

Composite resins are made up of an organic matrix (poly-
meric structure) and an inorganic particulate or fibrous
(small fibers) filling. They are held together by using a
coupling or binding agent. Additionally, some colorants,
stabilizers, or primers for the polymerization reaction are
added.

Dental amalgam has traditionally been employed as
material for cavity filling; but the use of this material is
controversial (esthetic problems, eventual toxicity, envi-
ronmental pollution by mercury, etc.) (132–134). Glass-
ionomer is a product also now employed for restorative
purposes (129,130). Polymethyl methacrylate resins have
also been used as filling materials, but they have several
disadvantages such as low molecular weight of the mono-
mer, high polymerization shrinkage, marginal percolation
(caries relapse), nonadhesion to dental structures, pulp tox-
icity, and low color stability.

Bis-GMA represented an improvement over PMMA
mainly due to its higher monomer molecular weight
(135,136). In order to reduce the viscosity of the original
monomer solutions, many others monomers have been
considered (bis-phenol dimethacrylate, aromatic or ali-
phatic urethane dimethacrylates, diethylene glycol dimeth-
acrylate, triethylene glycol dimethacrylate, decamethylene

glycol dimethacrylate) (137–139). Therefore, there are
many different products available that result from mixtures
of these monomers and exhibit a diversity of properties
(rheological, mechanical, polymerization contraction ca-
pacity, etc.). The potential risk of the use of bisphenols
(used in some industrial sectors) is nowadays being consid-
ered since estrogenic effects can be induced as a result of
the degradation of the organic matrix (140,141). Recently,
some composite resins have appeared for their use as den-
tal filling, bis-GMA being replaced by monomers of poly-
siloxane containing photopolymerizable methacrylate
groups. The addition of small particles of inorganic fillers
(silica, aluminum oxide, different kinds of glasses, etc.)
has produced the modern dental composite resins which
are characterized by high hardness, resistance to wearing,
and low polymerization shrinkage. The size and amount
of the inorganic particles present in these filling materials
are dependent on the required properties. Products com-
posed of large particles (several micrometers) are more re-
sistant, whereas the presence of small particles (average
size lower than 1 µm) results in a lower resistance but an
easier polish. The first type is indicated when high load
and resistance to wearing are required (molars) and the
second one when the esthetic criteria are essential (anterior
teeth) (137,138). There are many different commercially
available composite resins containing particles of variable
size (142): macroparticles from 8 to 25 µm, miniparticles
from 1 to 8 µm, microparticles from 0.04 to 0.20 µm, and
blends of different sizes, thus covering many different clin-
ical requirements (Fig. 7).

The properties of these materials are improved when
the surface of the inorganic particles is covered by an agent
that increases the adhesion between the inorganic compo-

Figure 16.7 Scanning electron microscopy of a contemporary
dental composite resin.
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nent and the polymeric (organic) matrix of the composite.
Silanes (i.e., γ-methacryloxypropyltrimethoxysilane) have
been used for such a purpose (143).

The polymerization of these filling materials can be
produced by either chemical (autopolymerization or auto-
curing) or photochemical (photopolymerization or light-
curing) mechanisms. Auto-cured filling composites are
formed by two components—initiator (i.e., benzoyl perox-
ide) and activator (usually a tertiary amine, i.e., dihydroxy-
ethyl-p-toluidine)—that are mixed prior to their applica-
tion (139). Light-cured composites are now widely used.
They are available in a single-component form (usually a
paste-containing syringe). Some of them contain benzoin
ether (which absorbs at 365 nm) and are activated by long-
wavelength ultraviolet light (from 340 to 380 nm). Others
can be cured by visible light (around 470 nm wavelength)
and contain diketones and amines (e.g., dimethylaminoe-
thyl methacrylate). Visible light–cured composites allow
larger polymerization thickness than the UV light–cured
ones (139).

Clinical applications of composite resins have increased
significatively in recent years. Their most extended use is
in direct plastic restorations (fillers) using them with differ-
ent strength and densities. Besides, they are also used as
rigid restoration (inlays, onlays, laminate veneers); ce-
menting agents (fluids with little inorganic component);
fissure and tooth enamel damage sealers (prevention of car-
ies in cases of higher susceptibility); artificial teeth; cov-
ering of metal surfaces; etc.

Research is going on as this group of materials is the
most dynamic in the dental biomaterials field. Thus, new
nomenclature is arising in order to categorize the new com-
posite resins. The new names incorporate either new manu-
facturing technologies or new properties, such as: ormocer
(organic modified ceramic), ceromer (ceramic optimized
polymer), and Polyglass (glass polymers); others incorpo-
rate buffering capacities (i.e., liberation of fluoride, hy-
droxyl, or calcium ions if the pH conditions vary during
restoration).

b. Compomers

The term compomer refers to some restorative versatile
materials composed by a mixture of composite resins and
glass-ionomer cements (144). However, this term is not
yet universally accepted, nor defines all the possibilities
that this type of material offers. Compomers contain a bi-
functional monomer, which is able to react with the meth-
acrylate groups of other monomers as well as with the ca-
tions liberated by the glass particles (145). In some cases,
they are formed by a composite resin modified by a certain
amount of ionomer, while in others glass-ionomer is the

the main component. Compomers combine the most posi-
tive attributes of both components with a concomitant de-
crease in their individual possible incoveniences. Compos-
ite resins contribute mainly mechanical and wearing
resistance (low in ionomers), while ionomers increase the
adhesive capacity to the dental structures (composite resins
do not adhere due to their hydrophobic nature) and release
fluoride ions.

3. Bonding to Dental Structures

Composite resins lack adherence to the dental surfaces.
Thus, specific attachment treatments are required for the
establishment, by physicochemical processes, of a continu-
ity between the tooth mineralized tissues and the implant
(123,146). The two main approaches currently in use are
bonding to either enamel or dentin, since bonding to ce-
mentum is difficult and is under study.

Enamel is mainly an inorganic structure (contains about
95% inorganic material, 1% collagen, and water). To ob-
tain this bonding, the enamel surface is etched by a diluted
acid solution (acid-etch technique). The most commonly
used is a treatment with 37% orthophosphoric acid for 15–
25 s. It causes a partial demineralization at the end of the
enamel prisms, either at the central (type I) or interpris-
matic (type II) zones. Longer periods of treatment increase
the depth of the demineralized zone and the resulting ad-
herence is lower (type III). The acid treatment generates
a wide irregular surface with plenty of microretention tags
that are filled by a fluid resin. Finally, the process is con-
cluded when the composite is applied. After polymeriza-
tion the resulting product is firmly attached via micro-
mechanical bonds (138,147).

Enamel and dentin present significant differences in
composition and structure that do not allow similar bond-
ing treatments for both locations. Dentin contains a large
amount of collagen making it hydrophilic, whereas most
composites are hydrophobic. Moreover, dentin has odonto-
blastic extensions that project into the dentinal tubules. The
smear layer produced during the cavity carving protects
the dentinary canals and is sometimes used to form a net-
work with polymers and adhesives which bonds to dentin.
In other cases, such a smear layer is partially or completely
removed prior to any other treatment. Therefore, there are
many different bonding products containing ‘‘condition-
ers,’’ ‘‘cleansers,’’ or ‘‘primers’’ to be used as re-
quired (148).

Normally, complex bifunctional reagents, or adhesives,
are required to promote composite–dentin bonding. One
molecule end (usually a functional methacrylate group) re-
acts with the composite, and the other end is able to interact
with the inorganic (calcium, hydroxyapatite) or the organic
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Figure 16.8 Scheme of the interactions between dentin and ad-
hesives.

(reactive protein groups) or both components of the dentin
(Fig. 8). Those chemicals for the inorganic component
would also react with the inorganic part of the enamel. The
resulting structures are maintained by different types of
interactions, including covalent bonds, ionic interactions,
hydrogen bonds, and van der Waals forces. Some of the
most widely used agents added to the resins, such as dichl-
orophosphate, phenylphosphate, glycerolphosphate, etc.,
interact with dentin calcium through their phosphate
groups. A similar interaction in which carboxyl groups are
involved is found in polyacrylic acid–containing glass-ion-
omers (125). These chemicals can also react with the
amine and hydroxy collagen groups (137,147). The inter-
action of the adhesive with the hydrophilic matrix of dentin
is also established by the addition of hydrophilic polymers
such as hydroxyethyl metacrylate (HEMA) (148). Binding
can be also obtained by the presence of isocyanate groups
which react with the hydroxy, carboxy, amino, or amide
groups of collagen as well as with hydroxyapatite
(137,149); in other cases the reagents used are aldehydes
and oxalates, e.g., 4-methacryloxyethyl trimellitate anhy-
dride (4-META) (137,150).

The adhesive can penetrate into the dentin surface irreg-
ularities or pores, thus achieving a micromechanical inter-
locking between the adhesive and the dentin surface or
dentinary canals, as illustrated in Fig. 8 (147,151). In order
to increase the roughness of the dentin surface, the use of
primers (chemical pretreatments) is normally used. When
an acid treatment is used on the dentin surface, a partial
demineralization is obtained, making collagen molecules
more accesible to the reactive groups of the adhesive.

Thus, a hybrid layer is formed where, in addition to a me-
chanical interlocking, a more favorable chemical binding
is achieved.

In summary, the study of bonding materials to dentin
is an active field characterized by widespread research. The
apparent clinical success that is sometimes obtained still
requires conclusive evaluation (123). The constant prog-
ress in this field has introduced the appearance of different
generations of adhesive procedures. Briefly, the first adhe-
sives used were hydrophobic liquid resin applied to the
etched enamel surface; over this layer, the restorative resin
was attached without manipulation of the dentin. In a sec-
ond generation, dentin begins to be involved and the adhe-
sive is composed by a mixture of hydrophobic and hydro-
philic resins that interact with the smear layer. These
treatments evolved into the use of hydrophilic resins ap-
plied on cleared dentin surfaces. The next step was the use
of hybrid layers (partially demineralized dentin in which
exposed collagen fibers interact chemically with the adhe-
sive) (152). Nowadays, the trend is to use simpler tech-
niques, reducing the number of involved steps, and trying
to apply the different components simultaneously.

B. Endodontic Treatment

Necrosis of the tissues at the pulp chamber and the root
canals of the teeth occur by deep caries or other aggres-
sions (Fig. 6). Treatment of the infection requires the re-
moval of the damaged tissues that cannot be regenerated.
Therefore, the resulting pulp cavities, previously enlarged,
cleaned, disinfected, and dried, must be filled by using dif-
ferent materials and techniques. These materials should
provide an increased tooth stability by improving the me-
chanical force transfer from the tooth to the underlaying
bone. The long-term stability of these fillers depends on
the proper sealing of the tooth root apex area.

The nature of the materials employed is very important
since they contact internal tissues through the root apex.
They can be plastics (cements, pastes, etc.) or solid pieces
(thin cones). Among those of the first group there is a wide
diversity: antiseptic pastes, alkaline pastes (usually con-
taining calcium hydroxyde), medical cements, etc. Many
of these cements contain synthetic resins, i.e., polyvinyl,
polyethylene, epoxy, polyacrylate, polycarbonate, etc.,
which contribute to the hardness of the final product and
also seal the internal part of the canals (153–155). How-
ever, solid or semisolid materials with a small enough di-
ameter to be passed through the tooth root canal and with
different shapes (sharp cones, long pins or screws) can be
used for filling purposes (Fig. 9). Silver was first used; but
gutta-percha (resulting from the polymerization of the
trans isomer of the isoprene) mixed with a cement is now
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Figure 16.9 Gutta-percha cones of two different sizes.

the most employed sealing material. In order to improve
the properties of this polymer for dental purposes, several
different additives have been included—zinc oxide, fillers,
plasticizers, radiopaque agents, etc. Nowadays it is also
used under the form of soft gutta-percha, prepared by heat-
ing the thermoplastic product immediately prior to its use
(154,155).

Finally, other polymers used for the endodontic treat-
ment are silicones, hydrophilic polymers (e.g., HEMA),
epoxy, and so forth (155).

V. PROSTHETICS

Dental extraction of teeth considered hopeless because of
the extent of their pathology is one of the most frequent
surgical procedures performed upon humans. In order to
maintain a proper oral functionality, prostheses are re-
quired (Fig. 6). Patients can use two types of dental pros-
theses: removable or fixed. The first group of devices are
classified into complete/total (contacting to the oral mu-
cosa) and partial (supported by the teeth and the oral mu-
cosa). Complete prostheses are constituted by a base (a
rigid polymer) and the artificial teeth (porcelain or poly-
mers) (Fig. 10). Removable partial prostheses used to be
formed by a metal alloy base (cobalt–chromium) and a
rigid polymer that simulates the gum, and the artificial
teeth (Fig. 11).

Fixed prosthesis requires carving of the natural teeth,
either the one to be treated (preparation of a dental crown)
or those adjacent to the toothless zone (preparation of a
dental bridge). Afterward a metal structure is prepared that
is covered by a polymer or ceramic for esthetic purposes.
Finally, the fixed prosthesis will be cemented to the natural
carved teeth (anchor). Fiber-reinforced composites (i.e.,

Figure 16.10 Complete dental upper prosthesis prepared with
acrylic resin.

based on a light-polymerized bis-GMA matrix) are now
under study in order to make metal-free prostheses with
better esthetic qualities (156–158).

A. Removable Dental Prosthetic Bases

The most frecuently used removable denture bases are
rigid; however, for specific cases resilient ones are recom-
mended.

Rigid bases for complete or partially removable pros-
theses are normally prepared with PMMA. This polymer
is known to be an ideal base material because of its stabil-
ity in the oral environment although it absorbs some
amount of water and is fragile. It can be used in either
thermopolymerized systems (by using benzoyl peroxide as

Figure 16.11 Detail (metal structure and acrylic teeth) of a re-
movable partial prosthesis.
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heat activated initiator) or light-cured systems, as those de-
scribed in the operative dentistry section. The mechanical
properties of PMMA, mainly its fragility, are improved by
including small amounts of ethyl methacrylate, butyl meth-
acrylate, etc.; or small particles of an artificial rubber (buta-
diene styrene); or aluminum, magnesium, and zirconium
oxide powders; or by forming copolymers with vinyl ace-
tate and vinyl chloride (158–160).

Other polymers used for this sort of base are copoly-
mers of HEMA and methyl methacrylate, which exhibit a
good adhesion between the prosthesis and the oral mucosa
due to the adsorption and elasticity properties of HEMA.
Polystyrene and polycarbonate can also be used, but their
processing is difficult and expensive (159).

There are clinical cases related to highly sensible oral
tissues where the use of soft and resilient bases is recom-
mended (e.g., after surgery). Some acrylate derivatives
mixed with plasticizers (e.g., dibutylphthalate), which are
soft materials exhibiting a slow polymerization rate, are
used in these cases (161).

B. Artificial Teeth, Esthetic Facing,
and Cements

Porcelain has been used for the construction of artificial
teeth since the end of the 18th century. Polymethyl methac-
rylate has also been used for this purpose. Now PMMA
copolymers and certain vinyl or styrene resins are used.
Nevertheless, the selection of the material employed for
the artificial teeth is influenced by clinical considerations
as well as the wearing of the material. The development
of new composites, as described in the operative dentistry
section, has resulted in new materials for the elaboration
of artificial teeth (e.g., dimethacrylate urethane resins with
microfilling particles) (159).

Veneering in crown and bridge prosthetics (esthetic fac-
ing) present a metal structure (precious or nonprecious
alloys attached to the anchor teeth) covered by a PMMA
resin or porcelain. Initially, thermocured acrylic deriva-
tives were also used. But vinyl acrylic and acrylate deriva-
tives, thermo- or light-cured composites (such as those de-
scribed for operative dentistry), are now in wide use due to
their improved resistance against wearing (159). However,
these compounds have no adhesion to the underlying metal
structure. Therefore, some adhesive must be also included
(162); 4-META has been used to perform this function.
Pyrolytic recovering of the metal surface with a thin glass
layer is also employed since the resin can be attached to
this layer by a silane treatment (150,163,164).

More recently, the appearance of ceromers has made it
possible to introduce metal-free veneers, inlays/onlays,
and short bridges in regions without heavy mechanical

stress (165,166). In this way, metallic materials are substi-
tuted by fiber-reinforced ceromers forming an inner layer
that is then recovered by additional layers of conventional
or modified composite resins.

The prosthetic elements are usually fixed to the carved
teeth by either an inorganic (e.g., zinc phosphate) or a poly-
mer cement (e.g., zinc polycarboxylate or glass ionomer).
In recent years, prosthetics directly attached to the teeth
have appeared. They are mainly attached to the dental
enamel through composite resins (e.g., Rochette bridge,
Maryland bridge, etc.). The device is subjected to physical
(perforation, blasting, abrassive treatment, etc.), chemical
(acid treatments), or electrolytic procedures which allow
a further surface retention of the composite (122,167,168).

VI. ORAL AND MAXILLOFACIAL
SURGERY

There are many oral and maxillofacial surgical treatments
where polymers of natural or artificial origin are being
tested or used. Some of these applications are shown in
Table 5.

A. Bone Loss Replacement,
Fracture Immobilization, and
Facial Outward Prostheses

At the end of the 19th century, vulcanized caoutchouc was
introduced among jaw fragments to avoid maxillomand-
ible deviations or deformities after surgical resections. Fur-
ther, PMMA implants were used since they faithfully re-
produced the removed mandibulary fragment. Silicon or
metal alloys have been also employed for bone loss re-
placement. But now autologous or conservated bone are
preferred for these purposes (169).

Table 16.5 Applications of Polymers in Oral
and Maxillofacial Surgery

Bone loss replacement
Dental implants
Facial outward prostheses
Fracture immobilization
Hemostasis
Mouth protectors and habit suppresion devices
Obturating prostheses for abnormal communications
Plastic and reconstructive operations
Preprosthetic surgery
Surgical dressing
Sutures
Temporomandibular joint surgery
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Regarding fracture immobilization, two different
groups of lesions are distinguished: small dentary and/or
alveolodentary fractures with luxation of a short dental
group and complex maxillomandible fractures with devia-
tion of fragments. Concerning the first group of lesions,
composites such as those used in operative dentistry can
be employed either to reconstruct a tooth fragment lost or
to immobilize the affected dental group by using splints
attached to the enamel after acid etching. Auto-cured
PMMA can be also used for these splints. In maxillomand-
ible fractures, osteosynthesis via the use of metal mini-
plates or steel wires is required (169,170).

Palliative treatments of the lesions resulting from com-
plex fractures, with vast loss of facial soft tissues, were
studied and developed after the world wars. Many different
materials have been used for these treatments but there is
not an ideal product. There are rigid or elastic materials,
some of which can admit colorants. Rubbers, polyvinyl
chloride, PMMA, vinyl resins with plasticizers, RTV
(room temperature–vulcanized) silicone elastomers, poly-
urethanes, methacrylamide, butylacrylate or methylmeth-
acrylate are some of the products used (159,171).

B. Plastic, Reconstructive, Preprosthetic,
and Temporomandibular Joint Surgery

Some facial congenital or acquired deformities (sinking,
asymmetries, etc.) as well as rhinoplasty, mentoplasty, oc-
ular displacement due to orbit floor fracture, and eyelide
surgery in facial paralysis treatment require corrective pro-
cedures involving implanted polymers. Paraffin was used
at the beginning of the 20th century for remodeling of
small facial defects. But tumor formation and migration
of the implant were two main problems. Liquid silicone
injections were used, manufactured with differing viscos-
ity degree. However, migration of the implanted material
has been observed (microspherical particle deposits in
liver, lymph nodes, and kidney have been reported) (169).
Elastic solid silicones manufactured under the form of
blocks or sheets are preferred. Polyvinyl alcohol, polyte-
trafluoroethene (PTFE), polyester, and polyurethane have
been also tested (169,172).

The aim of preprosthetic surgery is the increase of the
maxillar or mandibular alveolar ridge by using an implant.
This treatment is mainly recommended for patients exhib-
iting atrophy where conventional denture base prostheses
cannot be used. The most tested materials have been poly-
vinyl alcohol, acrylate-amide sponge, silicones, silicone
polyester, and Proplast (173–176). Further, hydroxylapa-
tite and other ceramic materials have also been tested suc-
cessfully (177,178).

Relapsing luxation treatment, insertion of materials in

ankylosis treatment, condyle or meniscus replacement,
etc., are included among temporomandibular joint (TMJ)
surgical operations. Polyethylene, acrylic cups, PTFE, sili-
cone discs, etc., were formerly used for this surgery. Also,
Proplast was employed. It is a mixture of PTFE and glass
carbon fibers, which can be invaded and covered by con-
nective tissue, thus acting as a remodeling material (173–
175). Autologous grafts or lyophilized bone are also used
for these treatments.

C. Sutures

Suture threads can be classified taking into account differ-
ent criteria: according to the type of material from which
they are made (natural or synthetic) or considering the per-
manence of the material (resorbables and nonresorbables)
(179). Although metals can be employed, polymers are the
most commonly used materials. Depending on the geome-
try of the thread fibers, they can be considered as monofil-
amentary or polyfilamentary plaited. This is an interesting
difference since the space between fibers of plaited threads
can be filled by exudation or oral secretions. Thus, plaited
threads must be processed in order to increase their hy-
drophobic character (e.g., silicone treatment).

Resorbable sutures have many uses in oral and maxillo-
facial surgery to suture deep tissues. Catgut and collagen
are used to elaborate natural resorbable sutures. Collagen
is obtained from animal tendons; it is rarely used, although
it seems to be less of an irritant than catgut. Submucous
and serous layer of bovine intestine are used to elaborate
catgut. This traditional material is a monofilamentary
thread but exhibits a disadvantage: its diameter increases
in only a few hours due to its absorption properties. Catgut
can be simple or chromic. The latter is absorbed at a slower
rate and is less of an irritant than simple catgut (167,180–
182).

Polyglycolic acid is a resorbable synthetic homopoly-
mer. There are also copolymers of glycolic and lactic acids.
Polygluconate and polydioxanone are also employed as re-
sorbable suture threads. The tissue reaction produced
against these synthetic materials is lower than that ap-
pearing for those of a natural origin. This is due to the
different degradation processes involved in the resorption
mechanism: physicochemical reactions for the polymers
and enzymatic degradation for collagen and catgut
(101,180,181). New materials for intra- and extraoral ap-
plications are appearing combining reduced tissue reaction
with fast-absorbing properties (183).

Among the nonresorbable threads, silk is the most used
suture in oral and maxillofacial surgery. Capillarity phe-
nomena are its main disadvantage. Polyamides, polyester,
polypropylene, polyacrylonitrile, etc., are also used as non-
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resorbable threads. All these threads tend to slacken
slightly; thus more knots are required in order to tighten
and reinforce the sutures (182).

D. Other Applications

Obturating prostheses are used for abnormal, temporary
or permanent, communication treatments between the oral
cavity and other cavities (nasal, sinus, orbit, etc.) due to
congenital (cleft palate) or acquired (post-tumoral resec-
tions, complex injuries, etc.) lesions. Polymethyl methac-
rylate is usually employed and is attached to the teeth by
metal wires (Fig. 12) (184).

So far polymers have no application as dental implants.
Nevertheless, there are some old reports about the use of
acrylic intraosseous implants for the immobilization of
teeth in periodontal disease.

In several surgical dental procedures, the control of
hemorrhage is critical. This is the case of apical sealing in
endodontic surgery, which requires a dry root end cavity
to insert the filling material. Bovine collagen and bone wax
(with oils, wax mixtures, antiseptics, etc.) are used as he-
mostatic agents for some bone or periosteum hemorrhages.
A mixture of surgical wax and fibers of calcium alginate
permits an easy placement of a root end filling under sterile
and nontoxic conditions (185).

Surgical cement is sometimes required during wound
healing following some surgery in gingiva. Most of these
cements used for surgical dressing are inorganic sub-
stances containing fatty acids and many additives, such as
antiseptics, sedatives, etc. Some light-cured materials, con-
taining urethane and acrylate resins are currently under
use.

Figure 16.12 Obturating acrylic device to avoid the communi-
cation between oral and nasal cavities after surgical removing of
a palatal tumour.

Different kinds of intra- or extraoral mouth protectors
and habit suppression devices are frequently used for the
prevention of dental or bone fractures and complex facial
injuries, TMJ lesions, dental abrasions, etc., which can re-
sult from violent activities related to sports, bruxism, or
certain habitual behaviors. Polymers are the most used ma-
terials: silicones, PMMA, caoutchouc, soft acrylic resins,
polyvinyl chloride, vinyl polyacetate, polyethylene co-
polymers, etc. Many of these are thermoplastics whereas
others are prepared by auto- or thermo-cure mechanisms
(159,171,184).

VII. PERIODONTOLOGY

Periodontal disease is caused by specific hardened bacteria
which adhere to the teeth inducing inflammation of the soft
tissues surrounding the teeth. A major consequence of peri-
odontal disease is the loss of periodontal support with de-
struction of the fibrous connective tissue attachment. This
is the support of the periodontal ligament which connects
tooth root cementum and surrounding alveolar bone. If this
process goes on, destruction of cementum and bone may
occur, leading eventually to the loss of the teeth. The ulti-
mate goal of periodontology is the development and im-
provement of therapies for the prevention, diagnosis, and
treatment of periodontal disease (Fig. 13). There are many
different groups of periodontology treatments using bio-
materials, as summarized in the following sections. How-
ever, basic research is now focused in periodontal regener-
ation, trying to induce the formation of new bone, new
cementum, and supportive periodontal ligament (68,186).

Figure 16.13 Origin of periodontal disease and different treat-
ments used in periodontology.
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This approach is based on the regenerative wound healing
potential of progenitor stem cell populations from the peri-
odontal tissues.

A. Guided Tissue Regeneration

Guided tissue regeneration (GTR) procedures have been
used for regeneration of the attachment apparatus on teeth
(187–193). This technique has also been considered as a
surgical procedure for either ridge augmentation or im-
plantation of osteointegrated materials to support a pros-
thesis.

The possibility of periodontal tissue regeneration is of
particular importance in the treatment of furcation-
involved teeth. It has been demonstrated that GTR therapy
accounts for a high rate of success and predictability in
the treatment of second-degree furcation involvement of
mandibular molars (194). The GTR approach has also been
used in the treatment of class II furcation defects in combi-
nation with other modalities designed to achieve regenera-
tion, such as bone grafting, root demineralization, attach-
ment proteins, and/or coronally positioned flaps (195).

Prevention of the epithelial migration along the ce-
mental wall of the pocket has been treated by placing barri-
ers of different types covering the bone and the periodontal
ligament (Fig. 14), these membranes being removed 5
weeks after the operation. Millipore, Teflon, and Gore-Tex
(expanded polytetrafluorethylene) membranes have been
used for these purposes (196). However, there are no ideal
universal characteristics for these materials, such as pore
size and polymer type, and different criteria must be ap-
plied in each particular clinical case (197,198).

Bioresorbable type I collagen barrier membranes have
also been used for GTR (69,113,199). The results obtained

Figure 16.14 Implantation of expanded polytetrafluoroethylene
membrane (Gore-Tex).

have demonstrated that sites treated with a collagen barrier
exhibit significantly better healing when compared to con-
trol sites over a 1-year period of study. Subgingivally
placed membranes of the type used for treatments of de-
fects in monkey may predictably promote the formation of
a new connective tissue attachment in recession-type de-
fects (190,191). A combination of the bone inductive pro-
tein (osteogenin or bone morphogenetic protein-3) plus
type I collagen as well as a combination of osteogenin with
coralline hydroxyapatite have been used for treatment of
critical size calvaria defects in rats (200). The results from
histometric measurements of healing indicate that osteoge-
nin plus collagen has the greatest potential for regenerating
calvarial bone defects (190).

One of the new trends in the research involves the de-
velopment of bioresorbable grafting materials chemically
based on synthetic polymers (201). Specific membrane po-
rosities do not seem to be required for bone formation,
but optimal pore sizes are advantageous regarding nutrient
flow, wound stabilization, and peripheral sealing to prevent
ingrowth of soft tissue forming cells. The best known
groups of polymers used for medical and dental purposes
are collagen, mentioned previously, and aliphatic polyes-
ters. The most frequently used synthetic membranes are
homopolymers or copolymers of polyglycolide and/or po-
lylactide (202). Occlusive bioresorbable membranes made
of polylactic or polyglycolic acid are equally succesful as
expanded polytetrafluoroethylene membranes in regenerat-
ing bone in transosseous defects in the rabbit mandibular
ramus (203). Clinical results using these bioresorbable bar-
rier membranes in the treatment of interproximal intrabony
periodontal defects show comparable results to bioresorb-
able type I collagen membranes (204).

One apparent advantage of poly(α-hydroxy acids) is
their degradation by hydrolysis, resulting in decomposition
products that are mostly metabolized to carbon dioxide and
water. The degradation rate is dependent on the presence
of enzymes, bacteria (infection), mechanical strain, and
pH. The addition of D-lactide or glycolide results in a
faster degradation. However, the hydrolysis of these poly-
mers releases lactic and/or glycolic acids; if the concentra-
tion of these monomers goes over a certain threshold they
may be toxic to cells and present osteolytic effects.

Guided tissue regeneration has also been considered in
relation to osteointegrated implants. Following extraction
of the natural tooth, the edentulous ridge begins to resorb
palatally, lingually, and toward the apex. Therefore, the
implants must be placed immediately into the extraction
sites and covered with a membrane. This technique has
been reported as valid for preservation of the bone at the
site of implantation.

Bone grafts have been used in periodontal and implant
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surgery with the aim of increasing the bone volume in the
defect area. Bone substitute can be classified into two
groups: xenogenic and autogenic materials. The second is
the most frequently used. Demineralized freeze-dried bone
represents an allograft material (from the same species, but
not the same individual) (205). Bone substitutes should ex-
hibit biocompatible material properties, being tolerated
and integrated by the host tissues and gradually replaced
by newly formed bone (206,207). Recently, several syn-
thetic bone grafts have also been used for clinical applica-
tions and the obtained results are comparable to those ob-
tained with natural bone (208). Guided bone regeneration
(GBR) seems to be more efficient when autogenic bone
grafts are used in combination with adequate protection by
barrier membranes (209).

The future of GTR and GBR promises to be exciting;
new materials or modified ones, especially in combination
with biological factors, will become available.

B. Periodontal Dressings

Periodontal dressings are mainly used to achieve and main-
tain a close adaptation of the mucosal flaps to the underly-
ing bone, for the comfort of the patient and to protect the
wound prepared during surgery. The most commonly used
periodontal dressings may be divided into two groups: eu-
genol-containing and non–eugenol-containing dressings.
They are formed by a solid component—zinc oxide, res-
ins, tannic acid, cellulose fibers, and zinc acetate—and a
liquid one that may contain eugenol, vegetable oils, thy-
mol, and color additives. Cyanoacrylates have also been
used as periodontal dressings with varying success. They
are directly applied as a liquid onto the wound or sprayed
over the wound surface. Antibacterial agents should be in-
corporated in periodontal dressings to prevent bacterial
growth in the wound area.

C. Antibiotic-Releasing Materials

Antibiotic-containing implants can be used to suppress or
prevent postsurgical infections after biomaterial implanta-
tion. The design of these systems must include consider-
ation of the controlled diffusion of the associated drug (an-
tibacterial agent, anti-inflammatory drugs, etc.) (206,210).
These drugs could also be mixed with the cement (e.g.,
polymethyl methacrylate) at the insertion time.

Different materials, such as acrylic strips, monolithic
fibers, and dialysis tubings, have been used for sustained
local release of antimicrobial agents (192). Bioabsorbable
materials can also be used for in situ applications. This
eliminates the risk of disturbing a healing site after therapy.
The most frequently used bioabsorbable materials are Sur-
gical (hemostatic gauze made of oxidized regenerated cel-

lulose), Colla Cote (a collagen wound dressing), and Tisell
(a fibrin sealant).

Hydroxypropylcellulose has been used as matrix for de-
gradable films containing chlorhexidine or tetracycline
(211). Polycaprolactone, another degradable polymer, and
ethylene vinyl acetate copolymers have served as a matri-
ces for monolithic fibers loaded with tetracycline for local
treatment of periodontal pockets or subgingival root sur-
faces (212). Most of the intrapocket controlled release de-
vices are composed of nondegradable matrices.

Treatment of marginal periodontitis may include the use
of local antibiotics. Surgical bioabsorbable materials (e.g.,
Tisell and Colla Cote) and acrylic strips have been reported
to be capable of an in vivo prolonged release of doxycy-
cline (213). This mode of delivery increases the concentra-
tion of antibiotic at the site of action by incorporating the
drug into different devices for insertion into periodontal
pockets. In contrast to irrigation, these devices may assure
an antimicrobial effect for a prolonged period.

VIII. ORTHODONTICS AND
OTHER APPLICATIONS

Removable intraoral devices, composed of PMMA plates
and wires (in the form of springs, arches, gibs, screws,
elastics, etc.), are used in orthodontics to obtain tooth
movement or habit supression (Fig. 6). These devices tend
to give tone to the perioral muscles. Fixed devices are also
employed. Orthodontic tooth movement is finally achieved
by a remodeling of alveolar bone and the response of the
periodontal ligament to a mechanical force (214). The den-
tal movement is obtained by different arches and wires
forming bands and brackets. Bands are cemented to the
teeth and brackets can be welded to the bands or directly
bonded to the enamel. For esthetic reasons, polycarbonate
or ceramic bases for the brackets have also been employed;
but they exhibit a significant fragility that is sometimes
reduced by using plastic-covered metal bases. Attachment
of bands is obtained by using zinc phosphate, polycarboxy-
late, or glass-ionomer cement, whereas slightly fluid com-
posites and enamel acid etching have been used for the
bracket attachment. Rubber elastic rings are also elements
employed for the orthodontic treatments (215,216).

Other applications of polymers in dentistry should also
be mentioned; among them are those in which polymers
are used as impression materials or for the construction of
work models. Elastic dental impression materials, hydro-
colloids and elastomers, are very useful in dentistry. Agar,
a linear polymer of D-galactose, was the first hydrocolloid
used for these purposes. Later on, alginates (alginic acid
salts; polymer of D-mannuronic and L-guluronic acids)
were introduced in this field and are nowadays widely
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used. Polysulfide rubber materials, polysiloxanes, and
polyethers are among the elastomeric impression materials
(217). Polyvinyl siloxane is used in different indirect pro-
cedures in prosthodontics and restorative dentistry due to
its favorable handling properties, good patient acceptance,
and physical properties (218).

Calcium sulfate and dental stone gypsum were the first
materials used to construct work models, but epoxy resins
are also now employed due to their hardness and dimen-
sional stability (219).

Finally, waxes and thermoplastics are also used in den-
tistry. They are natural and synthetic waxes used in oc-
clusion registration, pattern elaboration, and many other
auxiliary applications in dentistry. Complex mixtures,
composed of waxes, resins, fillers, and plasticizers are also
sometimes employed (220,221).

IX. NEW PERSPECTIVES

Much research remains to be done concerning oral biology
and biochemistry in connection with biomaterial applica-
tions in dentistry. Polymers and composites are widely
used in this field and their applications are under continu-
ous evolution. Due to the understanding of their structure
and properties, these compounds have a bright future in
the field of dentistry. Connective tissue adherence to these
materials, replacement of hard structures, achievement of
proper cell–biomaterial interaction controlling cell prolif-
eration and differentiation after implantation are some of
the main biological problems to be treated over the next
few years.

Polymers and polymer-containing biomaterials require
specific considerations. The chemical composition of a
macromolecule determines its conformation, which is fur-
ther responsible for most of the properties determining its
behavior as an implant. An ideal biomaterial must provide
not only a scaffolding or three-dimensional architecture for
tissue regeneration, but also must modulate specific cell
functions. Thus, the goal in the development of a poly-
meric biomaterial is the synthesis of an adequate chemical
structure, designed to be nonresorbable, partially re-
sorbable, or fully resorbable, with specific surface proper-
ties in order to promote cell adhesion and to enhance tissue
adaptation. In this way, a more stable implant-to-tissue in-
terface, according with the demands of each particular ap-
plication, could be obtained. New approaches in the syn-
thesis of new biomaterials have been reviewed (222,223).

Besides the traditional chemical methods of polymer
synthesis, a combination of biological and chemical syn-
thesis is now being considered in order to improve polymer
synthesis (e.g., polyphenylenes) (223). Moreover, an alter-
native synthesis of polymeric materials has been described

using bacteria and plants in large-scale production of bio-
degradable plastics. Polyhydroxyalkanoates (polyesters), a
family of bacterial biodegradable plastics and elastomers,
are polymers that have properties ranging from stiff and
brittle plastics to rubberlike materials, and possess inherent
biodegradability (224). Another example is the production
of poly-3-hydroxybutyrate in Saccharomyces cerevisiae
transformed with the bacterial polyhydroxybutyrate syn-
thase gene (225).

The great advances in genetic engineering have also
contributed to the development of new biopolymers or
novel proteins encoded by artificial genes. This promising
approach allows the synthesis of new biopolymers (natural
or quimeric proteins) with specific sequences, structures,
and properties by using recombinant cDNA technology.
DNA sequences coding for specific molecular arrange-
ments of proteins have been selected and transfected into
bacterial systems, and the protein was produced in large
amounts. In this way, different quimeric proteins, con-
taining sequences of natural fibrous proteins (silk, elastin,
and collagen) have been prepared using either bacterial or
yeast systems. Artificial fibrous proteins containing repeti-
tive sequences have been successfully synthesized includ-
ing silklike polymers, elastin analogs, polymers containing
both silklike and elastinlike blocks, and collagenlike pro-
teins (226,227). Another example is the Pronectin F poly-
mer—a commercially available molecule that is the prod-
uct of an artificial gene containing sequences of silk and
fibronectin. Silk contributes a high tensile strength, even
stronger than high tensile steel, and fibronectin apports the
RGD receptor recognition amino acid sequences that en-
able the attachment of several types of mammalian cells
(93,94,228).

It is well known that growth factors and other mitogenic
and/or differentiating agents can be used in different sys-
tems to modify the response to a material (12,67,186,229).
Cellular and molecular biology basic research is studying
the specific proteins in the oral cavity presenting mitogenic
or differentiation activity that may be useful for periodon-
tal and alveolar bone regeneration. It is well known that
bone morphogenetic proteins (BMPs) are excellent mole-
cules for the stimulation of oral bone formation
(67,68,230,231). Potential applications of these proteins in
the restoration of oral cavity defects have been studied,
allowing periodontal ligament regeneration. Other thera-
peutic candidates are enamel matrix proteins that have
been reported to stimulate acellular cementum formation,
also allowing functional periodontal ligament formation
(232). The therapeutic use of the functionally active pro-
teins requires their large-scale production. This has been
achieved by the use of recombinant cDNA technology. As
an example, recombinant BMP-2 has been extensively
studied in animal models and is currently being tested in
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human clinical trials (231). Porous synthetic polymers
(e.g., poly-D,L-lactide-co-glycolide particles) are begin-
ning to be used as carriers for BMPs, promoting the induc-
tion of new bone formation (233).
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I. INTRODUCTION

In few areas have new biomaterials been incorporated into
daily practice as in the management of burns and wounds.
Burn management has changed dramatically over the past
two or three decades, thanks to a host of critical care and
surgical innovations (1), and new biomaterials are playing
an increasingly important role as patients with larger and
more complex wounds are surviving. The initial improve-
ments in survival were due largely to an understanding of
fluid resuscitation that developed in the 1950s and 1960s
(2,3). The next major hurdle to overcome was the routine
occurrence of wound sepsis. This was eliminated as a com-
mon problem by the development and practice of early and
accurate identification of deep wounds and prompt and ef-
fective excision and closure (4–7). Various biomaterials
have materially contributed to the success of this important
progress in burn care.

Refinement of the surgical operations for excision of
large wounds combined with improvements in critical care
techniques have extended our ability to support patients
who have suffered serious burns (8). Burn physical and
occupational therapy and burn reconstruction have devel-
oped in parallel, facilitating our ability to deliver increas-
ingly satisfying long-term outcomes (9). Further progress
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is hampered severely by the lack of a durable skin substi-
tute. The successful development of a permanent skin sub-
stitute will have an enormous impact on the care of patients
with serious burns. Multiple clinical research groups and
biomaterials scientists continue to work on this difficult
problem.

Conceptually, skin substitutes are temporary or perma-
nent; epidermal, dermal, or composite; and biologic or syn-
thetic. Biologic components are xenogenic, allogenic, or
autogenic. From the perspective of the practicing clinician,
skin substitutes are either temporary or permanent. The ob-
jective of this chapter is to review the current state of skin
substitutes and to speculate on future directions in this im-
portant area of research. Whenever possible, proprietary
product names will not be used; any products not men-
tioned are not purposefully excluded.

II. STRUCTURE AND FUNCTION OF THE
SKIN

Skin, the body’s largest organ, is incredibly complex.
Functionally there are two layers with a highly specialized
and effective bonding mechanism. The epidermis, con-
sisting of the strata basale, spinosum, granulosum, and cor-
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neum, provides a vapor and bacterial barrier. The dermis
provides strength and elasticity. The thin epidermal layer
is constantly refreshing itself from its basal layer, with new
keratinocytes undergoing terminal differentiation over ap-
proximately 4 weeks to anuclear keratin-filled cells that
make up the stratum corneum, which provides much of the
barrier function of the epidermis. The basal layer of the
epidermis is firmly attached to the dermis by a complex
bonding mechanism containing collagen types IV and VII.
When this bond fails, serious morbidity results, as demon-
strated by the disease processes of toxic epidermal necro-
lysis (10) and dystrophic epidermolysis bullosa (11).

III. TEMPORARY SKIN SUBSTITUTES

Temporary skin substitutes are used to provide a number of
potential benefits to healing: transient physiologic wound
closure, pain control, absorption of wound exudate, and
prevention of wound dessication. Physiologic wound clo-
sure implies a degree of protection from mechanical
trauma, vapor transmission characteristics similar to skin,
and a physical barrier to bacteria. These membranes at-
tempt to foster a moist wound environment with a low bac-
terial density. There are four common uses for temporary
skin substitutes in burn care: (1) as a dressing on donor
sites to facilitate pain control and epithelialization from
skin appendages, (2) as a dressing on clean superficial
wounds to a similar end, (3) to provide temporary physio-
logic closure of deep dermal and full thickness wounds
after excision while awaiting autografting or healing of un-
derlying widely meshed autografts, and (4) as a ‘‘test’’
graft in questionable wound beds. There are a large number
of such membranes in common use.

A. Human Allograft

Human allograft, applied as a split thickness graft after
procurement from organ donors remains the gold standard
of temporary dressings in burns (Fig. 1) (12–14). This ma-
terial is applied in a viable state after storage in the refriger-
ated or frozen state. It can be refrigerated for 7 days or
less, but can be stored for extended periods when cryopre-
served. Viable split thickness allograft will vascularize and
will reliably provide durable biologic cover until it is re-
jected by the host, usually within 3 or 4 weeks. Prolonga-
tion of allograft survival, through the use of antirejection
drugs, has been done clinically (15), but is not generally
practiced for fear that this will result in excessive infection
(16). When modern screening techniques are followed, the
viral disease transmission risk appears to be vanishingly
small.

Figure 17.1 Human allograft, applied as a split thickness graft
after procurement from organ donors, remains the gold standard
of temporary dressings in burns.

B. Human Amnion

Human amniotic membrane is used in many parts of the
world to cover clean superficial wounds, including partial
thickness burns, donor sites, and freshly excised burns
awaiting donor site availability (17,18). This inexpensive
membrane material is generally obtained fresh and used
immediately or after brief refrigerated storage (19,20).
Like porcine xenograft, it has been combined with silver
to facilitate control of bacterial overgrowth (21). Although
amnion does not vascularize (22), it can provide coverage
that, in optimal circumstances, is nearly as good as that of
allograft in some wounds (22). The principal concern with
amnion in the developed world has been the difficulty in
screening donors for viral diseases. In North America, hu-
man skin allografts are placed into frozen storage awaiting
the return of numerous laboratory tests allowing one to
safely exclude the possibility of viral disease transmission.
When using amnion, the risks of disease transmission must
be balanced against the clinical need and the known char-
acteristics of the donor in individual circumstances.

C. Xenograft

Skin from various animals has been used for many years
to provide temporary coverage of wounds (23). The only
example of this practice still widely seen is the use of por-
cine xenograft (Fig. 2) (24). Porcine xenograft is often
used as a reconstituted product consisting of homogenized
porcine dermis which is fashioned into sheets and meshed
(25). It is generally used for temporary coverage of clean
wounds such as superficial second degree burns and donor
sites (26). Its has been used in patients with toxic epider-
mal necrolysis (10,27), another superficial but extensive
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Figure 17.2 Skin from various animals has been used for many
years to provide temporary coverage of wounds. The only exam-
ple of this practice still widely seen is the use of porcine xeno-
graft, which remains a very effective and safe temporary
dressing.

wound. Porcine xenograft has been combined with silver
to suppress wound colonization (28,29). Porcine xenograft
does not vascularize, but it will adhere to a clean superfi-
cial wound and can provide excellent pain control while
the underlying wound heals.

D. Synthetic Membranes

An increasing number of proprietary semipermeable mem-
brane dressings provide a vapor and bacterial barrier and
control pain while the underlying superficial wound or do-
nor site re-epithelializes. Most consist of a single semiper-
meable layer that provides a mechanical barrier to bacteria
and has physiologic vapor transmission characteristics
(30,31). These can be used with good effect on clean super-
ficial wounds and split thickness donor sites. Biobrane

(Dow-Hickham, Sugarland, TX) is a two-layer membrane
consisting of an inner layer of nylon mesh that allows fi-
brovascular ingrowth and an outer layer of silastic that
serves as a vapor and bacterial barrier (32). It has been
used to good effect in clean superficial burns and donor
sites.

Hydrocolloid dressings generally consist of three layers
and attempt to create a moist wound environment while
absorbing exudate. A moist wound environment has been
found to favor wound healing in experimental and clinical
trails (33). There is commonly a porous gently adherent
inner layer, a methylcellulose absorbent middle layer, and
a semipermeable outer layer. Also available are a number
of pastes and powders made from hydocolloid materials
that are well applied to the control of wound exdudate and
maintenance of a moist wound environment.

All synthetic membranes are more or less occlusive. As
such they must be used with caution if wounds are not
clearly clean and superficial. If placed over devitalized tis-
sue, submembrane purulence can occur with potentially di-
sastrous results (34).

E. Combined Allogenic and Synthetic
Membranes

There are an increasing number of growth factors thought
to play important roles in wound healing: epidermal
growth factor, transforming growth factor-beta, insulinlike
growth factor, platelet-derived growth factors, and fibro-
blast growth factors (35,36). In an effort to apply some of
these topically to wounds, investigators have placed both
viable and nonviable allogenic cell types into temporary
dressings which are then placed on superficial wounds and
donor sites (37). These cells persist for no more than 14
days, but it is hoped that factors secreted by the allogenic
cells, or released upon their dissolution, will provide sig-
nals to the host that enhance wound healing. Scientific sup-
port for this presumption remains elusive.

Perhaps the first group to attempt the manufacture of a
biologic composite skin substitute to this end was that led
by Bell, who developed a completely allogenic dermal/
epidermal product that used a collagen lattice as scaffold
for culturing both cell types (38). After it was demon-
strated in an athymic mouse model that this device would
successfully engraft (39,40), it went into clinical trials. Al-
though it has not been demonstrated to have a clinical role
in burn patients, the device is being explored for utility in
chronic ulcers of the lower extremity (41–45). Allogenic
fibroblasts grown into the nylon inner layer of Dow-Hick-
am’s Biobrane is undergoing evaluation in wound healing
(46–50). Although stimulation of wound healing by topi-
cal application of mixed growth factors in this fashion is an
intriguing concept, convincing evidence of the concept’s
general validity is awaited. Viral transfection has been
used to modify keratinocytes so that they overexpress
platelet-derived growth factor, human growth hormone, in-
sulinlike growth factor-1, and other growth factors (51).
It is likely that such cell lines will be applied to wounds
as components of wound membranes over the next few
years (52).

IV. PERMANENT SKIN SUBSTITUTES

A durable permanent skin substitute will make an enor-
mous difference to patients with burns and other difficult
wounds. The ‘‘perfect’’ substitute is described in Table 1.
Currently, no such substitute exists. However, there are a
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Table 17.1 The Perfect Skin Substitute

Prevents water loss
Barrier to bacteria
Inexpensive
Long shelf-life
Flexible
Conforms to irregular wound surfaces
Can be used ‘‘off the shelf’’
Does not require refrigeration
Cannot transmit viral diseases
Does not incite inflammatory response
Durable
Easy to secure
Grows with a child
Can be applied in one operation
Does not become hypertrophic

number of partial substitutes in clinical use that are valu-
able and may be the forerunners of this hypothetical ideal.
In this section, dermal, epidermal, and composite substi-
tutes will be described.

A. Dermal Substitutes

A functioning dermis is essential for normal skin durability
and function. Perhaps the first dermal substitute used clini-
cally was Integra ‘‘artificial skin’’ (Integra LifeSciences
Corp., Plainsboro, NJ). This material was developed in the
1980s by a biomaterials research team from the Massachu-
setts General Hospital and Massachusetts Institute of Tech-
nology and was recently released for general use (53). The
research team, lead by Burke and Yannas, conceived a
membrane that would both provide a temporary vapor and
bacterial barrier and serve as a scaffold for dermal regener-
ation. The material was designed for use in freshly excised
burn wounds and is now approved for clinical use in pa-
tients with life-threatening burns. The inner layer of this
material is a 2-mm thick combination of fibers of collagen
isolated from bovine tissue and the glycosaminoglycan
chondroitin-6-sulfate, which has a pore size of 70 to 200
µm and a structure that allows fibrovascular ingrowth, after
which it is designed to biodegrade (54,55). To fabricate
this device requires precipitation of glycosaminoglycan
and collagen fibers, which are then freeze-dried and cross-
linked by gluteraldehyde. The outer layer is 0.009 in. poly-
siloxane polymer with vapor transmission characteristics
similar to epithelium. This material is placed on excised
full thickness burns, and the outer silicone membrane is
replaced with an ultrathin epithelial autograft 2 to 3 weeks
later, after fibrovascular ingrowth has occurred into the in-

Figure 17.3 Perhaps the first dermal substitute used clinically
was Integra ‘‘artificial skin.’’ The material was designed for use
in freshly excised burn wounds and is now approved for clinical
use in patients with life-threatening burns. The device is placed
on excised full thickness burns and the outer silicone membrane
replaced with an ultrathin epithelial autograft 2 to 3 weeks later,
after fibrovascular ingrowth has occurred into the inner layer.

ner layer (Fig. 3) (56). Clinical reports in patients with
large burns have been favorable (57–59), and post market-
ing trials of Integra artificial skin are in progress. As in
any occlusive wound dressing, submembrane purulence
must be watched for and promptly treated.

Biodegradeable polyglactin mesh, seeded with alloge-
nic fibroblasts from neonatal foreskin, has also been ex-
plored as a dermal analog in burn wounds. The carrier
material biodegrades by hydrolysis, while the allogenic
fibroblasts are hoped to facilitate the formation of a neoder-
mis. This material, like Integra, is designed to be combined
with an ultrathin epidermal autograft (60–62). Its clinical
utility remains to be demonstrated.

Cryopreserved allogenic dermis is another strategy de-
signed to contribute to permanent coverage of wounds by
providing for a replacement of the lost dermis. This mate-
rial, designed to be combined with a thin epithelial auto-
graft at the time of application, is marketed as AlloDerm

(LifeCell Corporation, The Woodlands, TX) (63,64). Split
thickness skin allograft skin is procured from cadaver do-
nors, properly screened for disease. Using hypertonic sa-
line, the epithelial elements of the grafts are removed and
the remaining dermis is treated in a detergent to inactivate
any viruses. The material is then freeze-dried. This process
results in a nonantigenic complete dermal scaffold with
basement membrane proteins, including laminin and type
IV and VII collagen. The material is rehydrated and ap-
plied to wounds with an overlying ultrathin epithelial auto-
graft (Fig. 4). Clinical experience with this material in
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Figure 17.4 Cryopreserved allogenic dermis is another strategy
designed to contribute to permanent coverage of wounds by pro-
viding for a replacement of the lost dermis. This material, de-
signed to be combined with a thin epithelial autograft at the time
of application, is marketed as AlloDerm.

acute and reconstructive burn wounds has been favorably
reported (65,66).

B. Epidermal Substitutes

In the 1970s, Rheinwald and Green developed a method
of culturing epithelial cells from a small skin biopsy
(67,68). This technique has become the basis for the wide-
spread clinical use of cultured epithelial grafts. From a full
thickness skin biopsy, epithelial cells are separated with
trypsin. The resulting epithelial cell suspension is plated
in culture dishes containing culture medium with fetal
calf serum, insulin, transferrin, hydrocortisone, epidermal
growth factor, and cholera toxin, overlying a layer of mu-
rine fibroblasts that have been treated with a nonlethal dose
of radiation that prevents them from multiplying. Isolated
colonies of epithelial cells then expand into broad sheets of
undifferentiated epithelial cells. These cultures are treated
with trypsin, and the cells are taken to secondary culture
using the same techniques. The resulting sheets are re-
moved from the dishes after treatment with dipase, which
digests the proteins attaching the epithelial cells to the dish.
The sheets of epithelial cells are attached to a petrolatum
gauze carrier to make it easy to handle in the operating
room. Shortly after they were developed, epithelial cul-
tures were used in patients with large burns (69–71). Epi-
thelial grafts are now commercially available, most nota-
bly by Genzyme Tissue Repair of Cambridge, MA. With
more frequent use of epithelial grafts, certain liabilities
have been seen (72,73). These include suboptimal en-
graftment rates and long-term durability. However, when

faced with a very large wound and minimal donor sites,
epithelial cell wound closure is a valuable adjunct to over-
all patient management. It is generally felt that at least the
latter liability is the result of the absence of a dermal ele-
ment.

C. Composite Substitutes

Combining epithelial grafts with a dermal analog is a logi-
cal objective. This can be done either on the wound, at the
time of application of epithelial grafts, or in the laboratory
prior to surgery. The first clinical report of the former con-
cept was that by Cuono and coworkers. They described a
technique in which epithelial cells are grafted on wounds
closed initially with vascularized allograft. Subsequently
the allogenic epithelial cells were removed by dermabra-
sion or tangential excision, leaving behind a vascularized
but theoretically nonantigenic allogenic dermal layer (74–
76). The method has been favorably reported (77,78), but
the technique has not been universally effective and has
not been widely adopted. Perhaps the epithelial excision
either leaves behind nests of antigenic epithelial cells if too
superficial, or removes the epidermal–dermal attachment
structures if too deep. The application of epithelial cells
onto Integra or AlloDerm has been attempted without
known reliability, and no nonanecdotal data exists.

Combining epithelial cells with a dermal analog in the
laboratory prior to use on human wounds also seems a logi-
cal approach. This effort began perhaps with the work of
Boyce and Hansbrough, who have produced a completely
biologic composite skin substitute, culturing human fibro-
blasts in a collagen–glycosaminoglycan membrane upon
which are grown keratinocytes (79,80). Although this com-

Figure 17.5 An example of efforts to develop a composite skin
substitute includes culturing autogenic epithelial cells are onto
allogenic dermis.
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posite membrane would successfully engraft in a nude
mouse model (81), engraftment rates were found to be sub-
optimal in a small clinical series (82). Further investiga-
tions of this potentially exciting technology continue (83).
Another example of this approach is work going on at the
Shriners Hospital in Boston, where autogenic epithelial
cells are being cultured onto allogenic dermis (84). This
material was also successful in an animal model and is in
early clinical pilot trials (Fig. 5).

V. CONCLUSIONS

Although it has saved lives, the increasing success of burn
resuscitation and supportive care has created a growing
clinical problem: the need for temporary and permanent
closure of wounds. As the burn and wound care field has
evolved, the biomaterials sector has kept pace, with a series
of products that have enormously facilitated the care of
these patients. The future looks increasingly bright, with
new temporary and permanent wound membranes on the
horizon. These new products may include populations of
allogeneic epithelial cells genetically modified to express
essential growth factors to facilitate underlying wound
healing. However the problem of definitive wound closure
is solved, it is certain that biomaterials scientists will play
an essential role in the solution.
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I. INTRODUCTION

The Federal Food, Drug, and Cosmetic Act (FD&C Act)
defines cosmetics as ‘‘articles other than soap which are
applied to the human body for cleansing, beautifying, pro-
moting attractiveness, or altering the appearance’’ (1). The
Food and Drug Administration (FDA) has classified cos-
metics into 13 categories: skin care (creams, lotions, pow-
ders, and sprays), fragrances, eye makeup, manicure prod-
ucts, makeup other than eye (e.g., lipstick, foundation, and
blusher), shampoos, permanent waves and other hair prod-
ucts, deodorants, shaving products, baby products (e.g.,
shampoos, lotions, and powders), bath oils and bubble
baths, mouthwashes, and tanning products.

It is against the law to distribute cosmetics that contain
poisonous or harmful substances that might injure users
under normal conditions. Manufacturing or holding cos-
metics under insanitary conditions, using nonpermitted
colors, or including any filthy, putrid, or decomposed sub-
stance is also illegal.

Except for color additives and a few prohibited ingredi-
ents, a cosmetic manufacturer may use any ingredient or
raw material and market the final product without govern-
ment approval. The prohibited ingredients are: biothionol,
exachlorophene, mercury compounds (except under cer-
tain conditions as preservatives in eye cosmetics), vinyl
chloride and zirconium salts in aerosol products, haloge-
nated salicylanilides, chloroform, and methylene chloride.

459

Manufacturers must test color additives for safety and gain
FDA approval for their intended use.

It is important for both consumers and manufacturers
to understand the difference between cosmetics and drugs.
Different regulations are applied to each type of product.
The FDA’s Office of Cosmetics and Colors, which is part
of the Center for Food Safety and Applied Nutrition, han-
dles issues related to cosmetics and color additives. The
agency’s Center for Drug Evaluation and Research handles
issues related to drugs.

The FD&C Act defines drugs as ‘‘articles intended for
use in the diagnosis, cure, mitigation, treatment, or preven-
tion of disease . . . and articles (other than food) intended
to affect the structure or any function of the body of man
or other animals.’’ Over-the-counter (OTC) drugs are
drugs that can be purchased without a doctor’s prescrip-
tion. The agency is conducting a review of all OTC drugs
to establish monographs (rules) under which the drugs are
generally recognized as safe and effective, and not mis-
branded. These rules are established on a class-by-class
basis (e.g., fluoride dentifrices, cough suppressants, anti-
histamines). OTC drugs must meet the requirements of the
appropriate class once that rule is published as a final regu-
lation.

OTC drugs are often marketed side by side with cosmet-
ics, and some products qualify both as cosmetics and as
OTC drugs. This may happen when a product has two in-
tended uses, with ingredients intended to do two different
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things. For instance, a shampoo is a cosmetic, since its
intended use is to cleanse the hair. An antidandruff treat-
ment is a drug, since its intended use is to treat dandruff.
Consequently, an antidandruff shampoo is both a cosmetic
and a drug. Among other cosmetic/drug combinations are
toothpastes that contain fluoride, deodorants that are also
antiperspirants, and moisturizers and makeup marketed
with sun-protection claims. Certain claims may cause a
product to qualify as a drug, even if the product is marketed
as if it were a cosmetic. Such claims establish the product
as a drug because the intended use is to treat or prevent
disease or otherwise affect the structure or functions of the
human body. Some examples are claims that products will
restore hair growth, reduce cellulite, treat varicose veins,
or revitalize cells. The same is true of essential oils in fra-
grance products. A fragrance marketed for promoting at-
tractiveness is a cosmetic. But a fragrance marketed with
‘‘aromatherapy’’ claims such as assertions that the scent
will help the consumer sleep or quit smoking meets the
definition of a drug because of its intended use.

In light of these considerations, and in respect of the
actual regulation, cosmetics have purely the main function
to maintain the skin in good condition. For dermocosmet-
ics we need knowledge of skin biology and physiology.
To allow the cosmetic to support the skin’s natural physio-
logical state, the cosmetic function has to be involved in
the biological and physiological processes of the skin
structure.

The scientific developments derived from biological re-
search applied to dermatology have profoundly changed
numerous concepts in skin physiology and physiopathol-
ogy (2). Ideas of skin homeostasis and skin purely as a
protective barrier have been corrected with the idea of the
skin as a dynamic equilibrium of a complex system: the
skin function as a barrier is a result of the balance between
proliferation, differentiation, and loss of keratinocyte cells.
Moreover, experimental data has shown that the keratino-
cytes, melanocytes, and Langerhans cells are functionally
coordinated by autocrine and/or paracrine mechanisms;
their actions confer a functional autonomy on the epider-
mis, so removing it, at least in part, from the conditioning
of the dermis.

II. BIOCHEMICAL SECTION

A. Introduction

Studying and searching for new functional cosmetics re-
quire deep knowledge about the normal function of cells
and structural elements in skin. Moreover, the terms that

describe the skin are used repeatedly in discussing the
goals of skin-directed products.

The skin divides conveniently into four regions or
zones, layered one on top of the other:

Epidermis
Basement membrane zone
Dermis
Subcutaneous tissue

In certain parts of the body these regions and zones are
highly modified, reflecting very special needs. For exam-
ple, the scalp is ordinarily covered with thick hair (a prod-
uct of the epidermis) and the palms are covered with a
highly thickened epidermis. On the other hand, the face
contains large numbers of sebaceous oil glands that are
susceptible to inflammation (acne), and the face exhibits
a special susceptibility to the development of basal cell
carcinomas (3).

1. Epidermis

The upper layer, the epidermis, is an unusual structure,
being composed almost entirely of cells (keratinocytes,
melanocytes, Langerhans cells). These cells are locked to-
gether into a tight membrane that covers the entire skin
surface. The most common epidermal cell is the keratino-
cyte, making up 95% of the skin surface. Concepts of the
activities of keratinocytes have expanded greatly in the last
ten years to go far beyond their capacity to protect skin
through barrier formation. In fact, keratinocytes are now
known to produce a wide spectrum of cytokines and to
express important adhesion molecules.

Two other resident populations of epidermal cells in-
clude melanocytes and Langerhans cells, each with a spe-
cialized function. Melanocytes manufacture the pigment
melanin, which is then released and taken up into the adja-
cent keratinocytes to provide a protective barrier against
ultraviolet light. Langerhans cells, on the other hand, are
components of the immune system and serve as the most
remote aspect of foreign antigen recognition in the skin.
Importantly, keratinocytes are able to influence the func-
tions of these two cells through cytokines and adhesion
molecules.

2. Basement Membrane Zone

The basement membrane zone is a noncellular attachment
zone that links the epidermis to the dermis. The proteins
within the basement membrane zone are manufactured by
cells on both sides, epidermis and dermis.
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3. Dermis

The underlying dermis provides nutrition through blood
vessels and strength through large bundles of the protein
collagen. Cells that reside normally in the dermis include
fibroblasts, endothelial cells (in blood vessels), and mast
cells.

4. Subcutis

Deep beneath the dermis one finds the subcutis, which con-
tains large blood vessels, large nerves, and fat cells.

5. Specialized Structures

Hair, sweat glands, and sebaceous glands are all special-
ized structures that are produced through the coordinated
efforts of both epidermis and dermis.

B. Epidermis

The epidermis is a multilayered structure (stratified epithe-
lium) that renews itself continuously by keratinocyte divi-
sion in its deepest layer, the basal layer. The cells produced
by cell division in the basal layer constitute the prickle cell
layer, and as they ascend toward the surface they undergo
a process known as keratinization, which involves the syn-
thesis of the fibrous protein keratin. The total epidermal
renewal time is 52–75 days. The cells on the surface of
the skin, forming the horny layer (stratum corneum), are
fully keratinized dead cells, which are gradually abraded
by day-to-day wear and tear from the environment (4–6).

The basal layer is composed of columnar cells that are
anchored to a basement membrane (this lies between the
epidermis and the dermis). The basement membrane is a
multilayered structure from which anchoring fibrils extend
into the superficial dermis. Interspersed amongst the basal
cells are melanocytes, large dendritic cells responsible for
melanin pigment production.

The prickle cell layer acquires its name from the spiky
appearance produced by intercellular bridges (desmo-
somes) that connect adjacent cells. Scattered throughout
the prickle cell layer are numbers of dendritic cells called
Langerhans cells. Like macrophages, Langerhans cells
originate in the bone marrow and have an antigen-present-
ing capacity.

Above the prickle cell layer is the granular layer, which
is composed of rather flattened cells containing numerous
darkly-staining particles known as keratohyaline granules.
Also present in the cytoplasm of cells in the granular layer
are organelles known as lamellar granules (Odland bod-
ies). Lamellar granules contain lipids and enzymes, and

they discharge their contents into the intercellular spaces
between the cells of the granular layer and the stratum cor-
neum, providing something akin to ‘‘mortar’’ between the
cellular ‘‘bricks.’’ In the granular layer the cell membranes
become thickened as a result of deposition of dense mate-
rial on their inner surfaces.

The cells of the stratum corneum are flattened keratin-
ized cells that are devoid of nuclei and cytoplasmic organ-
elles. These cellular components degenerate in the upper
granular layer. Adjacent cells overlap at their margins, and
this locking together of cells, together with intercellular
lipid, forms a very effective barrier. The stratum corneum
varies in thickness depending on the region of the body,
being thickest over the palms of the hands and soles of the
feet.

The rate of cell production in the germinative compart-
ment of the epidermis must be balanced by the rate of cell
loss at the surface of the stratum corneum. The control
mechanism of epidermopoiesis consists of a balance of
stimulatory and inhibitory signals. Wound healing pro-
vides a model to examine the changes in growth control
that occur in establishing a new epidermis. Wounding of
the skin is followed by a wave of epidermal mitotic activ-
ity, which represents the effects of diffusible factors
spreading from the wound into the surrounding tissue.
These factors include cytokines and growth factors. Their
production is not limited to immune cells, as they are pro-
duced by keratinocytes in vitro and can be found in physio-
logical amounts in normal human skin.

a. Regulation of Epidermopoiesis: Stimulatory
Factors

The growth factors that stimulate the epidermal cells in-
clude epidermal growth factor (EGF), transforming growth
factor alpha (TGFalpha), interleukins (IL) and other immu-
nological cytokines, and basic fibroblast growth factor
(bFGF).

EGF binds to specific cell-surface receptors (EGFR, a
transmembrane glycoprotein receptor) present in the basal
layer of the human epidermis. Following binding of EGF
to EGFR, the receptor is internalized and carries EGF into
an intracellular cycle within the cytoplasm and the nucleus
to mediate all its effects. EGF has been shown to increase
the growth and persistence of epidermal keratinocytes and
to promote wound healing in vitro. EGF transcripts are
not found in the epidermis, but in salivary glands and the
intestinal tract.

TGFalpha was the first growth factor known to be pro-
duced by keratinocytes. Its mRNA predominates in the
basal compartment of the epidermis. TGFalpha is related
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to EGF; it binds to and activates the EGF receptor. It stimu-
lates keratinocyte growth.

The normal epidermis also contains large amounts of
Interleukin-1. There are two forms, alpha and beta, and
unlike macrophages, the epidermis largely produces IL-1
alpha. IL-1 has been shown to be mitogenic for keratino-
cytes (other effects include fibroblast proliferation and syn-
thesis of collagenase, stimulation of IL-2 production, stim-
ulation of B-cell function, and fever induction). IL-1
releases IL-6 from keratinocytes. IL-6 appears to stimulate
growth of keratinocytes and can be detected in epidermal
cells. Keratinocytes also synthesize IL-3, IL-4, IL-8 (neu-
trophil activating protein), and granulocyte-macrophage
colony stimulating factor.

Thus the epidermal keratinocytes can, under activation
conditions, secrete a large number of cytokines, which can
modulate lymphocyte activation and granulocyte function.
These factors do not work in isolation but have complex
interactions and may be synergistic or antagonistic. The
factors controlling synthesis and secretion of these factors
may be important in the pathogenesis of skin disease as
well as epidermal growth control.

The regulation of the effects of growth factors includes
the control of expression of the specific growth-factor re-
ceptors. The epidermal cell cycle is also controlled by the
intracellular concentrations of the cyclic nucleotides:
cAMP and cGMP. These are small molecules that are
formed and broken down intracellularly as a response to
external signals acting on the cell membrane. Cyclic AMP
is believed to be the intracellular agent or ‘‘second messen-
ger’’ of those hormones, i.e., catecholamines and polypep-
tides, which do not themselves penetrate the surface of
cells. Cyclic AMP inhibits epidermal cell division, while
cGMP stimulates it. Epidermal mitosis exhibits a circadian
rhythm that is inversely related to blood adrenaline levels.

Steroid hormones like testosterone enter the target cells.
Epidermal keratinocytes contain a 5 alpha-reductase en-
zyme, and they can convert testosterone to 5 alpha-dihy-
drotestosterone (DHT). DHT binds to specific cytoplasmic
receptors, which then translocate to the nucleus, thereafter,
altering protein synthesis via messenger RNA. Androgens
and vitamin A stimulate epidermal mitosis, while gluco-
corticoid hormones inhibit it.

Prostaglandins, which are metabolic products of arachi-
donic acid, can affect nucleotide metabolism. Prostaglan-
dins of the D and E series can increase cAMP, although
not all such components are present in the epidermis. The
main prostaglandin formed in the epidermis is PGE2. On
the other hand, lipoxygenase products of arachidonic acid
metabolism, namely HETE (12-hydroxy-eicosa-tetra-
enoic acid) and the leucotrienes, are capable of inducing
epidermal cell proliferation in vitro. Polyamines, including

spermidine, putrescein, and spermine, stimulate mitosis.
Ornithine decarboxylase is a particularly important en-
zyme for the generation of this group of substances.

b. Regulation of Epidermopoiesis: Inhibitory
Factors

Growth inhibitors for keratinocytes include chalones,
transforming growth factor beta (TGF beta), alpha and
gamma interferons (IFN-gamma), and tumor necrosis fac-
tor (TNF).

Chalones are polypeptides produced by suprabasal cells
which slow basal mitosis.

TGF beta stimulates fibroblast growth and increases fi-
brosis but inhibits the growth of keratinocytes. Thus al-
though it may have an inhibitory effect on epidermal
growth, the effect on wound healing is complex, because
of mesenchymal effects (on fibroblasts), and it has been
reported to stimulate wound healing.

Alpha and gamma interferons have cytostatic effects on
keratinocytes both in vivo following systemic administra-
tion and in vitro. Following stimulation with IFN-gamma,
keratinocytes express class II antigens, predominantly
HLA-DR. High doses of interferon-gamma are cytotoxic.

Thirty percent of administered TNF localizes in the epi-
dermis, suggesting the presence of many TNF binding
sites. Keratinocytes also secrete TNF. TNF can cause re-
lease of IL-1. It stimulates fibroblast proliferation and cy-
tokine production. TNF has also been shown to be revers-
ibly cytostatic to keratinocytes.

1. Sensory System

The skin is innervated with around one million afferent
nerve fibers. Most terminate in the face and extremities;
relatively few supply the back. The cutaneous nerves con-
tain axons with cell bodies in the dorsal root ganglia. Their
diameters range from 0.2 to 20 µm. The main nerve trunks
entering the subdermal fatty tissue each divide into smaller
bundles. Groups of myelinated fibers fan out in a horizon-
tal plane to form a branching network from which fibers
ascend, usually accompanying blood vessels, to form a
mesh of interlacing nerves in the superficial dermis.
Throughout their course, the axons are enveloped in
Schwann cells, and as they run peripherally, an increasing
number lack myelin sheaths. Most end in the dermis; some
penetrate the basement membrane but do not travel far into
the epidermis.

Sensory endings are of two main kinds: corpuscular,
which embrace nonnervous elements, and ‘‘free,’’ which
do not. Corpuscular endings can, in turn, be subdivided
into encapsulated receptors, of which a range occurs in the
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dermis, and nonencapsulated, exemplified by Merkel’s
‘‘touch spot,’’ which is epidermal.

Each Merkel’s touch spot is composed of a battery of
Merkel cells borne on branches of a myelinated axon. A
Merkel cell has a lobulated nucleus and characteristic gran-
ules; it is embedded in the basal layer of epidermal cells,
with which it has desmosomal connections; it contains in-
termediate filaments composed of low molecular weight
keratin rather than neurofilament protein. The Pacinian
corpuscle is one of the encapsulated receptors. It is an
ovoid structure about 1 mm in length, which is lamellated
in cross section like an onion and is innervated by a my-
elinated sensory axon that loses its sheath as it traverses
the core. The Golgi–Mazzoni corpuscle found in the sub-
cutaneous tissue of the human finger is similarly laminate
but of much simpler organization. These last two lamel-
lated end organs are movement and vibration detectors.

The Krause end bulb is an encapsulated swelling on
myelinated fibers situated in the superficial layers of the
dermis. Meissner corpuscles are characteristic of the papil-
lary ridges of glabrous (hairless skin) skin; they are touch
receptors; they have a thick lamellated capsule 20–40 µm
in diameter and up to 150 µm long. Ruffini endings in the
human digits have several expanded endings branching
from a single myelinated afferent fiber; the endings are
directly related to collagen fibrils; they are stretch recep-
tors.

‘‘Free nerve endings,’’ which appear to be derived from
nonmyelinated fibers, occur in the superficial dermis and in
the overlying epidermis; they are receptors for pain, touch,
pressure, and temperature. Hair follicles have fine nerve
filaments running parallel to and encircling the follicles;
each group of axons is surrounded by Schwann cells; they
mediate touch sensation.

a. Physiology of Sensory Receptors

Adaptation. When a maintained stimulus of constant
strength is applied to a receptor, the frequency of the action
potentials in its sensory nerve declines over time. There
are two types of receptors: (1) tonic slowly adapting recep-
tors: as the nociceptors (pain receptors) that continue to
transmit impulses to the brain as long as the stimulus is
applied, thus keeping the CNS continuously informed
about the state of the body, and (2) phasic rapidly adapting
receptors: as Pacinian corpuscles, these receptors adapt
rapidly and cannot be used to transmit a continuous signal
to the CNS; they are stimulated only when the stimulus
strength is changed.

Touch sensation is provoked by a harmless stimulus to
the skin allowing us to distinguish between hard and soft
objects; touch receptors belong to the class of mechano-

receptors, and many of them can be found around hair fol-
licles, so that removal of hair decreases touch sensitivity;
the tips of the fingers and lips are rich in touch receptors.

Tickle and itch. The heparin-containing tissue cells
called mast cells have a high histamine content in their
granules. They also contain serotonin. Mast cells are par-
ticularly numerous in the skin (about 7,000 mast cells per
cubic millimeter in normal skin in the subpapillary dermis)
and play an important role in type I immediate hypersensi-
tivity reation (IgE-mediated anaphylactic reaction).

Temperature sensation. Receptors for warmth and
cold are specialized free nerve endings; a rise in skin tem-
perature above body temperature causes a sensation of
warmth, while a fall in skin temperature below body tem-
perature is experienced as a cold sensation; pain is felt if
skin temperature increases above 45°C or decreases below
10°C; the mucous membrane of the mouth is less sensitive
than the skin, so tea can be drunk at a temperature that
is painful to fingers. Paradoxical cold: cold receptors are
stimulated by intrinsic heat (e.g., shivering that occurs with
fever).

Pain is evoked by nonspecific stimuli (chemical, me-
chanical, thermal, or electrical) of an intensity that can pro-
duce tissue damage. Pain is a high-threshold sensation. The
nociceptors (pain receptors) are free nerve endings. Cuta-
neous pain may be sharp and localized or dull and diffuse.
A painful stimulus causes at first sharp pain followed by
dull aching pain. Reflex withdrawal movements also occur,
with an increase in heart rate and blood pressure. Fast
sharp (pricking) pain is mediated by nociceptors inner-
vated by group A delta thick myelinated nerve fibers,
which transmit pain impulses at a velocity of 20 m/s. Slow,
chronic (dull aching or burning) pain is mediated by noci-
ceptors innervated by group C thin unmyelinated nerve fi-
bers that conduct pain at a low velocity of 1 m/s.

2. Vascular System

Circulation through the skin serves two functions, nutrition
of the skin tissue and regulation of body temperature by
conducting heat from the internal structures of the body to
the skin, where it is lost by exchange with the external
environment (by convection, conduction, and radiation).
(See also ‘‘Sweat Glands’’ below.)

The cutaneous circulatory apparatus is well-suited to its
functions. It comprises two types of vessels, (1) the usual
nutritive vessels (arteries, capillaries, and veins) and (2)
vascular structures concerned with heat regulation. The lat-
ter include an extensive subcutaneous venous plexus that
can hold large quantities of blood (to heat the surface of
the skin) and arteriovenous anastomoses, which are large,
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direct vascular communications between arterial and ve-
nous plexuses. Arteriovenous anastomoses are only pres-
ent in some skin areas that are often exposed to maximal
cooling, as the volar surfaces of hands and feet, the lips,
the nose, and the ear.

The specialized vascular structures just mentioned bear
strong muscular coats innervated by sympathetic adrener-
gic vasoconstrictor nerve fibers. When constricted, blood
flow into the subcutaneous venous plexus is reduced to
almost nothing (minimal heat loss); while, when dilated,
an extremely rapid flow of warm blood into the venous
plexus is allowed (maximal heat loss).

The cutaneous circulation also serves as a blood reser-
voir. Under conditions of circulatory stress, e.g., exercise
and hemorrhage, sympathetic stimulation of subcutaneous
venous plexus forces a large volume of blood (5–10% of
the blood volume) into the general circulation.

Reactive hyperemia occurs if one, for example, sits on
one portion of his skin for 30 minutes or more and then
removes the pressure. In such conditions, the individual
will notice intense redness of the skin at the site of previous
pressure, which resulted from the accumulation of vasodi-
lator metabolites at that site (due to decreased availability
of nutrients to the tissues during compression).

3. Pigmentary System

The melanin pigmentary system is composed of functional
units called epidermal melanin units. Each unit consists of
a melanocyte that supplies melanin pigment to a group of
keratinocytes (about 36). Pigmentation is determined pri-
marily by the amount of melanin transferred to the kera-
tinocytes.

The melanocyte is a dendritic cell present in the basal
layer of the epidermis with no desmosomes (intercellular
bridges) or tonofilaments. Melanocytes arise from the neu-
ral crest as melanoblasts and migrate to the dermis, hair
follicles, leptomeninx, uveal tract, and retina. By the eighth
week of intrauterine life, they start to migrate from the
dermis to the epidermis. Although full melanocyte migra-
tion is normally completed prior to birth, residual dermal
melanocytes are sometimes left (clinically appearing as
mongoloid spots in the sacral area of oriental and black
infants).

Melanosomes are membrane-bound organelles located
in the cytoplasm of melanocytes and bearing tyrosinase
enzyme. They are responsible for melanin synthesis and
pigment transfer from the melanocyte to the surrounding
keratinocytes. During their passage from the perinuclear
area of the melanocyte to the dendrites, the melanosomes
show four stages of development: I and II (with no melanin
deposition), III (with high levels of tyrosinase activity
and is partially obscured by melanin deposition), and

IV (with low levels of tyrosinase activity and is complet-
ely obscured by melanin deposition). Pigment transfer oc-
curs by keratinocyte phagocytosis of melanosome-con-
taining dendritic tips. As squamous cells differentiate, the
melanosomes within them are degraded by lysosomal en-
zymes.

The differences in racial pigmentation are not due to
differences in the number of melanocytes but rather to dif-
ferences in melanocyte activity. In black skin, there is
greater production of melanosomes, a higher degree of
melanization of melanosomes, and larger unaggregated
melanosomes showing a slow rate of degradation.

a. Melanin: Types, Synthesis, and Hormonal
Regulation

Melanin is a brown-black light-absorbing pigment that
protects the skin against ultraviolet rays. Two major forms
of melanin exist in humans: eumelanin, a brown-to-black
pigment synthesized from indole 5,6-quinone and found
within the ellipsoid melanosomes, and phaeomelanin, a
yellow-red sulfur-containing pigment found within the
spherical melanosomes (Fig. 1).

Tyrosinase is a copper-containing enzyme that can cata-
lyse two distinct reactions, the orthohydroxylation of a
monophenol (hydroxylase activity) and the conversion of
an o-diphenol to the corresponding o-quinone (oxidase ac-
tivity). The two enzymatic activities are intimately coupled
and are also referred to as cresolase or phenolase and cate-
cholase of diphenolase activities, respectively (Fig. 2).
Typical substrates of tyrosinase are mono- and o-diphenols
(catechols) devoid of bulky groups or crowded substituent
patterns adjacent to the hydroxyl group(s) on the aromatic
ring. Traditionally, studies on the biosynthesis of melanins
have showed that all steps following the tyrosinase-cata-
lyzed formation of dopaquinone are envisaged as proceed-
ing more or less spontaneously, without any further enzy-
matic assistance. There are, however, a number of
biological observations suggesting that tyrosinase, though
essential for melanogenesis to occur, is not the sole re-
quirement (16–18). Once dopaquinone is generated, its
metabolic fate is ultimately dependent upon the sulfhydril
content within melanocytes. Thus, by implication, en-
zymes that influence the redox state of the glutathione sys-
tem can indirectly affect the level of melanization, even
if tyrosinase is normally expressed (19–20). In addition,
evidence has been accumulating indicating the existence
of a number of other enzymes and cofactors that can play
a critical role in the later stages of melanogenesis. There
are receptors on the surface of melanocytes for melano-
cyte-stimulating hormone (MSH). MSH, ACTH (adreno-
corticotropin, similar to MSH in the arrangement of first
13 amino acids), estrogen, androgens, and progesterone all
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Figure 1 Scheme of melanogenesis.

Figure 2 Enzymatic activity of tyrosinase.

stimulate pigmentation through increasing cAMP and tyro-
sinase activity, resulting in increased melanin formation
and transfer.

b. Photobiology and Photochemistry of
Melanogenesis

Exposure of human skin to solar radiation or UV light from
artificial sources results in a profound alteration of metabo-
lism, structure, and function of epidermal melanocytes.
The visible outcome is a marked increase in skin pigmenta-
tion, commonly known as tanning (21). When viewed from
the standpoint of photobiology, skin tanning involves two
distinct phenomena: (1) immediate tanning (IT), some-
times referred to as immediate pigment darkening (IPD);
and (2) delayed tanning (DT). This latter is but one of a
complex cascade of events beginning with cell injury and
leading to inflammation (erythema) and enhanced kera-
tinocyte proliferation (22). The end result is an increased
protection of skin against the harmful effects of UV radia-
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tion. Multiple exposures further increase this protection,
but excessive doses of UV radiation result in the long term
in a number of pathological changes in skin, such as atro-
phy, aging, actinic keratoses, and development of many
cutaneous cancers, for example, squamous cell carcinoma
and basal cell carcinoma. A number of authors have also
expressed concern that UV exposure might be responsible
for the increased incidence of malignant melanomas (23–
24). However, this view has not reached general consensus
(25–26).

Our incomplete knowledge of skin photobiology makes
it difficult to attempt to explain individual susceptibility to
the harmful effects of UV radiation. What seems clear is
that skin with high melanogenic activity, be it constitutive
or UV induced (facultative), is by far less susceptible to
actinic damage than white unpigmented skin. Thus, for ex-
ample, albinotic and vitiliginous skins, which lack mela-
nin, sunburn easily and exhibit little or no ability to tan.
Redheads also show a pronounced sensitivity to sunlight,
but whether this results from the presence of pheomelanins
in the skin is controversial.

Kaidbey et al. (27), using spectroscopic techniques,
found that the transmission and protection factors of the
stratum corneum of black and white skin toward UVB rays
(280–320 nm) are quite similar, but the dark pigmented
epidermis transmits much less and protects much more
than the white epidermis. Thus, since the stratum corneum
and epidermis are of essentially equal thickness in all
races, it follows that melanin is the most important skin
photoprotective agent. However, the picture is not so sim-
ple, since other products of melanocyte activity may be
implicated to account for the apparent relationship between
skin color and photoprotection.

c. Skin Phototypes

The concept of sun-reactive skin typing was introduced by
Fitzpatrick (28) for the specific purpose of selecting the
correct initial doses of UV light for photo- and chemother-
apy. Based on the individual’s tendency to sunburn and
tan, six main phototypes were recognized. In the proposed
classification, persons of skin types I and II have less con-
stitutive pigmentation and less capacity to tan than individ-
uals with skin types III, IV, or V, in that order, while type
VI is represented by African and American blacks. An-
other classification, proposed by Cesarini (29), takes also
into consideration some genetic markers, such as freckles
and hair color, which allow a more precise definition of
skin phototypes.

Though these classifications serve the purpose for Cau-
casian subjects, they do not work well when applied to
darker populations. For example, in Japan, it is necessary

to define a local skin typing system that allows for a burn-
ing reaction to UV in the minimal range and a tanning
reaction in the moderate to intense range (30). Currently,
when a more objective determination of sensitivity of skin
to UV radiation is desired, the usual method is measure-
ment of the minimal erythemal dose (MED), as evaluated
either visually or more accurately by chromameters (31).
In terms of MED, it has been estimated that the protection
offered by melanin pigmentation reaches a maximum
value of 10–15 for very black individuals, whereas for His-
panics or Kuwaitis or dark mediterraneans it reaches a
value of 2.5 (32). Yet within each skin there may be a
wide range of variability in the photobiological response
to UVB, suggesting the involvement of another variable
that has not been identified so far.

d. Melanin, Melanogenesis, and Skin
Photoprotection

The role of melanin in photoprotection is either obvious
or wholly obscure. Certainly, pigmented skin is by far less
susceptible than white skin to sunburn and phototoxic reac-
tions. However, whether this is solely related to the epider-
mal content of melanin or other products of melanocyte
activity is not clear. Confusion also exists as to the actual
mechanism by which melanin would provide photoprotec-
tion.

A widely accepted view, which was first proposed in
1820 by Sir Everald Home, is that melanin absorbs UVR
and therefore acts as a passive screening filter to protect
the underlying tissue against actinic damage. Advocates
of this view often refer, as supporting evidence, to the
umbrellalike distribution of the melanin granules over the
keratinocytes and the increased skin photoprotection fol-
lowing suntanning. However, if we analyze the epidermal
response to UVR without prejudices, we find that it has
all the features of a nonspecific hyperplasia in response to
damage and death of cells, as hyperpigmentation of skin
occurs in response to a variety of other traumas such as
ionizing radiation, heat, abrasion, and inflammation. In any
case, suntanning comes about too long after the UV radia-
tion has done its worst damage. In passing, it may be worth
noting that black people tend to avoid sunning because
they are not exempt from sunburn, although their skin is
heavily pigmented (33). Kaidbey and Kligman (34) ex-
posed eight volunteers to UVA twice a week for 8 weeks
and compared the photo protection 1 week after the last
irradiation against UVA and sunlight. Although much pig-
ment was generated, the minimal protection against a MED
was only 2 to 3 times higher with respect to control unpig-
mented skin.

These observations and others in both human and ani-
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mal models (35) suggest that melanin alone may not be
such a good photoprotective agent. In fact, when compared
with conventional sunscreens, natural or synthetically pro-
duced eumelanins appear to have little effectiveness in
protecting skin from UVR exposure (L. J. Wolfram, un-
published). It could be argued, however, that a melanin-
containing cream or lotion applied over the skin is far from
a reproduction of the potential photoprotection afforded by
the strategic distribution and aggregation of melanosomes
in the epidermis. In any case, a role of melanin as a neutral
sunscreen is unlikely and would not be in keeping with the
insoluble character of the pigment granules, giving rise to
scattering rather than absorption of light.

An alternative interpretation of the photoprotective role
of melanins comes from recent studies, discussed earlier,
showing that melanin is by no means an inert passive mate-
rial, as previously believed, but a rather unstable chemical
entity exhibiting an impressive range of physicochemical
properties. Among these, perhaps the most relevant from
the physiological viewpoint is the ability to scavenge oxy-
gen-derived radicals, such as superoxide anion and hydro-
gen peroxide, which are normally formed during biochem-
ical or photochemical processes. Both species are known
to produce several biological effects, most of which are
deleterious to cell homeostasis. While host defenses are
adequate to remove these toxic species under physiological
conditions, on exposure to UVR or other inflammatory
stimuli their concentration increases, and thus the presence
of an in situ residing quencher such as melanin becomes
important.

In this context, the possible contribution of other prod-
ucts of melanocyte activity should not be overlooked. In
a preliminary study at Naples (G. Prota et al, unpublished),
it was found that 5,6-dihydroxyindole (DHI) is capable of
inhibiting lipooxygenase-induced oxidation of arachidonic
acid, the major unsaturated fatty acid present in mamma-
lian phospholipids. DHI and 5,6-dihydroxindole-2-carbox-
ylic acid (DHICA) are also endowed with excellent anti-
oxidant properties and are capable of capturing oxygen
radicals, themselves being eventually converted to mela-
nin. Viewed in this way, melanin pigmentation could be
regarded as a visible indicator of the ability of DHI and
related colorless metabolites to counteract noxious effects
induced by internal or external stimuli, including UV light.
A further contribution to this picture follows from several
studies showing that 5,6-dihydroxyindoles and other mela-
nogenic precursors for example cysdopas, undergo photo-
destruction when irradiated with biologically relevant UV
light (i.e., with wavelengths greater than 300 nm). As a
result of their photochemical reactivity, a number of free-
radical species can be generated. Whether such photodeg-
radation products of melanin precursors are formed in vivo

is not yet documented; however, in vitro studies suggest
that they may play a role in the acute and chronic response
of human skin to sunlight.

4. Functions of the Skin

The most obvious function of skin is to create a barrier
between humans and their environment. The barrier to in-
fectious organisms and toxic chemicals is created by the
surface cells of skin, keratinocytes, which divide slowly
but continuously throughout life. After cell division, kera-
tinocytes move to the surface where they flatten into a very
tough and durable membrane. As these cells slowly come
off of the surface, they are replaced by the underlying di-
viding cells.

Establishing a barrier to ultraviolet light is a special re-
quirement of skin. In fact, ultraviolet light from the sun
has the capacity to cause skin cancer and to produce accel-
erated skin aging. One of the defense mechanisms against
ultraviolet light in skin is the elaboration of protective mel-
anin by melanocytes.

a. The Role of Lipids in the Structure and
Junctional Organization of the Horny Layer

The skin is structured to prevent loss of essential body flu-
ids, and to protect the body against the entry of toxic envi-
ronmental chemicals. In the absence of a stratum corneum
we would lose significant amounts of water to the environ-
ment and rapidly become dehydrated. The stratum cor-
neum, with its overlapping cells and intercellular lipid,
makes diffusion of water into the environment very diffi-
cult (7–8).

In the horny layer the intercellular spaces contain for-
mations of overlayed lamellae derived from the lamellar
granules localized close to the cell membrane of the living
cells below. When the granule membrane fuses with the
cell membrane by the process of exocytosis, the contents
of the granules are expelled into the intercellular spaces.
Initially they are arranged in discoidal form deposited be-
tween the cells of the horny layer, thus being transformed
into wide lamellae in the terminal phase of the keratinocyte
differentiation process (9).

The following play an important role in the assembly
of the granules:

Acylglucosyl ceramides, during the dispersion of the
lamellar discs, mediated by the removal of the sac-
charide residue

A Ca-dependent phospholipase, which hydrolyses the
phospholipids present in the granular layer as sub-
strate
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The concomitant increase of fatty acids in the zone,
which separates the granular layer from the horny
layer

Also the cholesterol esters have a functional as well as a
structural role. In fact, the desquamation of horny layer
cells, which constitutes the final act of epidermal differen-
tiation, is accompanied by hydrolysis of cholesteryl sul-
phate.

The epidermal lamellar bodies, rich in glycosphingo-
lipids, sterols, and fatty acids, are the source of all the inter-
cellular lipids of the horny layer. These ellipsoid organelles
are assembled in the spinous and deep granular layers. In
the outer areas of this latter layer, the lamellar bodies ar-
range themselves along the lateral and apical surfaces so
that they can be quickly exocytosed. Their secretion brings
about not only the release of the lipids they contain but
also the dispatch of numerous hydrolytic enzymes into the
intercellular spaces of the horny layer (acid lipases, phos-
pholipases, sphingomyelinases, glycosphingohydrolases,
acid phosphatases, and carboxypeptidases).

Consequently, in the granular and horny layers an in-
tense metabolic activity takes place on the complex lipids
present in the lamellar bodies and initially ‘‘deposited’’
in the intercellular spaces. This accounts for the structural
changes and qualitative and quantitative variations in the
composition of the epidermal lipids (Table 1).

The ceramides constitute almost 50% of the total lipids
present in the horny layer. Several molecular species have
been identified, different as regards their hydrophobic sec-
tions: sphingosine, phytosphingosine, and fatty acids, these
last often being hydroxylated. The hydroxyl can be esteri-
fied with linoleic acid residues (which are sometimes also
present in the glucose residues of glucosyl ceramides pres-
ent in the cellular layers). Particular to the horny layer is
a ceramide linked to a very long chain hydroxyacid (30–
32 carbon atoms), in its turn esterified with a fatty acid
whose major component is linoleic acid.

In conclusion, the characteristics of the horny layer and

Table 1 Lipidic Composition of the Epidermis
(% Distribution)

Layers with Horny
Class of lipid nucleate cell layer

Phospholipids 40 traces
Sphingolipids 10 35
Cholesterol sulphate — 2–5
Cholesterol 15 20
Triglycerides 25 traces
Fatty acids 5 25
Sterol esters, squalene 5 10

the associated lipid ‘‘mantel’’ organized in a double layer
can be summarized as follows:

An almost complete absence of phospholipids
The structural and functional substitution of phospho-

lipids (as the essential fatty acid reserve) by neutral
glycolipids

Large quantities of nonesterified cholesterol, which by
esterification reactions allow the regulation of lipid
layer fluidity

The presence of free fatty acids, many of which have
peculiar structures not detectable in other organs and
tissues

The need for both saturated and unsaturated fatty acids
to be present in a precise ratio in order to ensure the
optimal barrier effect

The presence of water, therefore, making it more appro-
priate to talk of a hydrolipid barrier and of a lamellar
structure composed of various layers

The skin is also part of the innate immunity (natural resis-
tance) of the body against invasion by microorganisms.
The dryness and constant desquamation of the skin, the
normal flora of the skin, the fatty acids of sebum and lactic
acid of sweat, all represent natural defense mechanisms
against invasion by microorganisms. Langerhans cells
present in the epidermis have an antigen-presenting capac-
ity and might play an important role in delayed hypersensi-
tivity reactions. They also play a role in immunosurveil-
lance against viral infections. Langerhans cells interact
with neighboring keratinocytes, which secrete a number of
immunoregulating cytokines.

Melanin pigment of the skin protects the nuclear struc-
tures against damage from ultraviolet radiation.

The skin is also a huge sensory receptor for heat, cold,
pain, touch, and tickle. Parts of the skin are considered as
erogenous zones. The skin has great psychological impor-
tance at all ages. It is an organ of emotional expression
and a site for the discharge of anxiety. Caressing favors
emotional development, learning, and growth of newborn
infants.

The skin is a vital part of the body’s temperature regula-
tion system, protecting us against hypothermia and hyper-
thermia, both of which can be fatal (specialized vascular
structures of the dermis, insulation by fat in subcutaneous
tissue, evaporation of sweat).

The skin plays an important role in calcium homeostasis
by contributing to the body’s supply of vitamin D. Vitamin
D3 (cholecalciferol) is produced in the skin by the action
of ultraviolet light on dehydrocholesterol. It is then hy-
droxylated in the liver and kidneys (needs parathyroid hor-
mone to activate alpha-hydroxylase) to 1,25 dihydroxy-
cholecalciferol, the active form of vitamin D. This
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antirachitic vitamin acts on the intestine, increasing cal-
cium absorption (through stimulation of the synthesis of
calcium-binding proteins in the mucosal cells of the intes-
tine), as well as on the kidneys, promoting calcium reab-
sorption.

b. Keratin

Electron-microscopic examination of cells from all tissues
reveals that they contain a complex, heterogenous, intracy-
toplasmic system of filaments. The components of this sys-
tem include actin, myosin, and tubulin, whose diameters
average approximately 60Å, 150Å, and 250Å, respec-
tively. In addition, other intracytoplasmic filaments were
noted, and since the diameter of these latter structures was
found to be between 70 and 100Å, they were called inter-
mediate filaments (10–12).

Intermediate filaments form a major part of the cyto-
skeleton of most cells and fulfill a variety of roles related
to cell shape, spatial organization, and perhaps informa-
tional transfer. The nucleus contains structures related to
these intermediate filaments, and many intracellular com-
ponents including polyribosomes, mitochondria, nucleic
acids, enzymes, and cyclic nucleotides are attached to the
cytoskeleton.

Based on their biochemical, biophysical, and antigenic
properties, a number of classes of intermediate filaments
can be recognized in different cell types: desmin (skeletin)
in muscle cells, glial fibrillary acidic filaments in glial
cells, neurofilaments in neurons, vimentin in mesenchymal
cells, and keratin in epithelial cells. In cultured epider-
mal cells, keratins account for up to 30% of the cellular
protein, while in the stratum corneum, keratin accounts for
up to 85% of the cellular protein.

At least 19 keratin proteins can be identified ranging
in molecular weight from approximately 40,000 to 68,000
micrograms. The polypeptide structures of all the interme-
diate filaments have a similar skeletal part composed of
structural blocks of polypeptide subunits. The number of
subunits varies between one and 30. The proteins are prod-
ucts of separate genes, which by cross-hybridization fall
into two gene subfamilies: type 1 (basic) and type 2
(acidic). The molecular weights of the members of one (the
basic subfamily) are larger than those of the members of
the other (the acidic subfamily).

The fundamental polypeptide chain of keratin is a clas-
sical alpha helix with repeated groups of seven aminoacids.
It is composed of four separate helical zones linked by
interhelical sequences and is preceded and followed by
nonhelical carboxyterminal and aminoterminal sequences.
During keratinization two polypeptide chains (one basic
and one acidic) are assembled as a heterodimer called a

protofilament. Two protofilaments then assemble into
larger protofilaments so forming a protofibril, the basic ele-
ment of the keratin fiber heterodimer. In epithelial cells,
keratin filaments radiate from the perinuclear region to the
internal face of the plasma membrane. Bundles of these
filaments are associated with specialized structures of the
plasma membrane called desmosomes. Looking at their
chemical structure it is evident that keratin filaments are
heterogeneous. This heterogeneity explains how the fila-
ments perform diverse functions in different tissues, i.e,
there are different types of keratin for keratinized epider-
mis, hyperproliferative epidermis of palms and soles, cor-
neal epithelium, stratified epithelium of the esophagus and
cervix, and simple epithelium of the epidermal glands. As
mentioned before, keratin is the main structural protein of
the epidermis (13). The keratinocytes in the basal layer and
prickle cell layer synthesize keratin filaments (tonofila-
ments), which aggregate into bundles (tonofibrils). In the
cells of the stratum corneum, these bundles of keratin fil-
aments form a complex intracellular network embedded in
an amorphous protein matrix. The matrix is derived from
the keratohyaline granules of the granular layer; filagrin is
the substance produced by keratohyalin granules, which
links the tonofilaments and allows their alignment into mi-
crofibers. Epidermal keratinization results in the produc-
tion of a barrier that is relatively impermeable to sub-
stances passing into or out of the body (14,15).

C. Ultrastructure of the Dermoepidermal
Junction

The most superficial component of the junction is the basal
plasma membrane of keratinocytes, melanocytes, and Mer-
kel cells.

Hemidesmosomes have a complicated ultrastructure
that resembles half a desmosome. Hemidesmosomes con-
sist of an intracellular component, the attachment plaque,
which is associated with tonofilaments, and an extracellu-
lar component, known as the subbasal dense plate. This
latter structure is located in the lamina lucida (see below)
and resembles a fine, dense line parallel to and just beneath
the plasma membrane. Hemidesmosomes are important in
maintaining adhesion between dermis and epidermis.

Immediately beneath the basal plasma membrane is the
basement membrane, which consists of three layers: the
lamina lucida, the lamina densa, and the lamina fibroreti-
cularis (sublamina densa).

Distributed throughout the lamina lucida are anchoring
filaments. Anchoring filaments are very fine structures that
are oriented vertically between the lamina densa and the
basal plasma membrane.
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The lamina densa is an electron-dense amorphous layer
that lies parallel to and below the lamina lucida.

Anchoring fibrils are the major constituent of the fi-
broreticular layer of the basement membrane. These are
short, often curved structures, with an irregular cross-band-
ing, that insert into the lamina densa and extend into the
upper part of the dermis. They may also insert into amor-
phous bodies in the superficial dermis known as anchoring
plaques, or curve back to have a second insertion in the
lamina densa.

Another component of the lamina fibroreticularis is the
elastic microfibril bundles, each consisting of many mi-
crofibrils that extend into the dermis and may enmesh with
the microfibrillar system of dermal elastic fibers.

Laminin, a high molecular weight glycoprotein required
for cell adhesion, and fibronectin have been immunoloca-
lized to the lamina lucida.

Type IV collagen antigen has been immunolocalized to
the lamina densa. Type VII collagen antigen has been im-
munolocalized to anchoring fibrils and plaques. Type VII
collagen has a role in normal dermoepidermal adherence.

D. Dermis

The dermis accounts for approximately 90% of the cutis.
It can be considered an aqueous gel ‘‘held’’ in a structure
composed of collagen and elastin fibers. Compared to the
relatively rapid turnover of the epidermis, the connective
tissue of the dermis is regenerated more slowly even
though it is more highly vascularized, being pervaded by
a woven network of arterioles, venules, and capillaries.
Like all differentiated connective tissues, it is composed
of an abundant intercellular matrix and specialized cells or
fibroblasts. Other cell types found in the dermis are the
macrophages and mast cells, and in addition lymphocytes
and plasma cells frequently populate the dermis in re-
sponse to injury or other stimuli.

1. Principal Function of the Cells Present in the
Dermis and the Characteristic of the Molecules
They Synthesize

Fibroblasts are bound to the matrix by fibronectin, and
their main function is the synthesis and remodeling of con-
nective tissue proteins. The remodeling process is medi-
ated by specific enzymes, collagenase and elastase, whose
presence is particularly high in the dermal papillae found
immediately below the basal lamina and which therefore
delimit the epidermal region. The main product of fibro-
blast synthesis in the papillary layer is type III collagen,
characterized by high hydroxyproline content and a small

percentage of hydroxylysine, which has few glycosylation
sites. Type I collagen is synthesized by fibroblasts of the
underlying reticular dermis, organized in large fibrillary
bundles interspersed by bundles of mature elastin fibers.
Macrophages represent the final stage of differentiation of
progenitor cells, which originate in the bone marrow and
mature into monocytes in the blood circulation. Their
principal function is the processing and presentation of an-
tigens to the immunocompetent lymphoid cells. They
synthesize and secrete interleukin 1, growth factors, pros-
taglandin, interferon, as well as components of the comple-
ment system and diverse hydrolytic enzymes. Mast cells
are present in all layers of the dermis but are found in high-
est concentrations around the blood vessels. They synthe-
size granules, which contain vasoactive or chemotactic fac-
tors for the neutrophils and eosinophils that are released
in response to stimuli of various kinds. These cells are able
to respond to stimuli such as light, cold, acute trauma, vi-
brations, variations in pressure, and other stimuli of chemi-
cal and immunological nature.

2. Biosynthetic Processes of the Dermis

The main classes of molecules biosynthesized by the der-
mis are collagen and elastin, which constitute the fibrous
proteins; and proteoglycans and structural glycoproteins,
which are the main components of the ground substance.

The timing of biosynthesis of these molecules is differ-
ent but occurs in a manner coordinated with the morpho-
genesis of the dermis fibrous network and has the follow-
ing characteristics:

1. The first characteristic is determined by the affinity
‘‘coded’’ within the structure of the classes of macromole-
cules mentioned previously and in particular by the struc-
tural glycoproteins, which govern the interactions between
fibroblasts and collagen fibers, and by proteoglycans,
which determine the three-dimensional arrangement of the
collagen fibers themselves.

2. Considerable changes are seen with age following
modifications in the biosynthetic program, alterations in
the relationship between synthesis/degradation and under
the influence of hormonal, environmental, and nutritional
factors.

3. Biochemical-Molecular Aspects of Biosynthesis
of Collagen and Elastin

Collagen is an extracellular protein, but it is synthesized
intracellularly in the form of a precursor, which undergoes
extensive posttranslation modifications before becoming a
mature collagen fibril. The molecule initially synthesized
at the ribosome is preprocollagen (37). The main metabolic
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steps that lead to the synthesis of mature collagen and the
intra- and extracellular sites where it occurs are schemati-
cally reported in Table 2. Elastin is present in the skin in
lower concentrations than collagen and is the principal
component of elastic fibers. It is synthesized and ‘‘refined’’
by a process essentially similar to that described above.
The amino acid composition of elastin is highly analogous
to that of collagen; it is rich in glycine and proline residues,
although it contains little hydroxyproline, no hydroxyly-
sine, and a high quantity of alanine and other nonpolar
aliphatic amino acids.

Mature elastin contains many cross-bonds due to nu-
merous lysine-containing domains separated by two-three
alanine residues that can give rise to two types of cross-
links:

1. Condensation of an oxidated residue, with an un-
modified residue (norleucine–lysine)

Table 2 Sequence and Localization of the Collagen Synthesis Process

Nucleus and ribosomes

Site of process Functional significance

Gene selection Determines the type of protein that will be synthesized
Transcription Formation of primary mRNA transcript
Processing Formation of final mRNA
Translation Formation of polypeptides and the initiation of their assembly
Control of expression Determines the quantity of polypeptides synthesized

Endoplasmic reticulum and Golgi apparatus [cotranslational and
posttranslational modifications of repetitive sequences (Gly-X-Y)n]

Site of process Functional significance

Removal of signal peptide Necessary for secretion into the extracelluar space
Hydroxylation of 4-proline residues Still not clear but probably the signal for subsequent hydroxyla-

tions
Hydroxylation of 3-proline residues
Hydroxylation of lysine residues Necessary to mark lysine residues for glycosylation
Glycosylation
Formation of intra- and interchain S–S bonds Start of tertiary structure assembly
Formation of procollagen triple helices

Extracellular environment (further posttranslational modifications)

Site of process Functional significance

Proteolysis of N and C terminal fragments Elimination of alignment peptides and start of final assembly
Oxidative deamination of lysine, unglycosylated and glycosyl- Prerequisite for the formation of cross bonds

ated hydroxylysine
Formation of interchain cross bonds mediated by aldonic conden-

sation and by the formation of Schiff’s bases
Degradation by specific collagenases Removal of old damaged extracellular fibers

2. Condensation of four different residues—three oxi-
dated and one nonoxidated residue to give a com-
pound called desmosine (Fig. 3).

These cross links are typical of elastin and allow the elastic
fibers to regain their proper form and dimension after any
stretching that they may be subjected to.

Elastin biosynthesis must be coordinated with that of
the structural glycoproteins, as the two classes of mole-
cules associate to give the ‘‘young’’ elastin fibers rich in
microfibrils. As the process of maturation proceeds, the
concentration of polymerized elastin increases following
the cross-linking of tropoelastin chains and desmosine resi-
dues.

From a biomolecular point of view, the genes that code
for these molecules constitute a many-gene family. In the
case of collagen, for example, about 20 genes have so far
been identified that code for at least 11 different types of
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Figure 3 Structure of desmosine.

collagen protein. Observed structural differences reflect
the different functions that the collagens perform in the
various tissues and cell sections in which they are found:
tendons and ligaments, the skin, renal glomeruli, bones,
and teeth.

At least two pertinent molecular biological problems
are still to be clarified:

1. How the genes necessary for the synthesis of a cer-
tain type of collagen in a particular cell are selected
(in other words, how cells of a given tissue produce
a structurally defined type of collagen)

2. How the expression of these genes is regulated (in
other words, has a given cell the capacity to pro-
duce more than one collagen protein, and it only
expresses one of them as a function of time, or does
the synthesis of a certain type of collagen contem-
poraneously inhibit the production of other
chains?)

Concerning elastin, the domains in which the cross-links
are concentrated are rich in glycine, proline, and valine and
are highly conserved structures easily forming beta spirals.
Elucidation of the three-dimensional structure of these re-
gions in relation to the elastic characteristics of the protein
and the control of expression of the genes coding for the
sequences mentioned above are still objects of in-depth re-
search.

4. Fibrous Proteins and Their Degradation:
Collagenases and Elastases

From a metabolic point of view collagen is not an ‘‘inert’’
protein. In an individual’s lifetime collagen undergoes pro-
cesses of maturation, remodeling, cicatrization and aging,
processes in which the mature and/or aged fibers are pro-
gressively substituted by young fibers. The degradation be-
gins with the intervention of specific proteases, which
transform polymeric collagen into monomers, which are
then hydrolyzed by collagenases. Collagenases, whose ac-
tivity is regulated by specific protein factors, are derived
from an inactive precursor by the proteolytic removal of
the amino terminal portion.

Vertebrate collagenases are metal-enzymes containing
Ca2� and Zn2� and are synthesized and secreted by fibro-
blasts, leucocytes, polymorphonucleates, macrophages,
cutaneous epithelial cells, and condrocytes. Their synthesis
is controlled by hormones (parathyroid hormone is a posi-
tive effector in contrast to progesterone and hydrocorti-
sone). Hormonal action is probably mediated by a specific
prostaglandin and other factors, heparin for example.

The situation with elastin is different: the thin elastic
fibers present in the subpapillary region disappear at about
40 years of age, when the first lysis of elastin appears. With
advancing age, the dermis fibroblasts secrete large quanti-
ties of elastases, which degrade the fibers of both the der-
mis and the epidermis, fibers that cannot be replaced be-
cause the activity of the lysyl oxidases diminishes
drastically.

5. Ground Substance Biosynthesis and the Role
of Structural Proteins, Glucosaminoglycans,
and Proteoglycans

As previously stated, the structural glycoproteins (GPS)
are synthesized in situ by mesenchymal cells of the con-
nective tissue and are found in the basal membrane and
intercellular spaces, either free or associated with other
matrix proteins. Some of these can be imbricated with col-
lagen or elastin, others with proteoglycans, thus playing
an important role in the three-dimensional organization of
the fibrous framework and in the positioning of cells, espe-
cially the fibroblasts, in the body of the matrix itself.
Therefore they are directly involved in fibrillogenesis, a
process that is accelerated in vitro by the addition of GPS
to a tropocollagen solution. Given their high affinity for
lipids, it is likely that the GPSs have an important role in
the aging process, in a characteristic way in the case of
diabetes and atherosclerosis, conditions in which the der-
mis accumulates lipids, especially cholesterol esters.

From a chemical point of view, the GPSs contain many
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dicarboxylic amino acid residues and also aromatic (tripto-
phan), sulphurated (cysteine), and aliphatic (glycine, pro-
line, and valine) amino acids. The saccharide content (glu-
cose, galactose, mannose; N-acetyl esosamine, fucose, and
sialic acid) varies from one molecular species to another.
Generally they are not very soluble and are often composed
of subunits linked by disulphide bridges. Their biosynthe-
sis is not dissimilar to that of other glycoproteins.

Fibronectin is one of the best-studied GPSs synthesized
by fibroblasts. It is found either associated with the cell
membrane or to the collagen of the intercellular matrix.
It is most probably responsible for the ‘‘anchorage’’ of
fibroblasts to the fibrous framework. The binding both to
fibroblasts and to collagen and proteoglycans is mediated
by specific amino acid sequences. Fibronectin is composed
of two polypeptide chains linked by disulphide bridges
close to the carboxyl terminal end. The gene for this GPS
contains more than 50 exons, which code for ‘‘variations’’
in three principal sequences. In the protein the domain,
that binds to collagen possesses three modules: one that
performs a different specific function (that of binding fi-
brin) and two with another type of amino acid sequence.
The module, which contains the sequence Arg-Gly-Asp-
Ser, seems to be responsible for binding to the intercellular
matrix and/or to certain proteoglycans.

Experimental data indicate that cancer cells or cells
transformed by oncogenic viruses lose the ability to fix
fibronectin to their membrane surfaces, and this could be
responsible for their inability to form organized tissues and
their progression to malignancy.

Finally it should be mentioned that a single mRNA pri-
mary transcript, which undergoes different splicing, codes
these ‘‘different’’ fibronectins.

Laminin is another adhesion glycoprotein of the extra-
cellular matrix and allows the epithelial cells to adhere to
the connective tissue that surrounds them. It is able to bind
to type IV collagen, the characteristic component of the
basal membrane. Like fibronectin it possesses different do-
mains with specific binding functions.

The connective tissue is also rich in proteoglycans,
which are essentially composed (approximately 90%) by
polysaccharide residues. These are important in the deter-
mination of the skin’s viscoelastic properties in that being
negatively charged they are able to bind water and different
cations. The proteoglycan heteropolysaccharide chains are
formed by glucosaminoglycans (GAG) composed of repet-
itive disaccharide units containing an amino sugar (glucos-
amine or galactosamine) and a sugar containing a carbox-
ylic or sulphate group (38).

Principal GAGs are hyaluronic acid, the chondroitin
sulphates, dermatan sulphate, and heparan sulphate. In pro-

teoglycans the GAGs are covalently linked to a peptide
matrix (‘‘core protein’’). Approximately 140 protein resi-
dues are then linked at regular intervals of approximately
300 Å to a long filament of hyaluronic acid, thus forming
high molecular weight complexes. The interaction with hy-
aluronic acid is mediated by two small peptides: one links
the protein, the other links hyaluronic acid. The schematic
structure of a generic proteoglycan in its monomeric form
is shown in Fig. 4

The proteoglycans represent the final product of a com-
plex ‘‘assembly’’ process that involves both the protein
synthesis apparatus of the ribosomes and the Golgi system,
where posttranslational modifications of splicing and gly-
cosylation occur. The schematic view of the synthesis of a
generic proteoglycan in monomer form, not yet conjugated
with a hyaluronic acid, is shown in Fig. 7. Functionally,
GAG and proteoglycans are strictly associated with tropo-
collagen molecules, which ‘‘control’’ the level of polymer-
ization. They also contribute to the correct ‘‘alignment’’
of the collagen and elastin fibrils and change the chemical
and physical state of the dermis from a fibrous structure
to a gel containing a high percentage of water.

Hyaluronic acid itself contributes not only to this hy-
drating effect but also to the elastic properties of the der-
mis. The ‘‘viscosity’’ level of the gel can be reduced fol-
lowing depolymerization of hyaluronic acid and the
subsequent ‘‘disorganization’’ of the aggregates. This may
occur under the action of hyaluronidases, the influence of
chemical agents (cysteine, ascorbic acid, and hydroqui-

Figure 4 Schematic structure of a generic proteoglycan in its
monomeric form. a, core protein; b, chondroitin sulphates; c, ker-
atan sulphates; d, peptide linker (junction); e, hyaluronic acid.
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nones), and finally due to the presence of free radicals pro-
duced by ultraviolet radiation on the skin.

E. Skin Annexes

1. Hair

Hairs grow out of tubular invaginations of the epidermis
known as follicles, and a hair follicle and its associated
sebaceous glands are referred to as a pilosebaceous unit.
Hair follicles extend into the dermis at an angle. A small
bundle of smooth muscle fibers, the arrector pili muscle,
extends from just beneath the epidermis and is attached to
the side of the follicle at an angle. Arrector pili muscles
are supplied by adrenergic nerves, and are responsible for
the erection of hair during cold or emotional stress (goose-
flesh). The sebaceous gland is attached to the follicle just
above the point of attachment of the arrector pili (36).

At the lower end of the follicle is the hair bulb, part of
which, the hair matrix, is a zone of rapidly dividing cells
that is responsible for the formation of the hair shaft. Hair
pigment is produced by melanocytes in the hair bulb. Cells
produced in the hair bulb become densely packed, elon-
gated, and arranged parallel to the long axis of the hair
shaft. They gradually become keratinized as they ascend
in the hair follicle.

The average rate of growth of human scalp hair is 0.37
mm per day. In women, scalp hair grows faster and body
hair grows more slowly than in men. The rate of growth
of body hair is undoubtedly increased by androgens, since
it can be reduced by treatment with antiandrogenic ste-
roids.

2. Hair: Types and Growth Cycle

The type of hair produced by any particular follicle can
change. The most striking example is the replacement of
vellus by terminal hair at puberty, which starts in the pubic
regions. This leads us to the definition of androgen-depen-
dent hair. It is obvious from the events of puberty that pu-
bic, axillary, facial, and body hair are hormone dependent.
So, paradoxically, is pattern baldness (male), in which ter-
minal hair is replaced by fine, short hair resembling vellus.
The growth of the male beard depends on testicular hor-
mones. The action of testosterone in general involves its
reduction to 5 alpha-dihydrotestosterone and binding to an
intracellular receptor.

The most important feature of hair follicles is that their
activity is intermittent (cyclical). As the hair reaches a de-
finitive length, it is shed and replaced by a new hair. Thus
a hair follicle will pass into three stages: an active (anagen)
stage, a resting (catagen) stage, and a telogen stage wherein
the hair stops growing and is finally shed. In human scalp

hair, the anagen stage takes about three years, the catagen
stage takes three weeks, and the telogen phase takes three
months. The hair cycle occurs in different hair follicles
asynchronously, i.e., at a given time, each individual hair
follicle is at a different stage of the hair cycle.

3. Nails

The nail acts as a protective covering to the end of the
digit and assists in grasping small objects. The nail has
also a cosmetic function. The major part of this appendage
is the hard nail plate, which arises from the matrix (see
below). The nail plate is roughly rectangular and flat in
shape but shows considerable variation in different per-
sons. The pink color of the nail bed results from its exten-
sive vascular network and can be seen because of the trans-
parency of the plate.

Usually in the thumbs, uncommonly in other fingers and
in the large toenails, a whitish crescent-shaped lunula is
seen projecting from under the proximal nail folds. The
lunula is the most distal portion of the matrix and deter-
mines the shape of the free edge of the nail plate. Its color
is due in part to the effect of light scattered by the nucleated
cells of the matrix and in part to the thick layer of epithelial
cells making up the matrix.

As the nail plate emerges from the matrix, its lateral
and proximal borders are enveloped by folds of the skin
termed the lateral and proximal nail folds. The skin under-
lying the free end of the nail is referred to as the hyponych-
ium and is contiguous with the skin on the tip of the finger.

The nail plate is formed by a process that involves flat-
tening of the basal cells of the matrix, fragmentation of
the nuclei, and condensation of cytoplasm to form horny
flat cells that are strongly adherent to one another.

4. Sebaceous Glands

Sebaceous glands are found on all areas of the skin with
the exception of the palms, soles, and dorsa of the feet.
They are holocrine glands, i.e., their secretion is formed
by complete destruction of the cells.

Most sebaceous glands have their ducts opening into
hair follicles (pilosebaceous apparatus). Free sebaceous
glands (not associated with hair follicles) open directly to
the surface of the skin, e.g., Meibomian glands of the eye-
lids, Tyson’s glands of the prepuce, and free glands in the
female genitalia and in the areola of the nipple.

The production of sebum is under hormonal control,
and sebaceous secretion is a continuous process. Seba-
ceous gland development is an early event in puberty, and
the prime hormonal stimulus for this glandular develop-
ment is androgen. Although the sebaceous glands are very
small throughout the prepubertal period, they are large at
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the time of birth, probably as a result of androgen stimula-
tion in utero, and acne may be seen in the neonatal period.
It should be noted that (1) sebum production is low in chil-
dren; (2) in adults, sebum production is higher in men than
in women; (3) in men, sebum production falls only slightly
with advancing age, whereas in women it decreases sig-
nificantly after the age of 50. Orchidectomy causes a
marked decrease in sebum production. Therefore it can be
assumed that testicular androgen maintains sebum produc-
tion at high levels in men. The role of adrenal androgens
is also important, especially in women where they play a
contributory role in sebum production together with the
ovaries.

Estrogens have a profound effect on sebaceous gland
function that is opposite of that of androgens. In both
sexes, estrogen administration decreases the size of the se-
baceous glands and the production of sebum.

The sebum is composed of triglycerides and free fatty
acids, wax esters, squalene, and cholesterol. The sebum
controls moisture loss from the epidermis. The water-hold-
ing power of cornified epithelium depends on the presence
of lipids. The sebum also protects against fungal and bacte-
rial infections of the skin due to its contents of free fatty
acids. Ringworm of the scalp becomes rare after puberty.

5. Sweat Glands

Generalized sweating is the normal response to exercise
or thermal stress by which human beings control their body
temperature through evaporative heat loss. Failure of this
mechanism can cause hyperthermia and death. (See also
‘‘Vascular System’’ above).

Humans have several million eccrine sweat glands dis-
tributed over nearly the entire body surface (except the la-
bia minora and the glans penis). The total mass of eccrine
sweat glands roughly equals that of one kidney, i.e., 100
g. A person can perspire as much as several liters per hour
and 10 liters per day, which is far greater than the secretory
rates of other exocrine glands such as the salivary and lac-
rimal glands and the pancreas.

Each eccrine sweat gland consists of a secretory coil
deep in the dermis and a duct that conveys the secreted
sweat to the surface. The secretory activity of the human
eccrine sweat glands consists of two major functions: (1)
the secretion of an ultrafiltrate of a plasmalike precursor
fluid by the secretory coil in response to acetylcholine re-
leased from the sympathetic nerve endings, and (2) reab-
sorption of sodium in excess of water by the duct, thereby
producing a hypotonic skin surface sweat. Under extreme
conditions, where the amount of perspiration reaches sev-
eral liters a day, the ductal reabsorptive function assumes
a vital role in maintaining homeostasis of the entire body.

In addition to the secretion of water and electrolytes, the
sweat glands serve as excretory organs for heavy metals,
organic compounds, and macromolecules. The sweat is
composed of 99% water, electrolytes, lactate (provides an
acidic pH to resist infection), urea, ammonia, proteolytic
enzymes, and other substances.

The term apocrine glands was given to sweat glands
present in the axillae and anogenital area that are under
the control of sex hormones, mainly androgens. But nowa-
days by electron microscopy, these apocrine glands (apo-
crine � apical part of the cell is destroyed during the pro-
cess of secretion) proved to be merocrine in nature
(merocrine � no destruction of the cell during the process
of secretion). The ‘‘apocrine’’ sweat of humans has been
described as milky (because it is mixed with sebum due
to shared ducts) and viscid, without odor when it is first
secreted. Subsequent bacterial action is necessary for odor
production. Unlike eccrine glands, which have a duct that
opens onto the skin surface independently of a hair follicle,
apocrine glands have a duct that opens into a hair follicle.

III. DERMOCOSMETIC SECTION

A. Introduction

The skin can be defined as healthy when its physical, bio-
chemical, and structural components are all in equilibrium.
The use of a cosmetic sometimes does not affect this equi-
librium and has purely aesthetic functions, while at other
times it can and must provide correction and prevention
of changes in the skin brought about by both internal and
external factors.

In a cosmetic, both the active principle and the excipient
can perform this function. The active principles are all
those substances or mixtures of substances used in cosmet-
ics to obtain a defined nutritional, hydrating, stimulative,
or protective action. Naturally, the use of active principles
in cosmetics must be directed exclusively at the treatment
of healthy skin, and when substances with pharmacologi-
cal activity are used (e.g., vitamins or antimicrobials), the
percentage content must be lower than the dosage utilized
in the treatment of pathological changes.

B. Skin and Hydration

As water is life for the entire body, so it is for the skin.
Hydration represents the most important parameter in the
health of our skin. Numerous factors determine the water
content of the skin, although overall it is directly related
to the ambient humidity, and the skin can only retain ade-
quate concentrations of water at a relative humidity of
60%.
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The skin’s factors that govern the maintenance of its
hydration are epidermal lipids, surface hydrolipidic film,
natural moisturizing factors (NMF), the horny layer, and
organic substances (salts, amino acids, hyaluronic acid).

Epidermal lipids have a fundamental role both in bind-
ing water and in occluding the intercellular spaces. Their
action is expressed in the correct structure of the lamellae
in the horny layer, which otherwise would not be able to
retain water.

The hydrolipidic film covers the epidermis with a thin
protective layer that softens it, slows down its desquama-
tion, and defends it against both chemical and bacteriomi-
cotic agents. Removal of the film by excessive cleansing,
for example, leads to damage of the horny layer, which
desquamates and loses intercellular lipids, so opening the
door to the entry of germs and harmful substances.

The NMF, are a series of substances produced by the
epidermal cells and by sweating, which function to bind
water both intracellular and extracellular together with the
intercellular lipids. Of the NMF components the most im-
portant are pyrrolidon carboxylic acid and urea, but many
other organic substances and mineral salts are part of the
group.

Below the epidermis, in the dermis, there is a larger
quantity of water. It is this water of the dermis that hydrates
the epidermis by two principal mechanisms, sweating and
transpiration (perspiratio insensibilis). The latter is essen-
tial for life; the body must continuously exchange the heat
produced by the energy reactions that occur uninterrupt-
edly in all its cells.

In the dermis, the majority of water is bound to glyco-
saminoglycans and proteoglycans. Sugar complexes with
organic acids and proteins form them, respectively. Of par-
ticular interest is hyaluronic acid, which is able to bind
many molecules of water. All substances that bind water
are defined as hygroscopic, while the property of being
soluble in water is defined as hydrosolubility. Hyaluronic
acid is also present in the epidermis where, in addition to
hydration, it is also involved in other activities connected
with the life of keratinocytes.

Many specific and nonspecific hydrating substances are
used in the cosmetic sector.

Hyaluronic acid (HA) is the main component of a
polysaccharide family defined as mucopolysaccharides or
glycosaminoglycans, which all have similar structure and
behavior. The HA (39) molecule is composed of a re-
peating disaccharide (beta-N-acetyl-d-glucosamine-beta-
glucuronic acid)n organized as a random coil. Its molecular
weight can approach 10 million daltons. It takes on a huge
volume of water of hydration that makes it a very expan-
sive molecule. It can expand its solvent domain up to
10,000 times its actual polymer volume. Hyaluronic acid

is the simplest of the GAGs, the only one not covalently
linked to a core protein, and it is the only nonsulfated
GAG.

Hyaluronic acid maintains skin moisture, organizes the
extracellular matrix, and has an immunosuppressive func-
tion. HA also lubricates joints and maintains the necessary
turgor of the eye. Understanding the metabolism of HA,
its reactions within skin, and the interactions of HA with
other skin components, will facilitate the ability to modu-
late skin moisture in a rational manner.

Recent progress in the details of the metabolism of HA
has also clarified the long-appreciated observations that
premature aging of the skin has two causes, chronic in-
flammation and sun damage caused by ultraviolet light
(UV). These processes, as well as normal aging, all use
similar mechanisms that cause loss of moisture and
changes in HA distribution (40). UV light causes dramatic
changes in the arrangement and distribution of HA in skin
(41). In addition, HA has some unusual features that, at
present, cannot be explained. The turnover rate of HA in
the body as well as in the skin is very rapid, much of it
being degraded and renewed every hour (42).

The HA molecule is critical from the onset of human
development, and it promotes cell movement and cell pro-
liferation. When HA is removed by hyaluronidases, cells
are able to make contact with each other, undergo compac-
tion or condensation, and begin to interact with each other.
Cell movement slows, permitting these units to differenti-
ate into tissues and organs (43).

Thus it seems that HA must be removed by hyaluroni-
dases before commitment and differentiation can begin.
This also documents how important HA is as a signalling
and informational molecule. It is not just a sugar polymer
that feels and hydrates space.

The HA molecule belongs to the class of compounds
termed glycosaminoglycans (GAGs). Other members of
this class include heparan, dermatan, keratan, and chon-
droitin sulfates. In skin, however, HA is the major GAG.

It is present in the dermis and in the epidermis (44). In
the epidermis, the HA provides a means of cell motility.
It creates an environment for cell movement by swelling
the extracellular space. HA molecules simultaneously en-
dow cells with motility by binding with receptors that in-
teract with the cytoskeleton. That action initiates cascades
of signal transduction events (45,46). The basal keratino-
cytes, in cultures, in the presence of low calcium, remain
undifferentiated and proliferate rapidly. They also synthe-
size large volumes of HA. When calcium is added to this
medium, these cells cease growing, begin differentiation,
and become stratified, so that they appear like the layers
of true skin epidermis. They also start making great
amounts of hyaluronidase. The HA becomes degraded, and
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the cells remain relatively depleted of HA. The HA of the
dermis is in contiguity with the body’s bloodstream and
lymphatic system. It is the dermal fibroblasts that make
dermal HA. However, when such cells are grown in tissue
culture, they do not demonstrate the calcium sensitivity
exhibited by epidermal keratinocytes. Here is another ex-
ample to justify the claim that dermis and epidermis are
different organs, even though they lie immediately adja-
cent to each other.

Why 50% of HA in the body is located in the dermis
is not known, other than that it serves as a control of inter-
stitial fluid volume.

The HA of the dermis is loosely bound to tissue, in
equilibrium with the rest of the body, and is easily removed
by the lymphatic. On the other hand, the HA of the epider-
mis is tightly bound, not easily removed, and appears to
be tightly regulated in conjunction with differentiation of
epidermal skin cells. HA synthesis, degradation, and the
attendant control mechanisms are distinct and separate in
epidermis and dermis. It is necessary to begin to think
about attempts to modulate HA deposition in skin, there-
fore, in relation to two separate compartments. Whether
the desired moist, soft, and supple appearance of skin is a
reflection of HA in one or the other, or possibly in both
compartments, is yet to be established.

1. Implications for the Cosmetic Industry

The HA field is a rapidly growing area of research, and
continued research is assured. A number of discoveries
should be noted that might have impact on the cosmetics
industry and among skin-care researchers. Attempts are
frequently made to enhance the moisture and appearance
of skin by using agents topically that stimulate HA content,
increasing the level and the length of time HA is present
in skin, preserving optimal chain length of this sugar poly-
mer, and inducing expression of the best profile of HA
binding proteins to decorate the molecule. Agents that
stimulate HA production should be separated, distinguish-
ing those that act upon epidermal HA and those whose
target is the HA of the dermis.

The size of the HA polymer is critical in vivo. In fact,
opposite biological effects can be achieved from two dif-
ferent chain lengths of HA. High molecular weight
(HMW) HA, in the range of millions of daltons, is present
in cartilage, in the vitreous of the eye, and in the synovial
fluid of normal joints. This HMW material inhibits the
growth of blood vessels (47).

On the other hand, HA fragments are highly angiogenic
and are potent stimulators of blood vessel growth (48).
Small HA fragments can also stimulate the inflammatory
response. In skin pathology, for example, the accumulation

of fragmented HA molecules in dermal papillae supports
the growth of psoriatic lesions, which stimulate the growth
of capillaries and attract inflammatory cells (49).

In cosmetics, one might consider that the size of the
HA molecule might be important. However, little, if any,
of the HA molecules actually get through the horny layer
when applied topically. Therefore HA size may be of little
importance in cosmetic preparations.

Following application to the skin, HA forms a thin,
light-permeable, viscoelastic surface film. This fixes the
moisture on the surface of the skin and supports the skin’s
natural protective mechanism. The HA regulates water bal-
ance and osmotic pressure, functions as an ion-exchange
resin, and regulates ion flow. It functions as sieve, to ex-
clude certain molecules, to enhance the extracellular do-
main of cell surfaces (particularly the lumen surface of
endothelial cells), to stabilize structures by electrostatic in-
teractions, and also to act as a lubricant. HA also acts as
an organizer of the extra cellular matrix. It is the central
molecule around which other components of the extracel-
lular matrix distribute and orient themselves (50).

Since it is an excellent water reservoir and an ideal lu-
bricant, HA, when incorporated in cosmetics, leads to a
perceptible and visible improvement in skin condition.

The anomalous ability of HA to be both hydrophobic
and hydrophilic, to associate with itself, with cell surface
membranes, with proteins, or with other GAGs speaks to
the versatility of this remarkable molecule.

HA as well as other glycosaminoglycans can be ex-
tracted from animals, e.g., fish cartilage, or alternatively
from plants. For example, the seed extract of the St. John’s
bread tree (Ceratonia siliqua, Leguminosae) is locust bean
gum, a branched galactomannane. This gum has moisturiz-
ing and skin-smoothing properties just like HA and is now
in use for cosmetic preparations (Fig. 5). A sulfated hetero-
polysaccharide, rich in glucuronic acid, is extracted from
a green seaweed (Codium tomentosum) and has the natural
function of moisturizing agent.

Another class of molecules of cosmetic interest is that
of molecules with a high affinity to keratin, that form a
moisturizing, semiocclusive, protective, antiwrinkle film
on the skin surface. For example, from the mulberry silk-
worm (Bombix mori) is obtained a water-soluble biopoly-
mer, a high molecular weight glycoprotein that shows high
affinity with keratin of the skin and of the hair, to form a
protective film, imparting an immediate, long-lasting,
smooth, silky feeling.

C. Skin and Defense System

The skin is the first line of the body’s nonspecific defense
system. Unlike the immune system, which defends by
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Figure 5 Chemical structure of locust bean gum.

forming antibodies against specific invaders, the skin pro-
vides a nonspecific barrier of cells and an environment that
most bacteria, viruses, and other pollutants cannot pene-
trate (51). Skin is no different from any other organ in the
body with a whole host of immune cells. Perhaps the most
important of these defenses is the activity of the Langer-
hans cells, the skin resident macrophages. Activating the
macrophages sets up a cascade reaction in the skin, re-
sulting in fibroblast activation and the production of cyto-
kines and epidermal growth factor (EGF), which aid the
healing of wounds. In aged or wrinkled skin, increased pro-
duction of EGF increases the production of collagen and
elastin, thus improving the skin’s appearance and causing
fine lines and wrinkles to disappear (52). In the last two
decades the role of beta-glucan in stimulating the immune
system of the human body has been confirmed (53,54).

Glucans are natural polysaccharides found in oats, bar-
ley, wheat, yeast, and fungi. The term glucan refers generi-
cally to a variety of naturally occurring homopolysac-
charides or polyglucoses, including polymers such as
cellulose, amylose, glycogen, and starch. Glucan encom-
passes branched and unbranched chains of glucose units
linked by 1–3, 1–4, and 1–6 glucosidic bonds that may
be of either the alpha or beta type.

Polybranched beta-1,3-d-glucan is a naturally occurring
polysaccharide that can be found in a variety of fungal
cells including cell walls of yeast, i.e., Saccharomyces cer-
evisiae. Out of different glucans, the beta-1,3-d-glucan
configuration has been shown to act as a nonspecific im-
mune activator (55).

A macrophage cell surface receptor specific for a small
oligosaccharide of the beta-(1,3)-d-glucan series has been
identified (56). This receptor is a protein complex that ap-
pears to be present throughout the whole differentiation

cycle of macrophages, starting in the bone marrow. Mature
macrophages are found in virtually all the tissues including
the central nervous system. When a macrophage encoun-
ters beta-1,3-d-glucan, it becomes activated. All the func-
tions, including phagocytosis, release of certain cytokines,
and the processing of antigens are improved and brought
up to date.

1. Implications for the Cosmetic Industry

Glucan is an excellent wound healer. In experiments, glu-
can-treated wounds showed a higher number of macro-
phages in the early, inflammatory stage of repair, with
fewer polymorphonuclear neutrophilic leukocytes than did
control wounds. Both reepithelization and the onset of fi-
broplasia commenced at an earlier stage in glucan-treated
wounds than in control wounds (57).

In humans, topical glucan treatment resulted in a 73%
improvement in chronic decubitus ulcers with complete
closure and epitalization in 27% of treated ulcers. All
wounds remained clean, and no infections occurred during
this treatment (58).

Considering the data above, a topical combination of an
antibiotic and beta-1,3-d-glucan as an adjuvant for wound
healing applications seems to be appropriate.

An interesting effect of the topical application of glucan
was observed in regard to nonwounded aged skin. Revi-
talizing, such as reducing the number, depth, and length
of wrinkles, thickening, and reducing roughness and dry-
ness of the skin was shown in a group of female volunteers.

Applied topically, glucan activates epidermal macro-
phages (Langerhans cells). This mechanism plus its free-
radical scavenging effect makes it a photoprotective agent.
Glucan application resulted in the reduction of after-UV
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erythema and preservation of the amount of Langerhans
cells in the epidermis (59), so that a combination of a sun-
screen and glucan is suggested.

The anti-irritant effect of beta-(1,3)-d-glucan was also
shown in combination with otherwise severe irritation
caused by high level of lactic acid. Glucan also has a syner-
gistic effect with another antiaging topical ingredient: reti-
noic acid. Similar to corticosteroids, retinoic acid signifi-
cantly increases the number of beta-glucan receptor sites
on phagocytic cells.

Beta-glucan of the Schizophyllum commune mushroom
has a beta-(1,6) branch on every third glucose residue of
the beta-(1,3) main chain (Fig. 6). Moo-Sung et al. (60)
show that beta-(1,6)-branched beta-(1,3)-glucan from
Schizophyllum commune is an active ingredient that can
help to increase skin cell proliferation, collagen biosynthe-
sis, and sunburn recovery. It can effectively reduce skin
irritation. In addition, this beta-glucan is water soluble and
stable under conditions of changing pH and temperature.
The authors suggest that beta-(1,6)-branched beta-(1,3)-
glucan from S. commune is an effective ingredient for use
in antiaging and anti-irritant dermocosmetic formulations.

Carboxymethylated beta-(1,3)-Glucan (CM-Glucan)
(61) enhances the renewal rate of the stratum corneum sig-
nificantly compared to untreated skin (62). CM-Glucan
also offers a concentration-dependent protection against

Figure 6 Structure of a monomer of beta-glucan in Schizophyllum commune.

UV-A irradiation. Skin pretreatment with a formulation
containing 0.2% CM-Glucan showed an almost complete
inhibition of lipid peroxidation compared to placebo. Pro-
tection against lipid peroxidation induced by UV-A irradi-
ation is usually only observed by the application of antioxi-
dants (63). Colin et al. (64) reported an inhibition of about
90% upon the application of 0.2% d-alpha-tocopherol but
only an inhibition of less than 25% by the application of
the cosmetically stable vitamin E acetate at the same con-
centration. Since CM-Glucan is neither an antioxidant nor
an iron chelator, it must use mechanisms other than extra-
cellular radical scavenging or activities related to it. CM-
Glucan appears to stimulate cells to produce endogenous
factors that protect the skin against oxidative stress and
other environmental insults.

The pretreatment of skin with cosmetic formulations
containing CM-Glucan at different concentrations showed
substantial protecting effects against skin damage caused
by detergent challenge. In a concentration-dependent man-
ner, CM-Glucan protected the skin against the decrease of
skin humidity and the increase of transepidermal water loss
(65).

The treatment of aged skin (age of volunteers �60
years) with an oil-in-water emulsion containing 0.04%
CM-Glucan clearly improved skin firmness and eye wrin-
kle depth even compared to the placebo control, and not
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only to untreated skin. However, the exact mode of CM-
Glucan activity has not been fully elucidated and warrants
further investigations. The increase of skin firmness is re-
lated to the reduction of wrinkles. It seems that CM-Glucan
stimulates the production of skin factors, which improve
the elasticity and smoothness of the skin. In addition, the
film-forming properties and the UV-A protecting effects of
CM-Glucan could also contribute to the observed results.

Considerable attention has been recently given to Aloe
Vera extract, which was found to carry one of the macro-
phage activating polysaccharides, mannan or polyman-
nose. While mannan has some macrophage activating po-
tential, it is very slight compared to that of glucan (66).

D. Biopolymers as Hydrocolloids

Gums, hydrophilic colloids, mucilages, and water-soluble
polymers are but a few designations for materials that have
the ability to thicken or gel aqueous systems (67,68). These
materials were first found in exudates from trees or bushes,
or were extracts from plants or seaweeds, flours from seeds
or grains, gummy slimes from fermentation processes, and
many other natural products. In more recent times, new
and modified gums have been made by chemical modifi-
cation and derivation of many of the natural gums. In addi-
tion, some very new gums were developed by complete
chemical synthesis to yield new polymers having com-
pletely new hydrophilic properties. The origin of these hy-
drocolloids is shown in Table 3, and a classification of nat-
ural and synthetic polymers is shown in Table 4.

Natural gums have a long history of usage. Many have
been used in food applications, so their safety is well docu-
mented. There are several drawbacks to this product cate-
gory: a standardization problem due to their natural origin
(i.e., the difficulty in predicting viscosity buildup), possible
contamination by microorganisms and environmental pol-
lutants, their natural color and odor (which may bring for-
mulation problems), and the great number of cellulose de-
rivatives with different structures and qualities (that make
the proper choice difficult), and possible incompatibilities
with other ingredients of the formulation (69).

a. Functional Properties

The utility and importance of hydrocolloids are based upon
their functional properties. Hydrocolloids are long-chain
polymers that dissolve or disperse in water to give a thick-
ening or viscosity-producing effect. The water-thickening
property is common to all hydrocolloids; the degree of
thickening varies between gums. The rheological charac-
teristics of a hydrocolloid solution are useful aids to the
selection of the proper gum for a specific formulation.

Table 3 Origins of Biopolymers

Exudates from specific trees or bushes in teardrop or flake
shapes, then ground to a powder.

Extracts from specific seaweed species are made by heating
with water and separating from the insoluble plant material.
Then the aqueous liquid is purified, dried, and ground to a
fine powder. In similar fashion, pectin is isolated as an aque-
ous extract of citrus fruit peel, and gelatin is extracted not
only from cowhides, pigskins, or animal bones, but also
from plants.

Flours separated by purely mechanical means from the cereal
or plant seed. Purified or clarified material can be made by
dissolving the gums in water, filtering the solution, then
drying.

Fermentation or biosynthesis of pure polymers produced by
controlled bacterial strains and substrates.

Chemical modification and derivatization of natural polymers
to remove inherent limitations and deficiencies that restrict
their overall utilization. While normal guar gum is quite sol-
uble in cold water, its solubility can be greatly increased by
forming the hydroxypropyl guar derivative, while simulta-
neously giving a greatly increased viscosity. Pure cellulose
is completely insoluble in water as well as poorly absorptive
in its native form. By chemical treatment to form cellulose
ether compounds—such as methyl cellulose and hydroxypro-
pyl cellulose—water solubility can be imparted, thus mak-
ing a useful series of water-soluble functional polymers.

Chemical synthesis of new and better synthetic polymers.

While all hydrocolloids thicken and impart stickiness
to aqueous solutions, a few biopolymers also have another
major property of being able to form a gel. Gellification
is the phenomenon involving the association of cross-link-
ing of the polymer chains to form a three-dimensional con-
tinuous network that traps or immobilizes the water within
it to form a rigid structure that is resistant to flow under
pressure.

In addition to thickening and gelling, hydrocolloids
have many other functional properties in cosmetics: they
are conditioners, emulsifiers, film formers, foam stabiliz-
ers, stabilizers, suspending agents, and swelling agents.

The properties of these biopolymers are largely due to
physical effects, primarily those dealing with their interac-
tion with water.

Most hydrocolloids are polysaccharides. The physical
effects of these materials derive from the interaction of the
polysaccharide molecules both with themselves and with
the molecules in their environments. Environmental mole-
cules, with which polysaccharides may interact, range from
protein molecules to provide suspension and solution sta-
bility, to lipid molecules to provide viscous and emulsifi-
cation effects. In almost all uses, however, polysaccharides
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Table 4 Natural and Synthetic Polymers in Cosmetics

Natural Polymers

1. Vegetal Origin
Starch
Cellulose and cellulose derivatives
Seaweed gum
Extracts from leaves and flowers
Chondroitin sulfate and hyaluronic acid of marine origin
Branched galactomannan derived from the seeds of the St.

John’s bread tree (Ceratonia siliqua, Leguminosae)
Sulftated heteropolysaccharide, rich in glucuronic acid syn-

thetized by the green seaweed Codium.
Seaweed proteins of the alga Ulva lactuca.
Vegetal substitute of elastin
Glycoprotein obtained from mulberry silkworm (Bombix

mori)
Collagen of vegetal derivation

2. Animal Origin
Hyaluronic acid
Glycosamminoglycans (from fish cartilage)
Glycogen
Sodium carboxymethyl betaglucan (extracted from e.g. Sac-

charomyces cerevisiae)
Collagen from bovine tendons, bones, skin, and gelatine
Elastin from bovine tendons
Casein

Synthetic Polymers

Acrylic polymers, specifically the carboxyvinyl polymers
(Carbomers) (INCI)

Acrylates
Glycerylacrylates
Polyacrylamides
Polyvinylpyrrolidone (PVP). Copolimeri PVP/PVA e PVA/

acido crotonico
Polyvinyl methylethers. Copolymers methylvinylether/ma-

leic anhydride (MVE/MA). Polyvinyl quaternary
PVM/MA decadiene crosspolymer (INCI) or sodium PVM/

VA decadiene cross-polymer (INCI of the neutralized mol-
ecule)

exist in an environment rich in water molecules. Thus poly-
saccharides must primarily and continuously react with
water molecules. By such interactions, polysaccharides
perform their function to provide viscosity, solution stabil-
ity, suspending ability, emulsifying action, and gelation.

b. Structure

Polysaccharides are either branched or linear (70). The
structure of the polymer is of great importance in determin-
ing its application, because the structure controls the func-
tional properties. Linear polysaccharides generally have

high viscosity, because they will come into contact with
each other more easily, and increase the friction or viscos-
ity characteristics of the solution at much lower dilutions
than will highly branched molecules. Linear uncharged
polymers usually tend to produce unstable solutions be-
cause of their behavior in solution. As linear molecules,
such as starch amylose, move about in solution, they col-
lide, shear off absorbed water molecules, and stick to-
gether. Other molecules come into contact in the same
manner, adhere, and consequently build up, one molecule
on another, so that a colloidal particle and eventually a
particle large enough to precipitate from solution develops.
The solubility of linear molecules can be improved by
changes in the molecules that would reduce or prevent the
fit or planar association of one molecule to another, or by
introducing charges that, by Coulombic repulsion, would
facilitate solution of the molecules and while in solution
prevent their extensive attraction so as to produce a precip-
itate. Highly branched structures tend to give solutions
with lower viscosities than those of linear molecules of
equal molecular weights; however, these solutions tend to
be quite stable and will not retrograde or precipitate out
of solution. Highly branched molecules, because of their
high affinity for water, also have excellent adhesive prop-
erties (gum arabic or amylopectin).

Native polymers, such as guar gum, have extending side
chains, which do prevent close polymeric association and
thus give these polymers greatly improved solubility prop-
erties in water. Cellulose and starch polymers, deficient
in side chains, have been reacted with various reagents to
introduce specific side chain groups and thus produce solu-
bilization.

A classification of polysaccharides is
A. Homopolysaccharides

Linear—Polysaccharides formed from a single sugar
unit and having a straight chain (unbranched) structure.
These substances are most often found in structural or cell
wall materials of plants and lower animals (Table 5).

Branched—Single sugar unit polysaccharides having a
branched structure. For the most part, these polysaccha-
rides serve as energy reserves and not as structural ele-
ments, although mannans are known to have structural
functions. Branched homopolysaccharides usually have a

Table 5 Representative Linear Homopolysaccharides

Polysaccharides Sugar component and linkage

Cellulose Glucose, β 1 → 4
Amylose Glucose, α 1 → 4
Chitin N-Acetylglucosamine, β 1 → 4
Galactan (pectin) Galactose, β 1 → 4
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Table 6 Representative Branched Homopolysaccharides

Polysaccharides Sugar components and linkages

Amylopectina Glucose, α 1 → 4, 6 ← 1 α
Glycogen Glucose, α 1 → 4, 6 ← 1 α
Dextrans Glucose, α 1 → 6, 4 ← 1 α, α 1 → 6,

3 ← 1 α
Galactan Galactose, β 1 → 6, 3 ← 1 β
Mannan Mannose, α 1 → 2 and α 1 → 3,

6 ← 1 α

a There are numerous representatives of each of these types throughout
animal and plant systems. Differences will lie mainly in branching fre-
quency, but occasionally unusual linkages or other minor sugar compo-
nents are present.

linear main chain with uniform linkages with respect to
position and configuration. At the branch points, new
chains of the same general type are initiated with all branch
points alike (Table 6).
B. Heteropolysaccharides

Linear—Polysaccharides of this group contain two or
more sugar units. Mostly, they are connective tissue poly-
saccharides, such as chondroitin-4-sulfate and hyaluronic
acid. Many carbohydrates in this group are linked cova-
lently to proteins or lipids.

Branched—These complex polysaccharides may con-
tain up to six different sugar units and, like the linear vari-
ety, may be covalently bound to protein or fat. The poly-
saccharides of this class may be ‘‘type specific’’ for
microorganisms or animals (blood group substances) or
may serve a recognition function for cell surfaces (Table
7).

1. Vegetal Biopolymers

a. Gums

Gum arabic. This is the dried exudate of the acacia
tree (Acacia senegal or related species of Acacia Fam. Le-
guminosae). Gum arabic is a complex mixture of Ca, Mg,
and K salts of arabic acid (a complex, highly branched
polysaccharide colloid) that contains galactose, rhamnose,
glucuronic acid, 4-O-methylglucuronic acid, and arabinose
residues; it shows a broad molecular weight distribution,
e.g., 260,000 to 1,160,000 (Fig. 7). The gum is highly solu-
ble in water, and solutions of up to 50% gum concentration
can be prepared; the solution is slightly acidic. Physically,
gum arabic is considered to be a complex, highly branched,
globular molecule, which is closely packed rather than lin-
ear, thus accounting for its low viscosity. High viscosities
are not obtained with gum arabic until concentrations of
about 40 to 50% are obtained. Rheologically, gum arabic
solutions exhibit typical Newtonian behavior at concentra-

Table 7 Representative Heteropolysaccharides

Polysaccharides Sugar components and linkages

Pectin Galacturonic acid, galacturonic acid
methyl ester, α 1 → 4

Alginic acid d-mannuronic acid, l-glucuronic acida

β 1 → 4
Hyaluronic acid Glucuronic acid, N-acetyl glucosamine

α 1 → 3, β 1 → 4
Chondroitin sulfate C Glucuronic acid, N-acetyl galactos-

amine 6-O-sulfate, β 1 → 3,
β 1 → 4

Chondroitin sulfate B l-iduronic acid, N-acetyl galactos-
(Dermatan-SO4) amine 4-O-sulfate, α 1 → 3,

β 1 → 4
Keratosulfate d-galactose, N-acetyl galactosamine 6-

O-sulfate, β 1 → 3
Heparitin sulfate d-glucuronic acid, N-acetyl galactos-

amine 6-O-sulfate, α 1 → 4
Heparin d-glucuronic acid, N-sulfoglucosamine

ester sulfate, α 1 → 4

a C-5 epimer of d-mannuronic. Contrast with l-iduronic in dermatan sul-
fate.

tions up to 40%. Above 40%, solutions become pseudo-
plastic, as is shown by a decrease in viscosity with increas-
ing shearing stress (71).

In cosmetic products, gum arabic acts as binder and sta-
bilizer of O/W emulsions (72), and it facilitates the
smoothness and fluency of the products and softens the
epidermis forming a protective film.

In high doses it constitutes a good fixative for hair, not
greasy. In smaller doses it is useful in detergents for foam
stabilizing and in pastes and toothpastes as a gingival
emollient.

Gum tragacanth. Gum tragacanth is the exudation of
small shrub-like plants of the Astragalus species (Legum-
inosae). Structurally, gum tragacanth is a heterogeneous,
highly branched polymer composed of a major acidic poly-
saccharide and a minor neutral polysaccharide plus insig-
nificant amounts of associated cellulose, protein, and
starch. The acidic, water-swellable component, traga-
canthic acid (formerly called bassorin) accounts for 60 to
70% of the polymer and upon acid hydrolysis yields d-
xylose, l-fucose, d-galacturonic acid, d-galactose, and a
very small amount of l-rhamnose. This acidic portion of
the molecule is associated with calcium, magnesium, and
potassium cations. The neutral, water-soluble polysaccha-
ride component of tragacanth (also called tragacanthin) is
an arabinogalactan in which l-arabinose is the preponder-
ant sugar. The highly branched arabinogalactan is believed
to consist of a core of d-galactose residues to which highly
ramified chains of l-arabinofuranose residues are attached.
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Figure 7 Schematic structure of gum arabic. Ara � arabinose, Rha � rhamnose, Gal � galactose, Glu � glucuronic acid.

Gum tragacanth swells in water to give thick viscous
dispersions or pastes similar in texture to soft gels. Gum
tragacanth solutions are acidic, usually in the pH range of
5 to 6. Its maximum initial viscosity is at pH 8, but its
maximum stable viscosity was found to be near pH 5; the
stability is definitely decreased at a pH below 4 or above
6 (73). Gum tragacanth has well-defined surface activity
properties and produces a rapid lowering of the surface
tension of water at low concentrations (0.25–0.50%). This
property when used in O/W mixtures lowers the interfacial
tension between the oil and water surfaces and accounts
for its effective functioning as an emulsifying agent.

In cosmetic applications, this vegetal biopolymer is
used to form gels and protective films. In toothpastes, it
acts as a softener and gingival emollient.

Gum karaja. Gum karaja is the dried gummy exudates
from Sterculia urens and other species of Sterculia (Fam.
Sterculiaceae).

Gum karaja occurs naturally as a complex, partially ace-
tylated branched polysaccharide having a very high molec-
ular weight of about 9,500,000 (74). It contains about 37%
uronic acid residues and approximately 8% acetyl groups.
Gum karaja contains a central chain of d-galactose, l-

rhamnose, and d-galacturonic acid units (in the molecular
ratio of 6:4:5) with some side chains containing d-glucu-
ronic acid. The exudates occur in a salt form containing
calcium and magnesium ions.

Gum karaja is water-swellable rather than water-soluble
and adsorbs water very rapidly to form viscous colloidal
dispersions at low concentrations. In dilute solutions of
gum karaja, the viscosity increases linearly with concentra-
tion up to about 0.5%; thereafter karaja dispersions behave
as non-Newtonian solutions.

In cosmetic applications, gum karaja, at concentrations
above 2 to 3% (viscosity 5,000 to 10,000 cps), forms thick,
nonflowing pastes resembling spreadable gels. This natural
biopolymer has film-forming properties when plasticized
with compounds such as glycols to reduce its brittleness (it
has found some use in hair-setting preparations). At higher
concentrations of 20 to 50%, gum karaja exhibits strong
wet-adhesive properties, which find major applications in
denture adhesion products where strong bonding proper-
ties are required.

Gum ghatti. Gum ghatti, also known as Indian gum,
is an amorphous, translucent exudate of the Anogeissus lat-
ifolia tree of the Combretaceae family. Structurally, gum
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ghatti is a mixed calcium and magnesium salt of a complex
polysaccharidic acid. Complete acid hydrolysis has shown
the polymer to consist of l-arabinose, d-galactose, d-man-
nose, d-xylose, and d-glucuronic acid in a molar ratio of
10:6:2:1:2 plus traces (less than 1%) of 6-deoxyhexose
(75). The gum contains alternating 4-O-substituted and 2-
O-substituted alpha-d-mannopyranose units (76) and
chains of 1,6 linked beta-d-galactopyranose units, which
are mostly single l-arabinofuranose residues but may also
be short chains of l-arabinose sugar units (77). Gum ghatti
does not form true aqueous solutions but forms viscous
dispersions in water at a concentration of about 5% or
higher and exhibits typical non-Newtonian behavior com-
mon to most hydrocolloids. It is a moderately viscous gum,
lying intermediate between arabic and karaja. Gum ghatti
normally forms viscous dispersions having a pH of about
4.8. Viscosity increases sharply with pH up to a maximum
at about pH 5 to 7 and then drops off gradually down to
pH 12. At all pHs, upon aging, the viscosity decreases no-
ticeably over time (78).

The main cosmetic application of gum ghatti is to stabi-
lize O/W emulsions, and thus has the same uses as gum
arabic.

b. Extracts

Hydrocolloids extracted from seaweeds are very important
because of the large quantity of extracts that can be ob-
tained and their wide field of application in cosmetics. The
seaweed extracts are divided into two groups: extracts
from red algae and from brown algae.

Agar. Agar is extracted from several genera of marine
algae of the class red algae (Rhodophyceae). Agarose, the
gelling portion of agar, has a double helical structure,
forming a three dimensional framework that holds the wa-
ter molecules within the interstices. Chemically, agarose
consists of chains of alternate beta-1,3-linked-d-galactose
and alfa-1,4-linked 3,6-anhydro-l-galactose. 6-O-Methyl-
d-galactose may also be present in variable amounts from
about 1 to 20% depending upon the algal species (79) (Fig.
8). Agaropectin is probably a mixture of polysaccharides.
It contains sulphated residues (3 to 10% sulfate), glucu-
ronic acid, and in some species a small proportion of pyru-
vic acid linked in acetal linkage.

Agar is insoluble in cold water but soluble in boiling
water. The viscosity at temperatures above its gelation
point is relatively constant (80). Agar finds some cosmetic
uses as a consistency agent in shampoos and toothpastes
(81), in hand gels, and in eye makeup.

Carrageenans. Carrageenan is a structural polysac-
charide found in red seaweed (Rhodophyceae), mainly
Chondrus crispus L., Eucheuma, and Gigartina stellata.

Figure 8 Basic structures of agarose and carrageenans. (A)
Agarose � d-galactose � 3,6-anhydro-l-galactose (left and right,
respectively); (B) kappa carrageenan � d-galactose-4-sulphate �
3,6-anhydro-d-galactose (left and right, respectively); (C) iota
carrageenan � d-galactose-4-sulphate � 3,6-anhydro-d-galac-
tose-2-sulphate (left and right, respectively); (D) lambda carra-
geenan � d-galactose-2-sulphate � d-galactose-2,6-disulphate
(left and right, respectively).
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Carrageenans are sulphated polymers made up of d-galac-
tose residues linked alternately alpha-(1,3) and beta-(1,4)
as a main chain (Fig. 8). The molecular weight is 100,000
to 1,000,000. According to the half-ester sulfate group
linkages to one or more of the galactose OH-groups, iota-
, kappa-, lambda- micro-, and nu-carrageenans can be dis-
tinguished, of which only the first two form gels. Carra-
geenan is soluble in hot water, forming viscous solutions,
which gel on addition of cations such as K�, NH4

�, Ca2�

(72); the presence of alcohol can lead to precipitation.
In cosmetic products, carrageenans lead in O/W emul-

sions to high viscosity, suspensive ability, and emulsion
stabilizing. They are used as foam stabilizers of beard
creams and have immense applications, under gel shapes,
as excipients in lotions and creams for the face and hands,
beauty masks, and above all in toothpastes. The gels of
carrageenans introduce moreover one interesting property:
they can be incorporated without breaking off the gel in
numerous products like alcohols, detergents, solutions, and
also weak acids.

Alginates. Algin occurs in all members of the class
Phaeophycea, i.e., brown seaweed, as a structural compo-
nent of the cell walls in the form of the insoluble mixed
Ca, Mg, Na, and K salts of alginic acid. Algin (INCI) is
the sodium salt of alginic acid. The molecular weight of
alginic acids is approximately 240,000. Alginates can be
attached from microorganisms, and so they have to be pre-
served.

In cosmetics they are used as coemulsifiers and thicken-
ers for gels [the viscosity of these gels can be regulated
with Ca salts (81)], and in lotions, emulsions, shaving
foams, toothpastes, and shampoos; they create also excel-
lent protective films.

Pectins. Pectin is a generic term for a group of muci-
lagineous polysaccharides. For extraction, we use materi-
als from some plants particularly rich in pectins like the
rinds of some citrus fruits (the lemon, for example, family
of the Rutaceae) or apple pulp (Pyrus, family of the Rosa-
ceae). Pectins are primarily composed of (1,4)-linked
alpha-d-galactopyranosyluronic acid units, partially esteri-
fied with methanol. They contain some l-rhamnose resi-
dues and some galactose, arabinose, and xylose units. Pec-
tins are readily soluble in water to give viscous, stable
solutions; they possess some surfactant properties. Pectins
possess strong water-retaining capacities and form on the
skin a refreshing and easily absorbable styptic film (81).

In cosmetics, pectins, especially the high methoxylated
ones, are used mainly for gels (72,81) (Fig. 9); they give
high viscosity, stability, and suspend ability to emulsions
and toothpastes. Because of their emulsifier property, these
natural biopolymers have been proposed as natural substi-

Figure 9 Structure of pectin.

tutes for synthetic detergents to use in cosmetic prepara-
tions.

c. Mucilages from Plants

Althea officinalis, Calendula officinalis, Linum usitatis-
simum, Malva sylvestris, Plantago psillium. The hydro-
colloids extracted from these plants are a mix of polysac-
charides and polyuronic acids; after hydrolysis, they
provide galacturonic acid, rhamnose, galactose, xylose,
arabinose, glucose, and glucuronic acid.

Mucilage extracted from Althea contains galacturonic
acid, glucuronic acid, rhamnose, and galactose; it associ-
ates with starch and pectin. Mucilage from Calendula con-
tains glucuronic acid, rhamnose, arabinose, and galactose.
Mucilage from Linum contains galacturonic acid, rham-
nose, xylose, and galactose; it associates with a high per-
centage of oil. Mucilage from Malva contains galacturonic
acid, rhamnose, arabinose, and galactose. Mucilage ex-
tracted from Plantago contains galacturonic acid, xylose,
and arabinose (85).

These extracts can be used in cosmetics to soothe,
soften, refresh, hydrate, and create a protective film.

Aloe barbadensis. The biopolymer obtained from the
plant contains mainly uronic acid, glucose, mannose, and
in smaller quantity xilose, arabinose, rhamnose, and galac-
tose. These last carbohydrates seem to give to Aloe muci-
lage great soothing properties. In Aloe extract are also
present amino acids, citric acid, succinic acid, malic acid,
sterols, and partially acetylated glucomannans. These last
compounds give to this mucilage its strong gel-forming
capacity.

Aloe gel is used in moisturizing, after-sun, and soothing
cosmetic preparations.

d. Fermentation Gums

Xanthan gum. Xanthan gum is a secondary metabolite
polysaccharide, produced by industrial fermentation of a
carbohydrate under aerobic conditions with the microor-
ganism Xanthomonas campestris. The xanthan gum poly-
mer backbone consists of 1,4 linked beta-d-glucose units
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as in cellulose. At the 3-position of the alternate glucose
monomer units trisaccharide side chains branch out con-
sisting of one beta-d-glucuronic acid and two 2-alpha-
mannose residues. To about half of the terminal alpha-d-
mannose residues a pyruvate group is linked by an acetal
linkage to the 4- and 6-carbon positions.

The d-mannose units adjacent to the main chain contain
an acetyl group at position 6 (86). The presence of a glucu-
ronic acid unit and a pyruvate group imparts an anionic
character to xanthan gum. Xanthan gum dissolves readily
in water at ambient temperature and over broad pH ranges
and salt concentrations. It is soluble in glycerol at 65°C
but is insoluble in other organic solvents or cosmetic oils.
Nevertheless, once dissolved in water, up to 40% acetone,
ethanol, or isopropanol can be added without precipitating
the gum. Concentrations used typically range between 0.3
and 1.0%. The characteristics of aqueous solutions of xan-
than gum are

1. High viscosity at low concentration
2. Pseudoplasticity with yield value
3. Insensitivity of the viscosity to heat, electrolytes,

prolonged shearing or pH
4. Pleasing skin-feel when used in cosmetics
5. Imparting freeze/thaw stability

e. Cellulose Derivatives

Cellulose is the most ubiquitous structure-polysaccharide.
It constitutes half of the cell-membrane material of wood
and other vegetable products. Cotton consists of practically
pure cellulose. Cellulose consists of chains of beta-anhy-
droglucose units, joined together by acetal linkages. Cello-
biose (Fig. 10) and cellotetraose are obtained by the con-
trolled hydrolysis of cellulose. The molecular weight of
cellulose is 300,000 to 500,000, which corresponds to
3,000 to 5,000 glucose units. Cellulose consists of amor-

Figure 10 Chemical structure of cellobiose, the disaccharide units of cellulose.

phous and crystalline regions. It is the prototype un-
branched linear colloid which is resistant even to hot water
and has to be derivatized, e.g., carboxymethylated or hy-
droxyalkylated to become water soluble (82,83). For this
purpose, cellulose is dissolved in soda lye and reacted with
monochloroacetic acid, ethylene oxide, propylene oxide,
methylchloride, or methylchloride/propylene oxide mix-
ture, etc. Thus water or organosoluble cellulose derivatives
are obtained. The solution characteristics of these cellulose
derivatives depend on the type of substituent R, the aver-
age chain length or degree of polymerization, and the de-
gree of substitution. They can be used in the pH range 3
to 12.

Ethyl cellulose. This is the cellulose ethyl ether (C2 H5

Cl); the percentage of C2 H5 groups is 40–50%. The substi-
tution degree is 2–3. Ethyl cellulose in cosmetics is used
as a film-creating agent in lipsticks, enamels for nails, and
hair fixing.

Ethylmethyl cellulose. This is the cellulose ethyl
methyl ether (C2 H5 Cl � CH � Cl); it is water soluble
and confers high viscosity and stability to cosmetic emul-
sions and gels.

Hydroxyethyl cellulose. This is the cellulose hydroxy
ethyl ether ((H2 COCH2)n), a nonionic polymer that is wa-
ter soluble. It forms solutions with gel and has film-form-
ing capacity. The viscosity of hydroxyethyl cellulose solu-
tions depends upon the degree of polymerization.

In cosmetic preparations, hydroxyethyl cellulose solu-
tion with high viscosity is utilized at low concentration in
toothpastes; solutions with average viscosity are used at
higher dosages to suspend and to make viscous emulsions;
low viscous solutions of hydroxyethyl cellulose are used
at maximal concentration to create a protective film over
the skin.
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Methyl cellulose, methyl-hydroxyethyl cellulose, methyl-
hydroxypropyl cellulose, and hydroxypropyl cellulose.
Methyl cellulose is the cellulose methyl ether; it is a pro-
tective colloid with the ability to stabilize emulsions, sus-
pend, and disperse.

Methyl-hydroxyethyl cellulose has a property similar to
hydroxyethyl cellulose and methyl cellulose. Methyl-
hydroxypropyl cellulose is a nonionic polymer with the
ability to protect, stabilize emulsions, suspend, and dis-
perse.

Hydroxypropyl celluloses have the capacity to increase
remarkably the viscosity of anionic mixtures and reduce
them in nonionic solutions.

f. Starch and Starch Derivatives

Natural starch consists of 20% of a water-insoluble linear
amylose and 80% water-soluble branched amylopectin. By
stepwise acid or enzymatic hydrolysis, starch is hy-
drolyzed to dextrins (polysaccharides of lower molecular
weights), (�)-maltose and finally to d-(�)-glucose. Be-
cause of the property of amylose to swell in water, it is
used in the manufacture of tablets. A starch-ether called
amylum non mucilaginosum (ANM) is a modified starch
used in skin powders for the treatment of acne, because of
its strong liquid-absorbing power, without the inconve-
nience of swelling (84).

2. Animal Biopolymers

a. Polysaccharides

Hyaluronic acid, glycosaminoglycans, sodium carboxy-
methyl beta-glucan: these polysaccarides have been treated
in Sections III.B and III.C.

b. Polypeptides

Protein hydrolysates are added to hair-care products (to
‘‘repair’’ broken hair thanks to their strong affinity to kera-
tin), soaps, bath gels, creams, etc. These peptides derive
from the hydrolysis mainly from collagen, keratin, elastin,
milk, wheat, almond, and silk. They are particularly impor-
tant for the water-binding capacity which regulates the
skin’s moisture content, and also for the high affinity for
skin proteins resulting in a tightening, antiwrinkle effect.
Protein hydrolysates form a uniform substantive semioc-
clusive film.

c. Gelatin

Gelatin is a natural protein colloid, possessing gelling and
stabilizing properties in aqueous phases. It is obtained by

the partial hydrolysis (molecules with an average molecu-
lar weight of 500–1,500) of the collagen contained in skin,
conjunctive tissues, and bones of animals. In common with
all other proteins, gelatin comprises l-amino acids linked
by peptide bonds. Gelatin contains all the amino acids es-
sential to man with the exception of tryptophane (87,81).
Technical application of gelatin is in facial masks and pro-
tective and conditioning creams for hair and hand care.
Vegetal substitutes of gelatin have been proposed.

d. Elastin

Elastin from bovine tendons is hydrolyzed to obtain pep-
tides with a molecular weight that ranges from 5,000 to
85,000. It is used in cosmetic formulations as a moisturiz-
ing and conditioning agent. Recently, vegetal substitutes
of elastin have been studied. An extract from the seaweed
Ulva lactuca seems to have some properties similar to
those of animal elastin, or perhaps inhibiting elastase ac-
tivity.

e. Keratin

The controlled lysis of hair, nails, and other keratinic mate-
rials (of bovine origin usually) supplies polypeptides char-
acterized by the presence of sulphured amino acids (above
all cystein), typical horny structures. Thanks to the pres-
ence of this reservoir, these keratinlike polypeptides show
more analogy to hair and epidermis than those of collagen.

Keratinic hydrolysates are added to hair-care products,
soaps, bath gels, creams, etc.

f. Melanin

Throughout nature, melanin is used in such diverse areas
as protection from ultraviolet radiation. It is insoluble and
difficult to work with, making it impractical for inclusion
in creams and lotions. A great result is the discovery of
methods for creating melanin derivatives that dissolve
readily in water and, when incorporated into cosmetic
products, can be spread evenly on the skin to instantly pro-
duce a tan.

Sunscreens are most efficient at absorbing and thus pro-
tect from the burning UV-B rays. There are many conven-
tional sunscreens available. However, the ideal is to have
a sunscreen containing the best natural protectant nature
has to offer: melanin. Melanin naturally protects the skin
from cancer induced by ultraviolet light. Perhaps synthetic
melanin would do the same. Skin cancers are the most
prevalent type of cancer in the world, so even a small re-
duction in their incidence would make an impact on a sig-
nificant number of people.
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Melanin-containing skin-care and hair-care products
make melanin available for topical application to the skin.
Soluble melanin formulated into cosmetics protects the
skin against harmful UVR and also has the photoprotective
ability to scavenge free radicals.

These specially formulated products will also moistur-
ize the skin to help protect against dryness and dehydra-
tion. Many manufacturers are even putting sunscreening
ingredients in their cosmetic products (foundation, eye
makeup, lipstick, and face creams) to provide the skin with
even further protection.

Pre-tan accelerators, applied at least 24 hours before
exposure, usually contain tyrosine, an amino acid that
helps induce the melanocytes into producing additional
melanin prior to actual sun exposure.

Sunscreens are also being added to hair styling products
including shampoos, sprays, gels, mousses, and condition-
ing packs. Melanin-based hair-care cosmetics nourish the
scalp with a special combination of pH-balanced ingredi-
ents. For strong, healthy hair, they also minimize dryness,
brittleness, and split ends.

Shampoo containing a combination of amino acids and
melanin cleanses without stripping the hair shaft of its nat-
ural moisture.

Conditioning hair and scalp treatment, enriched with
proteins, vitamins, minerals, and melanin, penetrates the
hair follicles to moisturize and protect the hair, leaving it
shiny, healthy and more manageable. On the scalp, it
soothes and nourishes it, while reducing itchy and flaking
scalp.

Moisturizing leave-in-conditioner containing a combi-
nation of vitamins and melanin protects the hair from the
damaging effects of the sun’s UVR.

Hair balm containing a combination of oils plus mela-
nin leaves hair with luster, body, and sheen as nature in-
tended.

E. Conclusion

The state of the art in cosmetology has evolved in the last
few years, enriched by knowledge acquired from wider and
wider fields of research, from chemistry to biochemistry,
from medicine to biophysics and biotechnology. This has
allowed the pursuit of research into new formulations with
intrinsic cosmetic functionality that is identified and tested
in its mechanisms. This functionality expresses itself on
the biological structure of the cutaneous tissue often modi-
fying it in a significant way. These are in synthesis the
needs of dermocosmetics:

Research into new active ingredients
Research into new sources of natural active ingredients

(biotechnologies)

Knowledge of skin biochemical mechanisms
Knowledge of the way cosmetically functional sub-

stances work

Often, new sanitary emergencies force a rapid evolution
in the research and utilization of alternative cosmetic in-
gredients. The potential contamination of bovine collagen
with bovine spongiforme encephalopathy (BSE, the fatal
mad cow disease) and its human variant, Creuzfeldt–Jakob
disease, has led to numerous efforts (1) to define effective
methods of eliminating any risk of BSE in material con-
taining collagen and (2) to research new sources of natural
collagen (for example, biotechnology has developed a re-
combinant human collagen).
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63. F. Zülli, F. Suter, H. Biltz, H. P. Nissen, M. Birman. Car-
boxymethylated beta-(1-3)-Glucan. Cosmet. Toil., 111:91
(1996).

64. C. Colin, B. Boussouira, D. Bernard, D. Moyal, and Q. L.
Nguyen. Non invasive methods of evaluation of oxidative
stress induced by low doses of ultra violet in humans.
IFSCC Congress Venezia A 105, 50–72 (1994).
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SÖFW Journal 123:535–541 (1997).

66. R. Goldman. Characteristic of the β-glucan receptor of mu-
rine macrophages. Exp. Cel. Res., 174:481 (1988).

67. H. D. Graham. Food Colloids. A VI Publishing Co., West-
port, CT (1977).

68. Y. L. Meltzer. Water Soluble Resins and Polymers. Tech-
nology and Applications. Noyes Data Corporation, Park
Ridge, NJ (1976).

69. K. Klein. Improving emulsion stability. Cosmet. Toil.,99:
121 (1984).

70. I. Danishefsky, R. L. Whistler, F. A. Bettelheim. Introduc-
tion to polysaccharide chemistry. In: The Carbohydrates:
Chemisty and Biochemistry (W. Pigman, D. Horton, eds.).
Vol. 2A. Academic Press, New York, 1970, p. 375.

71. B. Warburton. The rheology and physical chemistry of
some Acacia systems. In: The Chemistry and Rheology of
Water Soluble Gums and Colloids. Soc. Chem. Ind. (Lon-
don) Monograph, 24:118 (1966).

72. Kirk-Othmer, Encyclopedia of Technical Chemistry,
Vol. 12. 3d ed. Wiley-Interscience, New York, 1980,
p. 45.

73. T. W. Schwarz, G. Levy, H. H. Kawagoe. Tragacanth solu-
tions. III. The effect of pH on stability. J. Am. Pharm.
Assoc. Sci. Ed., 47:695 (1958).

74. J. V. Kubal, N. Gralen. Physiochemical properties of karaja
gum and locust bean mucilage. J. Colloid Sci., 3:457
(1948).

75. G. O. Phillips, G. Pass, M. Jeffries, R. Morley. Gelling and
Thickening Agents in Foods (H. Neukom, W. Pilnik, (Eds.).
Forster, Zurich, 1980, p. 135.

76. G. O. Aspinall, J. M. McNab. Anogeissus leiocarpus gum.
Part III. Interior chains of leiocarpan A. J. Chem. Soc., C:
845 (1969).

77. G. O. Aspinall, V. P. Bhavanadan, J. B. Christensen. Gum
ghatti (Indian gum). Degradation of the periodate-oxidized
gum. J. Chem. Soc., Part V: 2677 (1965).

78. G. Meer, W. A. Meer, T. Gerard. Gum ghatti. In: Industrial
Gums, 2d ed. (R. L. Whisler, Ed.). Academic Press, New
York, 1973.

79. G. G. Allan, P. G. Johnson, Y. Z. Lai, K. V. Sarkanen.
Marine polymers. Part I. A new procedure for the fraction-
ation of agar. Carbohydr. Res., 17:234 (1971).

80. H. H. Selby, T. A. Selby. Agar. In: Industrial Gum
(R. L. Whisler, ed.). Academic Press, New York, 1959,
p. 15.
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Textile-Based Biomaterials for Surgical Applications
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Cornell University, Ithaca, New York

I. INTRODUCTION

Textile-based biomaterials have the longest history in bio-
materials. In ancient China and Egypt as far back as 2000
b.c., natural fibers like linen, silk, bark, horsehair, and
dried guts were used as suture materials for wound closure.
The introduction of steel wire and synthetic fibers like
polypropylene, nylon, and polyester during and after
World War II brought the first revolution of medical tex-
tiles and greatly expanded the chemical composition of
textile-based biomaterials beyond natural sources. Owing
to their precisely controlled manufacturing processes and
uniform and reproducible properties, these synthetic fi-
brous biomaterials have received a great deal of attention
from both surgeons and researchers. However, the basic
textile structure has not kept up the pace of the develop-
ment of materials.

The advancement of textile-based biomaterials made
another major breakthrough in the early 1970s after
the successful introduction of two synthetic absorbable
wound closure biomaterials, i.e., Dexon and Vicryl.
The availability of this class of absorbable aliphatic poly-
ester-based biomaterials opened a new chapter for medical
textiles, particularly in wound closure, cardiovascular im-
plants, and body wall repair. Today, surgeons can choose
among a large number of textile-based biomaterials with
various chemical, physical, mechanical, textile structural,
and biological properties for their specific clinical applica-
tions.

491

Textile-based biomaterials are different from other
biomaterials largely in their physical form and aniso-
tropic mechanical behavior. They are the only class of
polymeric biomaterials that could have a wide range of
three-dimensional porous structure. The four most widely
used textile structures as biomaterials are woven, knitted,
nonwoven, and braided. Within each of these four
classes of textile structure, there are many other varia-
tions, such as weft knit vs. warp knit. These structural
features and the wide range of structural possibilities and
mechanical strength orientation provide the basis for
their numerous applications in biomedical fields, such as
(1) the requirement of tissue ingrowth for fastening de-
vices, as with the suture ring of an artificial heart valve,
(2) the requirement for integration with surrounding tis-
sues for achieving better tissue biocompatibility, as with
vascular grafts, (3) the requirement of large surface and
pore area in a 3D structure, as with tissue engineering
scaffolds, (4) the requirement to fill void space and pro-
vide mechanical support, as with surgical meshes for
body wall repair, (5) the requirement to carry physiologi-
cal force anisotropically, as with wound closure, and
tendon/ligament prostheses, and (6) the requirement of
mechanical strength, as with fiber and fabric reinforced
composites in a variety of surgical implants such as total
artificial hearts, penile implants, bone fixation devices, to
name a few.

In addition to the textile-based implants, medical tex-
tiles have been used outside the human body in hospital
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linens, surgical gowns and drapes, antiembolism stockings,
the reinforced components of casts, etc. In this chapter, we
focus on the use of medical textiles that human lives are
dependent on, particularly in the areas of wound closure,
cardiovascular implants, and surgical meshes for body wall
repair. Among these three areas of application, the textile
biomaterials for wound closure are the most important not
only because they are used in virtually every surgery for
the fastening of surgical implants but also because other
textile-based biomaterials like those for vascular grafts and
surgical meshes have largely been based upon the same
fibrous polymers as suture materials.

II. WOUND CLOSURE BIOMATERIALS

Wound closure biomaterials are generally divided into
three major categories: suture materials, tissue adhesives,
and staplers. Only the suture materials are in textile form,
and they have received the most research and development
attention. They are also the most widely used in wound
closure.

A suture, by definition, is a strand of textile material,
natural or synthetic, used to ligate blood vessels and to
draw tissues together. It consists of a fiber with a metallic
needle attached at one of the fiber ends. An ideal suture
should

Handle comfortably and naturally.
Show minimum tissue reaction.
Have adequate tensile strength and knot security.
Be unfavorable for bacterial growth and easily steril-

ized.
Be nonelectrolytic, noncapillary, nonallergenic, and

noncarcinogenic.
If it is absorbable, its tensile strength loss must match

the healing rate of the tissues to be closed, and the
degradation products must be biocompatible and be
metabolized by normal body metabolic mechanisms.

Table 19.1 Four Major Categories of the Characteristics of Suture Materials

Physical/mechanical Handling Biocompatibility Biodegradation

USP vs. EP Pliability Inflammatory reaction Tensile breaking strength
Size (diameter) Memory Propensity toward wound and mass loss profiles
Mono vs. multifilament Packing infection, calculi forma- Biocompatibility of degra-
Tensile breaking strength Knot tie-down tion, thrombi formation, dation products

and elongation Knot slippage carcinogenicity, allergy
Modulus of elasticity Tissue drag
Bending stiffness
Stress relaxation and creep
Capillarity
Swelling
Coefficient of friction

Suture materials are commonly classified by absorbabil-
ity in biological tissues, size, physical configuration (mo-
nofilament vs. multifilament), and type of coating materials
used to facilitate handling properties. Suture materials
have vast differences in chemistry, physical/mechanical
properties, and biological characteristics.

The four most important properties of suture materials
are physical and mechanical properties, handling proper-
ties, biological properties, and biodegradation properties.
Table 1 summarizes individual properties under each of
the four categories. It is important to recognize that these
properties are interrelated. For example, the capillarity of
a suture material under physical/mechanical characteris-
tics is closely related to the ability of the suture to transport
bacteria, which is a biological characteristic. The modulus
of elasticity under physical/mechanical characteristics is
frequently used to relate to pliability of sutures under han-
dling characteristics. A brief description of each of those
essential properties will be given below and they are listed
in Tables 2 through 4. The wide range of data in these
tables indicates the complexity of the issues and the diffi-
culty of drawing general conclusions. Nevertheless, the in-
formation in these tables should provide readers with an
overall view of the various essential properties of suture
materials. Readers should be aware that the data in the ta-
bles vary depending on specific clinical and/or physical
environments that suture materials are subject to and con-
stant refining of the manufacturing processes by suture
manufacturers. Readers are referred to a recently published
book for its comprehensive review of these four major
properties (1).

A. Chemical Structure and Manufacturing
Processes

Suture materials are generally classified into two broad cat-
egories: absorbable and nonabsorbable. Absorbable suture
materials lose their entire tensile strength within two to
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Table 19.2 Relative Order of Mechanical Properties of Absorbable Suturesa

Commercial Break strength Break strength Elongation Young’s modulus
Class (chemical name) name straight pull (MPa) knot pull (MPa) to break (%) (GPa) (psi)b

Catgut 310–380 110–210 15–35 2.4(358,000)b

Regenerated collagen
Poly(p-dioxanone) PDS, PDSII 450–560 240–340 30–38 1.2–1.7 (211,000)b

Poly(glycolide-co-trimethylene car- Maxon 540–610 280–480 26–38 3.0–3.4 (380,000)b

bonate) 570–910 300–400 18–25 7–14
Poly(glycolide-co-lactide) or poly- Vicryl

glactin-910
Polyglycolide-co-ε-caprolactone or Monocryl 654–882 67–96 (113,000)a

polyglecaprone 25 Dexon S 760–920 310–590 18–25 7–14
Poly(glycolic acid) or polyglyco- Dexon Plus

lide

a Mechanical properties presented are typical for sizes 0 through 3–0 but may differ for finer or larger sizes.
b Data in parentheses are in psi unit of 2/0 size from R. S. Bezwada. et al. Monocryl, a new ultrapliable absorbable monofilament suture derived from
caprolactone and glycolide. Biomaterials 16:1141 (1995).
Partial Source: D. J. Casey, and O. G. Lewis. Absorbable and nonabsorbable sutures. In: Handbook of Biomaterials Evaluation: Scientific, Technical,
and Clinical Testing of Implant Materials A. F. Von Recuin, ed.). Macmillan, New York, 1986, Chap. 7.

three months; those which retain their strength longer than
two to three months are nonabsorbable. This definition has
recently become questionable because a new absorbable
suture, Panacryl, from Ethicon can retain some strength
longer than six months. The absorbable suture materials
are catgut (collagen sutures derived from sheep intestinal
submucosa), reconstituted collagen, polyglycolide (PGA),

Table 19.3 Relative Order of Mechanical Properties of Nonabsorbable Sutures

Break strength Break strength Elongation to Young’s
Class (chemical name) Commercial name straight pull (MPa) knot pull (MPa) break (%) modulus (GPa)

Silk Silk, Surgical Silk, 370–570 240–290 9–31 8.4–12.9
Dermal, Virgin Silk

Polypropylene Surgilene, Prolene 410–460 280–320 24–62 2.2–6.9
Nylon 66 & nylon 6 Surgilon, Dermalon, 460–710 300–330 17–65 1.8–4.5

Nurolon, Ethilon,
Supramid

Poly[(tetramethylene Novafil 480–550 290–370 29–38 1.9–2.1
ether)terephthalate-
co-tetramethylene
terephthalate]

Poly(Butylene terephthal- Miralene 490–550 280–400 19–22 3.6–3.7
ate)

Poly(ethylene) terephtha- Dacron, Ethiflex, 510–1,060 300–390 8–42 1.2–6.5
late Ti.Cron, Polydek,

Ethibond, Tevdek,
Mersilene, Mirafil

Stainless steel Flexon, stainless steel, 540–780 420–710 29–65 200
surgical s.s.

* Mechanical properties presented are typical for sizes 0 through 3–0 but may differ for finer or larger sizes.
Source: D. J. Casey, and O. G. Lewis. Absorbable and nonabsorbable sutures. In: Handbook of Biomaterials Evaluation: Scientific, Technical, and
Clinical Testing of Implant Materials A. F. von Recuin, (ed.). Macmillan, New York, 1986, Chap. 7.

poly(glycolide-lactide) random copolymers (Vicryl and
Panacryl), poly-p-dioxanone (PDS, PDSII), poly
(glycolide-trimethylene carbonate) block copolymer
(Maxon), poly(glycolide-ε-caprolactone) (Monocryl),
and Gycolide-trimethylene carbonate block copolymer
(Biosyn). The nonabsorbable sutures are divided into the
natural fibers (i.e., silk, cotton, linen), and manmade fibers
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Table 19.4 Relative Tissue Reactivity to Sutures

Relative
tissue reactivity Nonabsorbable Absorbable

Most Silk, cotton Catgut
Polyester coated Dexon and Vicryl
Polyester uncoated Maxon, PDS, Mono-
Nylon cryl, Biosyn

Least Polypropylene,
Gore-Tex

Source: R. G. Bennett. Selection of wound closure materials. J. Am. Acad.
Dermatology 18(4):619–657 (1988).

[i.e., polyethylene, polypropylene, polyamide, polyester,
polytetrafluoroethylene (Gore-Tex), poly (hexafluoro-
propylene-VDF) (Pronova), and stainless steel]. Table 5
summarizes all commercial suture materials that are avail-
able mainly in the United States, Europe and the Pacific,
their generic and trade names, physical configurations, and
manufacturers (2). Figure 1 shows scanning electron mi-
crographs of these commercial suture materials.

1. Catgut and Reconstituted Collagen Sutures

Multifilament twisted plain catgut was the first natural ab-
sorbable suture and was described as early as a.d. 175.
The basic constituent is collagen. Collagen is a protein
consisting of three polypeptides interweaved in a left-hand
triple-helical structure. Each polypeptide chain has the
general amino acid sequence of (-Gly-X-Y-)n, where X is
frequently proline (Pro) and Y is frequently hydroxypro-
line (Hyp) (3). One important aspect of collagen is its es-
sential electrical neutrality under physiological conditions
due to the approximately equal number of acidic (glutamic
and aspartic acids) and basic (lysine and arginine) side
groups (4). Because the pKs for amino and carboxyl
groups are about 10 and 4, respectively, the electrostatic
interactions among the acidic and basic groups are ex-
pected to be significantly disturbed at pH either �4 or �10
(5). Thus any pH change would lead to a weakening of
the inter- or intramolecular electrostatic interactions in col-
lagen fibers. Such a weakening in fiber structure due to pH
change is evident in the observed swelling of the fibers,
which would be ultimately reflected in the observed accel-
erated loss of strength and mass of catgut sutures at highly
acidic or alkaline conditions. The use of intermolecular
cross-linking agents like formaldehyde or glutaldehyde
could stabilize fiber structure against the pH-induced
change.

Catgut suture is derived from the submucosa of sheep
intestines or serosa of bovine intestine. The jejunum and

ileum portions of the intestine of sheep or cattle are split
into two or more longitudinal ribbons, and then the mucosa
muscularis and other unwanted layers are removed by
chemical and mechanical treatments. The remaining por-
tion is treated in diluted formaldehyde to block the EOH
and ENH2 groups on collagen in order to increase the
strength and the resistance to enzyme attack. Several rib-
bons are then twisted into strands, dried, machine ground,
and polished by a centerless grinder to a correct and
smooth size. This grinding and polishing process can pro-
duce unpredictable amounts of weak points and local tear-
ing of fibrils. Thus fibrils could fray during use. Reproduc-
ible strength is also difficult to achieve.

The resulting untreated catgut suture is called plain cat-
gut. If the plain catgut is further tanned in a bath of chro-
mium trioxide, it is called chromic catgut, a variant first
developed by Lister in 1840. There are two types of chro-
micizing processes: tru and surface chromicizings. The for-
mer is done to each ribbon before it is spun into strands,
while the latter is conducted on the finished strand. This
treatment changes the color of plain catgut from a yellow-
ish tan shade to a darker shade of brown. Depending on
the concentration of the chromic bath and the duration of
chromicizing, mild and extra chromic catgut are available.
Of course, the degrees of absorption and tissue response
are also affected by the severity of the tanning process.
Chromic catgut suture is generally more resistant to ab-
sorption and causes less tissue reaction than plain catgut
suture. Catgut sutures are packaged in alcohol solution like
ethanol or isopropanol to retain their flexibility, and the
packages are sterilized by either Co60 γ-irradiation or ethyl-
ene oxide.

Davis and Geck introduced a glycerin-coated chromic
catgut (Softgut) to eliminate the need for alcohol in pack-
aging catgut and to improve handling qualities (6). The
glycerin-treated chromic catgut sutures have a smoother
and more uniform surface appearance than untreated cat-
gut, and, as a result of glycerin treatment, the sutures are
thicker. Davis and Geck, Ethicon, and Deknatel all have
plain gut and chromic gut sutures.

Collagen can be reconstituted either from enzymatic di-
gestion of native collagen-rich tissues or via the extraction
of these tissues with salt solutions to form reconstituted
collagen sutures. Reconstituted collagen, however, exhib-
its various polymorphic aggregated forms that are different
from the native collagen. Piez reported that the formation
of polymorphic aggregates of collagen depends on the en-
vironment of reconstitution (7). Reconstituted collagen su-
tures are prepared from the long flexor tendons of cattle.
The tendon is cleaned, frozen, sliced, treated with ficin,
and then swollen in dilute cyanoacetic acid. The resulting
viscous gel is extruded through a spinneret into an acetone
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Table 19.5 A List of Commercially Available Suture Materials

Generic name Trade name Physical configuration Surface treatment Manufacturer

Natural Absorbable Sutures
Catgut Catgut or Surgical gut twisted multifilament plain & chromic A, E, D/G, SSC

Surgical gut
Catgut Surgigut twisted multifilament plain & chromic USS
Catgut Softgut twisted multifilament glycerin-coated D/G
Reconstituted collagen Collagen twisted multifilament plain & chromic E

Synthetic Absorbable Sutures
Polyglycolic acid Dexon ‘‘S’’ braided multifilament None D/G
Polyglycolic acid Dexon Plus braided multifilament poly(oxyethy- D/G

lene-
oxypropylene)

Polyglycolic acid Dexon II braided multifilament polycaprolate D/G
Polyglycolic acid Medifit braided multifilament None JPS
Poly(glycolide-lactide) (Polyglac- Vicryl braided multifilament Polyglactin 370 E

tin 910) and calcium
stearate

Poly(glycolide-l-Lactide) Panacryl braided multifilament None E
Poly(glycolide-l-Lactide) Polysorb braided multifilament coated USS
Poly-p-dioxanone PDS II monofilament None E
Poly(glycolide-co-tri methylene Maxon monofilament None D/G

carbonate)
Poly(glycolide-co-ε-Caprolactone) Monocryl monofilament None E

(poliglecaprone 25)
Glycomer 631 Biosyn monofilament None USS

Nonabsorbable Sutures
Silk Surgical Silk braided multifilament tru-permanizing E
Silk Dermal twisted multifilament tanned gelatin (or E

other proteins)
Silk Virgin Silk twisted multifilament None E
Silk Silk braided multifilament silicone E & D/G
Silk Sofsilk braided multifilament coated USS
Silk Silk braided multifilament paraffin wax SSC
Cotton Surgical cotton twisted multifilament None E
Cotton Cotton twisted multifilament None D/G
Linen Linen twisted multifilament None SSC & E
Polyester Ethibond braided multifilament Polybutilate E
Polyester Mersilene braided multifilament None E
Polyester Ethiflex braided multifilament teflon E
Polyester Dacron braided multifilament None D/G
Polyester Ti-cron braided multifilament silicone D/G
Polyester Surgidac braided & monofila- coated with braid USS

ment
Polyester Silky Polydek braided multifilament teflonized SSC
Polyester Sterilene braided multifilament teflonized SSC
Polyester Tevedek braided multifilament teflonized SSC
Polyester Astralen braided multifilament teflonized A
Polyester Polyviolene braided multifilament None L
Polyester Mirafil monofilament None BM
Polyester Novafil monofilament None D/G
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Table 19.5 Continued

Generic name Trade name Physical configuration Surface treatment Manufacturer

Nonabsorbable Sutures
Polyamide (Nylon 6 & 66) Ethilon monofilament None E
Polyamide (Nylon 6 & 66) Nurolon braided multiflament coated E
Polyamide (Nylon 66) Surgilon braided multifilament silicone D/G
Polyamide (Nylon 66) Dermalon monofilament None D/G

Bralon

Polyamide (Nylon 66) Monosof braided monofilament coated USS
Polyamide Sutron monofilament None SSC
Polyamide (Nylon 6) Supramid core-sheath None A
Polyamide (Nylon 6) Perlon core-sheath None PTA
Polypropylene Prolene monofilament None E
Polypropylene Surgilene monofilament None D/G
Polypropylene Surgipro monofilament None USS
Polyethylene monofilament None D/G
Poly(tetrafluoro-ethylene) Gore-Tex monofilament None Gore
Poly(Hexafluoro-propylene-VDF) Pronova monofilament None E

Surgical stainless mono & twisted multi-
Stainless steel steel filament None E
Stainless steel Flexon twisted multifilament None D/G

mono & twisted multi-
Stainless steel Stainless steel filament None D/G
Stainless steel Steel monofilament None USS

mono & twisted multi-
Stainless steel Stainless steel filament None A, SSC

A: Astra; BM: Braun Melsungen; E: Ethicon; PS: Japan Medical Supplies; L: Look; USS: US Surgical; D/G: Davis and Geck; Gore: W. L. Gore and
Associates; SSC: Société Steril Catgut.

bath for coagulation. The coagulated fibril is stretched,
twisted, and dried or treated with chromic salts before
twisting and drying. These sutures are similar in appear-
ance to catgut. They are made only in fine sizes and thus
are almost exclusively used in microsurgery.

2. Polyglycolic Acid Suture (Dexon) and
Poly(glycolide-lactide) Copolymer Suture
(Vicryl)

Polyglycolic acid (PGA) was the first synthetic absorbable
suture introduced in the early 1970s (8–10). It was devel-
oped by Davis and Geck under the trade name Dexon.
PGA can be polymerized either directly or indirectly from
glycolic acid. The direct polycondensation produces a
polymer of Mn less than 10,000 because of the requirement
of a very high degree of dehydration (99.28% and up) and
the absence of monofunctional impurities (11,12). For

PGA of molecular weight higher than 10,000 it is neces-
sary to proceed through the ring-opening polymerization
of the cyclic dimers of glycolic acid. Numerous catalysts
are available for this ring-opening polymerization. For bio-
medical applications, stannous chloride dihydrate, stan-
nous octoate, or trialkyl aluminum are preferred. The re-
sulting PGA polymer having Mw from 20,000 to 140,000
is suitable for fiber extrusion and suture manufacturing.
Dexon suture fibers are made through the melting spinning
of PGA chips. The fibers are stretched to several hundred
percent of their original length at a temperature above the
glass transition temperature (about 36°C), heat-set for im-
proving dimensional stability and inhibiting shrinkage, and
subsequently braided into final multifilament braid suture
forms of various sizes. Before packaging, all Dexon su-
tures are subject to heat under vacuum to remove residual
unreacted monomers or very low molecular weight volatile
oligomers according to a patented procedure (13,14). De-
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(a)

Figure 19.1 Scanning electron micrographs of commercial suture materials. (a) 2/0 size absorbable sutures: (A) chromic catgut,
(B) Maxon, (C) Dexon, (D) Monocryl, (E) Vicryl, (F) PDSII. (b) nonabsorbable sutures: (A) 1/0 Silk, (B) polypropylene (2/0 Prolene),
(C) polyester (2/0 Mersilene), (D) monofilament nylon (2/0 Ethilon), (E) multifilament nylon (2/0 Nurolon), (F) expanded polytetrafluo-
roethylene (Gore-Tex), (G) stainless steel (3/0 surgical steel).



(b)

Figure 19.1 Continued
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xon sutures are sterilized by ethylene oxide because of the
well-known adverse effect of γ-irradiation, i.e., accelerated
loss of tensile strength.

The glycolide-l-lactide random copolymer suture mate-
rial (Vicryl), sometimes called polyglactin-910, is also co-
polymerized in the same manner as PGA. For suture use,
the glycolide-l-lactide copolymers must have a high con-
centration of glycolide monomer (90/10 molar ratio of gly-
colic to l-lactic acids) for achieving proper mechanical and
degradation properties. This is because, for wound closure
use, synthetic absorbable sutures must have some level of
crystallinity to achieve a proper tensile strength and its re-
tention during biodegradation in vivo. Absorbable poly-
mers of very low crystalline or totally amorphous structure
would biodegrade too fast to be useful as wound closure
biomaterials. Figure 2 illustrates such a relationship be-
tween the rate of degradation in vivo and the composition
of glycolide to l-lactide (15). Glycolide-lactide copoly-
mers with l-lactide composition between 25 and 75% are
totally amorphous and hence would degrade the fastest.
For this reason, a 90:10 molar ratio of glycolide to l-lac-
tide has been used as the optimal comonomer ratio for Vi-
cryl suture use. The very recent introduction of Panacryl
absorbable suture, however, breaks away from this high
glycolide-to-l-lactide composition ratio approach. Pan-
acryl has a glycolide-to-l-lactide ratio almost opposite to

Figure 19.2 The effect of glycolide-to-lactide composition on
the in vivo degradation rate of polyglactin implanted under the
dorsal skin of rat. The degradation rate was expressed in terms of
the time for 50% weight loss of the implant. (From P. A. Miller, J.
M. Brady, and D. E. Cutright. J. Biomed. Mater. Res. 11:719
(1977). With permission.)

that of the Vicryl suture. Please refer to Sec. II.A.6 Pan-
acryl for details.

If dl-instead of l-lactide is used as the comonomer,
however, the U-shape relationship between the level of
crystallinity and the glycolide composition disappears.
This is because polylactide from 100% dl-lactide compo-
sition is totally amorphous.

Multifilament braided Vicryl sutures are coated with 2–
10% of a 50:50 mixture of an amorphous polyglactin 370
(a 65/35 mole ratio of lactide–glycolide copolymer) and
calcium stearate. Vicryl sutures are sterilized by ethylene
oxide like other synthetic absorbable sutures.

3. Poly-p-dioxanone Suture (PDS & PDS II)

Unlike the multifilament absorbable sutures (Dexon and
Vicryl), PDS and PDSII sutures are the first commercially
available monofilament absorbable sutures that derive from
the glycolide family. They are poly(ester-ethers). These
synthetic degradable monofilament sutures are polymer-
ized from p-dioxanone monomers. The monomer 1,4-diox-
anone-2,5 dione or p-dioxanone is obtained from the reac-
tion of chloroacetic acid with metallic sodium dissolved
in a large excess of ethylene glycol (16). The resulting p-
dioxanone is purified by multiple redistillation and crystal-
lization. Fiber-grade high-molecular-weight PDS polymer
is made from the ring-opening polymerization of highly
purified p-dioxanone (�99%) in the presence of organo-
metallic catalysts such as Et2Zn or zirconium acetylaceto-
nate (17). The resulting polymer has an inherent viscosity
of 0.70 (0.1% polymer solution in tetrachloroethane at
25°C) and a degree of crystallinity of 37%. Poly-p-dioxa-
none polymer has Tg � �16 to �10°C and Tm � 110–
115°C. Monofilament PDS sutures are made from the melt-
spinning of the dried polymer chips through a spinneret
into monofilaments of any desired suture diameter (16).
The extruded fibers are then drawn about five times at T
� 43°C and heat set to orient the molecules for better phys-
ical and mechanical properties. The drug/cosmetic violet
dye #2 is added to make violet-colored PDS sutures.

PDS and PDSII are chemically identical, but the PDSII
suture differs from the PDS in fiber morphology resulting
from different fiber spinning conditions. PDSII sutures are
made by subjecting the melt-spun PDS fibers to a short
period of annealing at a temperature above Tm of PDS
(about 125°C) (18). This additional heated drawing treat-
ment, not used in the PDS suture, partially melts the sur-
face layer of PDS fibers and subsequently modifies the
near-surface crystalline structure of the PDS monofilament
suture. Thus a distinctive skin-core morphology that PDS
sutures do not have is observed in PDSII sutures (18). The
core of the PDSII suture has a more highly ordered and
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larger spherulitic crystal structure than the surrounding an-
nular area characterized by smaller crystals, while the un-
treated PDS suture shows a relatively even crystalline
structure throughout its cross section. In general, PDSII
sutures have a lower modulus of elasticity with improved
flexibility and handling characteristics. Recently, there are
a few varieties of PDS-related copolymers reported in the
literature that may have use as wound closure biomaterials
(19–22). A copolymer of PDS and PGA (20%) has an ab-
sorption profile similar to Dexon and Vicryl sutures, but
it has compliance similar to PDS. A copolymer of PDS
and PLLA (15%) results in a more compliant suture than
homopolymer PDS but with similar absorption profiles as
PDS.

PDS sutures are sterilized by ethylene oxide in the same
way as other synthetic absorbable sutures, and no coating
is used. Based on the PDS chemical structure, i.e., ether
and ester linkages separated by a methylene group (CH2),
PDS is expected to be and has been found to be sensitive to
oxidative, photo-oxidative, and γ-irradiation degradation.

4. Poly(glycolide-trimethylene carbonate)
Copolymer Suture (Maxon)

Another commercially available monofilament absorbable
suture, Maxon, is made from block copolymer of glycolide
and 1,3-dioxan-2-one (trimethylene carbonate or GTMC).
It consists of 32.5% by weight (or 36 mol%) of trimethyl-
ene carbonate (23,24). Maxon is a poly(ester-carbonate).
The polymerization process of Maxon suture is divided
into two stages. The first stage is the formation of the mid-
dle block, which is a random copolymer of glycolide and
1,3-dioxan-2-one (trimethylene carbonate). Diethylene
glycol is used as an initiator, and stannous chloride dihy-
drate (SnCl2 ⋅ 2H2O) serves as the catalyst. The polymer-
ization is conducted at about 180°C. The weight ratio of
glycolide to trimethylene carbonate in the middle block is
15:85. After the synthesis of the middle block, the temper-
ature of the reactive bath is raised to about 220°C to pre-
vent the crystallization of the copolymer, and additional
glycolide monomers as the end blocks are added into the
reaction bath to form the final triblock copolymer. The un-
dyed Maxon has a natural clear appearance, while green
Maxon is dyed by green DG#6 with �0.3% by weight.
The maxon suture is sterilized by ethylene oxide, and no
coating is used.

5. Glycolide-Caprolactone Copolymer Suture
(Monocryl)

Monocryl is a monofilament absorbable copolymer suture
of glycolide and ε-caprolactone. The Monocryl suture is a
segmented block copolymer consisting of both soft and

hard segments. The purpose of having soft segments in
the copolymer is to provide good handling properties like
pliability, while the hard segments are used to provide ade-
quate strength. Monocryl is made in a two-stage polymer-
ization process (25). In the first stage, soft segments of
prepolymer of glycolide and ε-caprolactone are made. This
soft-segmented prepolymer is further polymerized with
glycolides to provide hard segments of polyglycolide.
Monocryl has a composition of 75% glycolide and 25%
ε-caprolactone.

An aspect of Monocryl monofilament suture is its pli-
ability as claimed by Ethicon (25). The force required to
bend a 2/0 suture is only about 2.8 � 10 4 lb-in2 (193 MPa)
for Monocryl, while the same size PDSII and Maxon mo-
nofilament sutures require about 3.9 and 11.6 � 104 lb-
in2 (269 and 800 MPa) force, respectively. This inherent
pliability of Monocryl is due to its low glass transition tem-
perature resulting from the ε-caprolactone comonomer
unit. Its Tg is expected to be between 15 and �36°C. Un-
like Maxon and PDSII, the Monocryl suture appears to
have less out-of-package memory, which improves its han-
dling characteristics.

6. Poly (glycolide-l-lactide) Copolymer Suture
(Panacryl)

The latest addition to the arsenal of synthetic absorbable
sutures is Panacryl, a glycolide-l-lactide copolymer ab-
sorbable suture from Ethicon, Inc. It is the first and only
braided synthetic absorbable suture that provides long-
term mechanical strength support over six months. Pan-
acryl is made from the same copolymer components as
the Vicryl suture, i.e., glycolide and l-lactide; but the com-
position ratio of these two components was almost exactly
opposed to that of Vicryl, i.e., a 10/90 molar ratio of gly-
colide to l-lactide. Since poly-l-lactide biodegrades at a
significantly longer time than polyglycolide, Panacryl is
expected to retain its strength and mass much longer than
Vicryl. Ethicon claimed that Panacryl can retain about 80
and 60% of its original tensile strength at the end of 3 and
6 months in vivo, respectively. Based on the tensile
strength loss profile, the Panacryl suture appears to bridge
the gap between traditional absorbable and nonabsorbable
sutures. The coating of Panacryl is ε-caprolactone/gly-
colide copolymer.

Panacryl has a unique braided construction that allows
for excellent handling and knot tying and provides knot
security at four to five throws. Because it is coated, it
passes smoothly through tissue and allows for 100% suc-
cessful knot slides. The undyed Panacryl has a white color
that may provide good visibility in the presence of blood
and tissue.
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The Panacryl absorbable suture is suggested for use in
general soft tissue approximation and/or ligation, and tis-
sues that heal slowly like tendons and ligaments, and for
reattachment to bone, or patents with compromised wound
healing capability due to diabetes, malignancy, deficiency
in the immune system, obesity, and malnutrition. Due to
its pending patents, there is virtually no published technical
information about the Panacryl suture at this time.

7. Glycolide-Trimethylene Carbonate Triblock
Copolymer Suture (Biosyn)

Biosyn is a triblock copolymer, Glycomer 631 from US
Surgical (26). This block copolymer consists of glycolide
(60%), dioxanone (14%), and trimethylene carbonate
(26%). The center block is a random copolymer of 1,3 di-
oxanone-2-one (65% by weight) and 1,4 dioxane-2-one
(35% by weight). The two ends of this center block are
capped by a block copolymer consisting mainly of gly-
colide (�50%) that could be copolymerized with lactide,
trimethylene carbonate, p-dioxanone, or ε-caprolactone.

The purpose of using triblock polymer chemistry to de-
sign Biosyn is to make synthetic absorbable monofilament
sutures having good handling properties like flexibility
without compromising other mechanical properties, like
knot strength and security and biodegradation properties.
As we shall describe later (B.S, Handling Properties), su-
tures must be bent for packaging. Due to the viscoelastic
nature of synthetic polymers, the bent sutures during stor-
age would introduce ‘‘packaging memory’’ to the sutures.
Therefore, before use, the packaged suture material must
be straightened out from its bent position upon its removal
from the package. Such an ability to remove the kinks of
a suture after a long period of shelf life is a very important
handling characteristic that surgeons like to have during
wound closure.

Biosyn has the next lowest modulus of elasticity (145 �
103 psi) among all existing synthetic absorbable suture ma-
terials, and its strain energy at both 5 and 10% strain (0.84
and 2.76 kg-mm, respectively) is about half of the corre-
sponding size Maxon sutures (26). The rate of tensile
strength loss of Biosyn sutures is similar to that of Vicryl
suture in vitro with about 8% of its original tensile break-
ing strength remaining at the end of 28 days.

8. Silk Suture

Silk is one of the three major fibrous proteins (the others
are wool and collagen). Silk fiber is semicrystalline and
consists of two major constituents, a fiber protein called
fibroin and the gummy substance called sericin that holds
the fibers together. As it is spun by the silkworm, silk fiber
consists of two triangular filaments stuck together with ser-

icin. The most significant feature of the amino acid compo-
sition of silk fibroins is the high concentration of glycine,
alanine, and serine (27). Together, these three small amino
acids take up about 80 to 85% of the total amino acids in
Bombyx mori and Anaphe pernyi. Such a high concentra-
tion of these three amino acids having small and simple
side groups in silk fibroins permits the arrangement of
polypeptide molecules into an orderly and crystalline man-
ner and is responsible for the desirable mechanical, physi-
cal, and chemical properties of silk fibers. The amino acids
with bulky side groups like tyrosine consist of a smaller
portion of silk fibroins and cannot be accommodated
within the three-dimensional, ordered crystalline structure.
Thus disordered amorphous regions coexist with the crys-
talline ones. Silk fibers have about a 60% level of crys-
tallinity (28,29). This arrangement of crystalline to amor-
phous domains in fibroin bears an important relationship
to properties, such as moisture absorption and biodegrada-
tion, that occur mainly in the amorphous regions of silk.
Cross-sectional views of silk fiber shows somewhat irregu-
lar triangular shape.

Sericin is the gummy protein that holds the fibroin fil-
aments together in cocoon silk and consists of about 25%
of the cocoon by weight. The hydrophilic nature of sericin
derives from the high concentration of amino acids with
side polar groups like EOH and ECOOH. In most silk
sutures, except Virgin Silk for microsurgery, sericin is re-
moved.

The most common form of silk suture is produced by
the silkworm Bombyx mori. The process of making silk
sutures is similar to that for traditional silks. It involves
the collection of the raw silk fibers from the cocoon and
the removal of the natural waxes and sericin (called de-
gumming). The cleaned silk fibers are then either twisted
or braided to form the suture strands. Silk has a relatively
high standard moisture regain of 11%. Various types of
surface treatments are used to render it noncapillary, serum
proof, incapable of the ingrowth of tissues, or all of these.
Wax or silicone has been used as the coating material. Tis-
sue ingrowth is prevented by encasing the twisted silk fi-
bers in a nonabsorbable coating of tanned gelatin or other
protein substances. The trade name of this specially treated
silk suture is Dermal from Ethicon. Other trademarks
of silk sutures are braided Surgical silk and twisted Virgin
Silk from Ethicon, and braided Protein Silk (Davis and
Geck). With the very fine size silk sutures for microsurgery
and ophthalmology, the sericin component of the Virgin
Silk is not removed during manufacturing processing. Silk
sutures are sterilized by either Co60 γ-irradiation or ethyl-
ene oxide.

The mechanical properties of silk closely correlate with
the fraction of bulky side groups present and thus with the
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crystalline-amorphous ratio as well as the conformational
arrangement of chain segments in the amorphous domains.
Earland and Robins (30) and Zuber (31) reported that pep-
tide chain segments located in the amorphous domains are
interconnected among themselves and to the crystallites
via disulfide and ester linkages and hydrogen and ionic
bonds where they are appropriate. Silk sutures have a rela-
tively very high modulus of elasticity. This high elastic
modulus is attributed to the strong inter- and intramolecu-
lar interactions among peptide chain segments in the amor-
phous domains as well as interactions between these ran-
domly oriented amorphous and highly ordered crystalline
peptide chain segments through various types of H-bonds,
ionic bonds, and ester and disulfide linkages. If silk sutures
are stretched to beyond their yield point, these inter- or
intramolecular bonds are broken first, and randomly ori-
ented amorphous peptide chain segments are thus allowed
to be extended. At this phase of the stress–strain curve, a
characteristic low modulus yield plateau is evident. The
degree of yield plateau depends on the strength and amount
of inter- and intramolecular force among the amorphous
peptide chain segments and between the amorphous and
crystalline peptide chain segments. A weaker inter- and
intramolecular force would result in a pronounced yield
plateau.

The macromolecular structure of silk fibers is also re-
sponsible for their well-known loss of tensile strength in
vivo. Any loss of fiber tensile strength could be attributed
to either the scission of primary bonds in the backbone
macromolecules or/and the breakage of secondary bonds
such as H-bonds due to a reactive species like water. The
moisture regain of a typical silk fiber is about 9.9% due
to the high concentration of polar side groups in amino
acid residues. Water molecules absorbed by silk fibers
would reside in the amorphous domains and compete with
the amino acids in the amorphous chain segments for inter-
and intramolecular interaction (27). This competition by
water molecules would lead to a more open amorphous
structure by the replacement of relatively strong inter- and
intramolecular interaction in the amorphous domains with
water. As a result, a lower tensile strength is observed. The
observed in vivo strength loss of silk sutures might be a
combination of the scissions of both primary and second-
ary bonds; however, the breakage of secondary bonds
within silk fibers in water probably plays a more important
role than the scission of primary bonds. This is because
the high crystallinity level found in most silk fibers should
retard the diffusion of relatively large proteolytic enzymes
(32) and hence render silk fibers resistant to proteolytic
enzymatic hydrolysis.

Because of the undesirable in vivo loss of tensile
strength and the somewhat higher tissue reactions and in-

growth to silk sutures, Shalaby et al. reported the impreg-
nation of silk with hydrophobic thermoplastic elastomers
to improve the performance of silk sutures (33). The ratio-
nale behind the approach is to provide an inert barrier be-
tween silk sutures and the surrounding tissue so that tissue
reactions and cellular invasion could be minimized. This
modified silk suture was prepared by treating a multifila-
ment silk suture with a solution of a highly flexible hy-
drophobic and deformable polymer in a solvent and heat-
ing the moving suture to obtain a continuous impregnation
of the silk with the elastomer. This elastomer with a molec-
ular weight �10,000 daltons is a segmented polyether-
ester and consists of soft segments, poly(polyxytetra-
methylene) terephthalate, and crystallizable hard segments,
polybutylene terephthalate. The elastomer has 5 to 50% by
weight of the composite silk suture. In vivo evaluation of
this composite silk suture in Sprague Dawley rats indicated
that the impregnation of silk sutures indeed not only pro-
vided better tensile breaking strength retention over a pe-
riod of 56 days but also significantly reduced tissue reac-
tions and cellular invasion.

9. Polyester-Based Sutures

There are three types of nonabsorbable polyester-based su-
tures: poly(ethylene terephthalate) (PET), poly(butylene
terephthalate) (PBT), and the copolymer of poly(tetra-
methylene ether) terephthalate and poly(tetramethylene
terephthalate) (polybutester). PET based polyester sutures
are braided Dacron, TI-CRON, from Davis and Geck,
Ethibond, Mersilene, Ethiflex, from Ethicon, Surgi-
dac, from US Surgical, Polydek and Tevdek from Dek-
natel, and monofilament Mirafil, from B. Braun. PBT-
based polyester sutures are monofilament  from B. Braun.
The monofilament copolymeric polybutester suture, No-
vafil from Davis and Geck, is the most recent polyester-
based suture.

PET sutures are made of polyethylene terephthalate,
which in turn is polymerized from ethylene glycol and tere-
phthalic acid (or dimethyl terephthalate in the case of Tery-
lene). Polymerization is conducted in a vacuum at a high
temperature. The first stage involves the formation of low-
molecular-weight oligomers through ester interchange.
The oligomers are then polycondensed further to build up
high-molecular-weight polyester. The second stage is car-
ried out at about 270°C and reduced pressure (0.5 torr).
The resulting polyester chips are melt-spun into round
cross-sectional shaped filaments. The filaments are then
hot-stretched (above Tg 69°C) to about five times their
original length. Further crystallization occurs during the
hot drawing. Depending on the degree of drawing, polyes-
ter yarns of either normal strength or high tenacity can be
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obtained. The molecular weight of PET that is capable of
making fibers is of the order of 20,000.

Due to the benzene ring, PET forms a single rigid struc-
ture. Consequently, the PET chain is rigid and less flexible
than nylon and polyethylene. This accounts for the slow
rate of crystallization and high melting point (265°C). The
melt-spun PET filaments are thus largely amorphous be-
fore drawing. The maximum rate of crystallization of
amorphous PET occurs at 190°C. The molecular structure
of PET is also winding-speed-dependent during the melt-
spinning process. PET yarns wound at a speed �3,000
meters/minute has a low level of crystallinity, while at a
higher speed, an increasingly higher level of crystalline
structure develops but reaches a plateau at 7,000 meters/
min (34). A range of crystal density from 1.455 to 1.515
g/cm3 has been reported, but the amorphous density has a
narrower range from 1.335 to 1.336 g/cm3

Novafil is a relatively new monofilament copolyester
suture (Polybutester) and is made from a block copolymer
of poly(butylene terephthalate) as the hard segment and
poly(tetramethylene ether) glycol terephthalate as the soft
segment (35). Novafil suture fibers made from polybutester
copolymer are drawn in two stages from 6� to 8� at tem-
perature from 120 to 165°C to provide desirable tensile
strength, knot strength, security, flexibility, fatigue life,
and low tissue drag. The number average molecular weight
ranges from 25,000 to 30,000. The ratio of the hard and
soft segments can be adjusted to achieve the desirable han-
dling properties. Novafil suture has the ratio of hard to soft
segments of 84/16% (36). Titanium dioxide, carbon black,
or iron oxide could be used to color the suture. Novafil
sutures can be sterilized by ethylene oxide or γ-irradiation,
but they should not be sterilized by heat because the elasto-
meric property of the sutures could be adversely affected.

Because of its elastomeric character, Novafil has a dis-
tinctly different stress–strain behavior than PET based
polyester sutures and other synthetic monofilament sutures
like nylon and polypropylene. The stress–strain curve of
Novafil suture exhibits a biphasic pattern, while both PET-
based polyester sutures and polypropylene and nylon mo-
nofilament sutures show a monophasic pattern (36,37). No-
vafil suture elongates to about 10% easily under tension;
a steep rise in force is required for further elongation. This
mechanical behavior may be advantageous in management
of wound edema because the suture loop easily stretches
instead of cutting through the edematous tissue. After the
resolution of the edema, a Novafil suture loop is expected
to return to its original diameter more easily than those
sutures exhibiting monophasic stress–strain behavior. As
a result of this elastomeric character, Novafil is expected
to be less stiff than other monofilament sutures, as is evi-
dent in the reported stiffness coefficient of Novafil

(14.81 � 1.14), which is about two folds less than equiva-
lent size nylon (Dermalon) and polypropylene (Surgi-
lene) based monofilament sutures. The elastomeric char-
acteristic of polybutester block copolymer also renders
Novafil less susceptible to package memory than polypro-
pylene and nylon based monofilament sutures.

Although aromatic polyester based sutures are not con-
sidered to be degradable and there is no reported clinical
case of failed polyester sutures due to the hydrolytic scis-
sion of their ester linkages, the presence of these ester link-
ages inherently provides the opportunity for their eventual
hydrolytic scissions. The relatively hydrophobic nature of
the polyester sutures and their high glass transition temper-
atures (relative to body temperature) are responsible for
the observed in vivo stability of this class of suture materi-
als. Under alkaline conditions, the hydrolytic degradation
of polyester sutures is a surface phenomenon with very
little change in molecular weight, and the rate of hydrolysis
is inversely proportional to the diameter of the fibers. This
is because highly ionized reagents like NaOH cannot
readily diffuse into the relatively nonpolar polyesters. Be-
cause fiber diameter would decrease with alkaline hydroly-
sis, tensile strength (force/cross-sectional area) of the fiber
would not change. However, the rate of alkaline hydrolysis
would increase significantly if the alkaline agent could
readily diffuse into the fiber by the addition of chemicals
like quaternary ammonium compounds to serve as carriers
for EOH anions. Acid catalyzed hydrolysis of polyester
fibers is usually significantly slower that alkaline catalyzed
hydrolysis. Recent studies have also suggested that Novafil
suture may degrade if it is used in areas exposed to sun-
light, such as in cataract surgery. Hence the long-term sta-
bility of Novafil sutures in ophthalmologic surgery has
been reported to be a concern.

10. Polyamide Based Sutures

The most successful aliphatic polyamide that polymer sci-
entists have synthesized is nylon. Nylon is polymerized
either from polycondensation of a dicarboxylic acid and a
diamine, or through a ring-opening polymerization of ap-
propriate lactams. Although there are numerous types of
nylon, such as nylon 3, 4, 5, 6, 7, 8, 9, 11, 12, 66, and 610,
only 66 and 6 are used to make suture materials. The for-
mer is more popular in the United States, while the latter
is used in Europe. The tradenames of nylon sutures are
braided Surgilon and monofilament Dermalon from
Davis and Geck, braided Nurolon and monofilament Ethi-
lon from Ethicon, monofilament Monosof and braided
Bralon from US Surgical, and sheath-core structure Su-
pramid from S. Jackson. Surgilon nylon suture is coated
with silicone, while Nurolon nylon suture is coated with
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wax. Bralon is coated with a proprietary material. All ny-
lon sutures are sterilized with Co60 γ-irradiation.

Nylon 66 is made from adipic acid and hexamethylene
diamine. These two chemicals, dissolved separately in
methanol, are mixed to form nylon salt as precipitate.
Equal moles of adipic acid and diamine are important for
achieving high molecular-weight nylon 66. Nylon salt is
then melted under an inert gas atmosphere to prevent dis-
coloration. Acetic acid is added as a stabilizer during poly-
condensation. No catalyst is needed for polymerization;
suitable conditions are four hours at a temperature of
280°C. The molten polymer is extruded in ribbon form,
which is quenched with cold water in order to reduce the
crystal size, and then cut into chips. The extent of polymer-
ization is determined by the residual moisture content. A
vacuum should be applied if high-molecular-weight nylon
is desirable (38). Nylon 66 can also be made by interfacial
polycondensation (38). The reaction takes place at the in-
terface between a diamine water solution and a dicarbox-
ylic acid chloride in a water-insoluble solvent. The reaction
is rapid, and a precise amount of the reactants is unneces-
sary. This method results in high-molecular-weight nylon
66. Nylon 66 of molecular weight 12,000 to 20,000 is suit-
able for melt-spinning into fibers.

Nylon 6 is made from caprolactam. Two alternative
methods are used (39). The first method involves the lique-
fying and heating of caprolactam under high pressure. The
resulting nylon 6 polymer chain consists of an average of
200 repeating units. The second method needs about 10%
water and is carried out at a high temperature with a con-
trolled release of steam. There are three reactions in the
second method of polymerization: addition, condensation,
and hydrolysis (38).

The resulting nylon 66 or 6 chips are then melt-spun
into a cooling chamber in which nylon filaments form. In
the case of nylon 66, the filaments are run through a steam
chamber to wet them before they are wound. This treat-
ment eliminates the undesirable extension of the yarns
after they reach equilibrium by absorbing moisture from
the air. The wound yarn is further cold-drawn by stretching
about 400% in order to acquire better strength. During this
cold-drawing process, vegetable oil is applied to the yarn
as a lubricant and is washed off afterwards.

In the case of nylon 6, the same process of melt-spin-
ning as for nylon 66 is used except that the steam chamber
is not suitable. The relatively high residual concentration
of monomers in nylon 6 would make the filaments sticky
and adhere to one another if steamed. The filaments are
normally drawn to 350–400%. Higher drawing can be
achieved if a stronger fiber is needed. It is well recognized
in fiber technology that by increasing the draw ratio (the

ratio of the speed of output and input feed rollers), the
tensile strength and elastic modulus increase, while the
elongation at break decreases. If the molecular weight of
nylon 6 is between 20,000 and 25,000, hot-drawing is used.

Unlike PET, both nylon fibers are fairly crystalline
when they are spun. The crystal structures of nylon 66 and
6 fall into α, β, and γ phases. Almost all the commercially
important nylons exist in either the α or the β phase.

Because of the inherent susceptibility of the amide link-
age to hydrolytic degradation, nylon sutures have been re-
ported to lose strength after implantation. Thus nylon su-
tures should not be used for fastening implants.

11. Polypropylene Sutures

Polypropylene (PP) suture materials are made from isotac-
tic polypropylene, which is polymerized from propylene
with a Ziegler–Natta catalyst (40). The Z-N catalyst con-
sists of a transition metal halide (e.g., TiCl3) with a reduc-
ing agent (e.g., AIR3). Ziegler–Natta catalyst systems are
quite complex, and the exact structure of the catalysts can-
not be determined precisely (41,42). Many factors could
influence the activity of the catalyst, such as the crystal
structure, the molar ratio of the components, the aging of
the complex, impurities, and the temperature of prepara-
tion (42a). In addition to isotactic polypropylene suture, a
syndiotactic PP suture has recently been reported by Liu
et al. (42b).

PP usually has a wide range of molecular weight distri-
bution (MWD) ranging from 2 to 12 polydispersity (Mw/
Mn). Recently, narrower MWD PP has become available
and is called controlled rheology (CR) PP (43). The melt-
ing and glass transition temperatures of PP are about 165
and �15°C, respectively.

PP sutures made from isotactic polypropylene have a
molecular weight of about 80,000 or a melt flow rate be-
tween 3 and 35. The crystallinity is 50% before melt-
spinning and decreases to 33% after spinning and before
drawing, and increases to 47% after drawing. Annealing
increases the crystallinity further to 68% (43). The cur-
rently available monofilament polypropylene sutures are
Surgilene from Davis and Geck, Prolene from Ethicon,
and Surgipro from US Surgical. PP sutures, in general,
do not have any coating material applied, and they are ster-
ilized by ethylene oxide because of their sensitivity toward
Co60 γ-irradiation sterilization.

PP fibers are inherently unstable to both heat and light,
but they are totally hydrolytically resistant due to the lack
of ester and amide linkages. The heat and light instability
arise from the high temperature during fiber spinning,
which frequently leads to the formation of oxygen-con-
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taining functional groups like �CCO in the molecule.
This PP fiber instability may be the cause of the observed
clinical failure of PP sutures in ophthalmology.

12. Polytetrafluoroethylene Sutures (Gore-Tex)

A nonabsorbable monofilament suture, Gore-Tex, is
made from a highly crystalline linear polytetrafluoroethyl-
ene (PTFE). This fully fluorinated thermoplastic polyolefin
is an addition polymer and is polymerized through a free
radical polymerization route in aqueous dispersion under
pressure with persulfates and hydrogen peroxide as initia-
tors. PTFE has the highest enthalpy and entropy of poly-
merization (�156 KJ/mol and �112 J/mol-deg, respec-
tively) in vinyl polymerization (44). Its molecular weight
can be as high as 5 � 106.

Due to the extremely stable CEF bond, PTFE has a
very high melting temperature, 327°C, which makes the
fabrication of PTFE very difficult. This difficulty is further
compounded by a high viscosity above Tm due to restricted
bond rotation and high molecular weight. Thus PTFE is
usually fabricated by a combination of heat and pressure,
namely sintering, which is usually applied to metal and
ceramics. PTFE powders are preformed at high pressure
(2,000–10,000 psi, 14–70 MPa) at room temperature and
then sintered above their melting point (�365°C) for a
brief period. The resulting products can subsequently be
machined to the desirable shape and size. Microfibrous
PTFE is made from wet-spinning of a mixture of an aque-
ous PTFE dispersion and cellulose xanthate to provide fi-
bers that are subsequently sintered at 385°C by contact
with a metal roll to develop fibers of low but useful
strength.

The monofilament suture made from PTFE (Gore-
Tex), however, is different from molded PTFE in mor-
phological structure. The Gore-Tex suture is an expanded
PTFE characterized by two distinctive components: nodes
held together by fine fibrils 5–10 µm in diameter and �17
µm long. The most unique property of Gore-Tex is its mi-
croporous structure with up to about 9 billion pores/in2.
Hence the Gore-Tex suture has �50% air by volume. The
pore size varies but is big enough for ingrowth of fibro-
blasts and leukocytes similar to those observed with Gore-
Tex vascular grafts. The size of the Gore-Tex suture does
not follow USP classification and is designated by CV (i.e.,
cardiovascular). Its suture diameter is measured in its pre-
expanded dimension, and the actual diameter of a Gore-
Tex suture is obviously much larger because it contains
�50% air by volume. For example, the CV-4 Gore-Tex
suture has a similar diameter (0.35 mm) to a 2-0 Prolene
(0.303 mm).

Because of its large pore volume, the Gore-Tex suture
has a unique property that other sutures do not have,
namely a needle-to-suture diameter ratio of one (45). Other
commercial sutures have a needle-to-thread ratio �1.0,
and they frequently range from 2.0 to 3.0. As a result of
this high needle-to-suture diameter ratio, the thread portion
of a suture cannot fill up the hole generated by a needle
in wound closure. Bleeding through this unfilled space at
needle holes has been a common problem associated with
sutures other than Gore-Tex. Miller et al. reported that a
5-0 Gore-Tex suture had about 1/3 of the needle hole blood
leakage of the same size Prolene in the abdominal aorta
of mongrel dogs (45). Thus Miller et al. recommended that
the Gore-Tex suture should be a better choice for wound
closure in multiple arterial anastomoses like complicated
extra-anatomic bypasses, fully heparinized patients, and
aortic surgery, where larger needle holes are made. The
unique porous structure of the Gore-Tex suture also results
in very low bending stiffness (46,47). Dang et al. reported
that the CV-4 Gore-Tex suture has a bending stiffness co-
efficient of 1.21, while a 2-0 size Prolene is more than 100
times stiffer with bending stiffness coefficient of 180.07
(46). Similar findings were reported by Chu and Kizil (47)

13. Poly (Hexafluoropropylene-VDF) Suture
(Pronova)

Pronova is the latest new synthetic nonabsorbable mono-
filament suture from Ethicon and is a copolymer from
polyvinylidine fluoride homopolymer (PVDF) and poly-
vinylidine fluoride hexafluoropropylene copolymer over
a wide range of composition ratio. It appears that Pronova
is similar to the PVDF monofilament suture developed by
Peters Laboratoire Pharmaceutique (Bobigny, France).
PVDF was designed to provide a wound closure biomate-
rial in vascular surgery that would have very good anti-
thrombogenicity, with the same satisfactory handling char-
acteristics as polypropylene sutures, and yet be as durable
as polyester sutures. It was the developer’s hope to replace
polypropylene with PVDF in vascular surgery for some of
its unique properties not available with isotactic polypro-
pylene sutures. Combining PVDF with polypropylene into
one single entity like Pronova should combine the merits
of PVDF and polypropylene and achieve a better nonab-
sorbable monofilament suture. Ethicon claims that Pronova
has excellent handling properties like pliability and low
package memory with very good tensile breaking strength
and resistance to fraying and damage done by surgical in-
strument. One of the properties of Pronova is that its chem-
ical composition of PVDF to polyvinylidine fluoride hexa-
fluoropropylene copolymer depends on the suture size.
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Pronova sutures of smaller size (4/0 to 10/0) have the
polymer composition ratio of 80/20 for the purpose of re-
taining adequate tensile strength without the expense of
their handling characteristics, since finer sutures are inher-
ently weaker than larger ones. Larger Pronova sutures
(2/0 to 2 size), however, have a 50/50 composition ratio
of the two constituent polymers to achieve better handling
properties without the expense of their tensile strength, be-
cause larger monofilament sutures are well known to be
more rigid and less pliable than finer ones. Pronova sutures
are designed mainly for cardiovascular, ophthalmic, and
neurological surgeries.

Although the detailed technical information of Pronova
is very limited at this time, an examination of PVDF su-
tures should shine some light on this relatively new nonab-
sorbable monofilament Pronova suture.

The chemical, physical, mechanical, morphological,
and biocompatible properties of 5/0 and 6/0 PVDF sutures
(Teflene) were recently reported by Urban et al. (48).
PVDF and polypropylene sutures were found to be similar
in tensile breaking force and biocompatibility in blood ves-
sels. The three properties that most differentiate PVDF
from polypropylene sutures are creep behavior, the extent
of iatrogenic trauma by a needle holder, and sterilization
by γ-irradiation. Over a period of 103 minutes there was
about a 10% dimensional increase in PVDF sutures, while
polypropylene (Prolene) sutures had more than a 50% di-
mensional increase. Thus it appears that PVDF sutures
have a better resistance to creep than polypropylene su-
tures, and hence they are expected to be more dimension-
ally stable. However, PVDF exhibited more dimensional
change than polypropylene during the initial 30 min of
creep testing.

PVDF sutures appeared to sustain the damage from nee-
dle holders better than polypropylene sutures, at least from
the surface morphological point of view. PVDF sutures
showed some flattening with a roughened surface, but they
did not have the longitudinal cracks and fibrillar formation
found with polypropylene sutures. This morphological dif-
ference between PVDF and polypropylene sutures, how-
ever, was not reflected to a marked degree in their tensile
breaking force values. In other words, the iatrogenic
trauma done by needle holders on polypropylene and
PVDF sutures did not reduce their tensile breaking force
significantly.

PVDF and polypropylene sutures have very similar
melting temperatures (165–175°C), but distinctively dif-
ferent levels of crystallinity. PVDF has a level of crys-
tallinity 59 � 7%, while polypropylene has 43 � 3%. Be-
cause of the lack of an a alkyl group, PVDF can be
sterilized by the conventional γ-irradiation method, while
polypropylene requires the use ethylene oxide gas. Thus

PVDF can take advantage of the efficiency and conve-
nience of γ-irradiation sterilization. Like the polypropylene
suture, the PVDF suture should not have any O2 in its
chemical structure. However the surfaces of PVDF and
polypropylene sutures showed oxidation products as con-
firmed by electron spectroscopy for chemical analysis. The
amounts of O2 on the surface of PVDF and polypropylene
sutures were 7.4 and 7.9%, respectively. However, bulk
FTIR data failed to reveal such oxidation products. This
suggests that oxidation of PVDF and polypropylene is in-
troduced during melt-spinning of fibers and is mainly re-
stricted to the surface of suture fibers.

PVDF sutures showed a similar histological response
as a polypropylene suture. At the end of 6 months’ implan-
tation in adult mongrel dogs, PVDF sutures were encapsu-
lated by a thin layer of newly formed connective tissue
with the absence of inflammatory cells. The explanted and
cleaned PVDF sutures revealed no visible surface damage
or degradation.

14. Stainless Steel Sutures

The use of iron base metallic sutures started as early as
1666. The most commonly used metallic suture now is
stainless steel based. Stainless steel is an alloy of mainly
iron, chromium, and nickel, but due to the wide range of
possible alloy compositions, the incorporation of trace ele-
ments, and fabrications, there are many different grades of
stainless steel. Table 6 lists some examples of stainless
steels and their structure (49). The three-digit classification
in the table is based upon the main composition in the alloy
stipulated by the American Iron and Steel Institute (AISI).
Series 200 has mainly chromium, nickel, and manganese,
Series 300 has mainly chromium and nickel, Series 400
has mainly chromium, and Series 500 has low chromium.

Only 304, 316, and 316L wrought stainless steels are
used as sutures. Series 300 stainless steel has high chro-
mium and nickel contents with an austenitic structure and
is characterized by high corrosion resistance and ductility.
The L in 316L stainless steel indicates extra low carbon
content, since a high level of C can result, under certain
circumstances, in the precipitation of chromium as chro-
mium carbides (Cr23C6), which depletes the chromium
content of the matrix, making the Cr depleted areas more
susceptible to corrosion. Thus the use of extra low C would
reduce this undesirable precipitation effect. Presently, ex-
tra low C stainless steel is made by the electroslag-
remelted (ESR) or the vacuum-remelted (VM) processes.
Different metallurgical processing conditions and finishing
have a large effect on the mechanical properties and degree
of corrosion resistance of stainless steel.

Stainless steel sutures are fabricated from cold-worked
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Table 19.6 Representative Stainless Steel Compositionsa (%) and Structure

Alloy designation
(wrought) Carbon Manganese Phosphorus Sulfur Silicon Chromium Nickel Molybdenum Others Structure

302 0.15 2.00 0.045 0.03 1.00 17.0–19.0 8.0–10.0 Austenitic
303 0.15 2.00 0.020 	0.15 1.00 17.0–19.0 8.0–10.0 0.6b Austenitic
304 0.08 2.00 0.045 0.03 1.00 18.0–20.0 8.0–10.5 Austenitic
305 0.12 2.00 0.45 0.30 1.00 17.0–19.0 10.5–13.0 Austenitic
316 0.08 2.00 0.045 0.03 1.00 16.0–18.0 10.0–14.0 2.0–3.0 Austenitic
316L 0.03 2.00 0.045 0.03 1.00 16.0–18.0 10.0–14.0 2.0–3.0 Austenitic
317 0.08 2.00 0.045 0.03 1.00 18.0–20.0 11.0–15.0 3.0–4.0 Austenitic
431 0.20 1.00 0.04 0.03 1.00 15.0–17.0 1.25–2.50 Martensitic
Precipitation hard- 0.09 1.00 0.04 0.03 1.00 16.0–18.0 6.5–7.75 0.75–1.5 Al Austenitic/

enable 17-7 PHc martensitic
Cast CF-8M 0.08 1.50 0.04 0.04 2.00 18.0–21.0 9.0–12.0 2.0–3.0 Austenitic/

ferritic

a Single values are maximum values unless otherwise noted.
b Optional.
c Trademark of the Armco Steel Corporation.
Source: E. J. Sutow. Iron-based alloys. In: Concise Encyclopedia of Medical and Dental Materials (D.F. Williams, ed.). Pergamon Press, New York,
1990, pp. 232–240.

mill products to enhance their mechanical properties so
that the resulting wire would not fail during bending and
twisting when tying knots. It is important, however, to en-
sure the generation of as few surface defects as possible
during cold-working because an irregular surface could
promote crevice and fretting corrosion and/or stress con-
centration effects. Any debris from fabrication is removed
by a process called ‘‘passivation treatment’’ in which the
surface is treated with, typically, a strong acid like nitric
acid. The acid treatment results in an oxide film on the
surface, which is considered to be more stable than the
natural air-formed film. Whether this passivated oxidative
film should not be disturbed during subsequent handling
is still debatable. Stainless steel is sterilized by heat or
steam with heat. It was reported that steam sterilization
also increases its resistance to corrosion (49).

Currently the available stainless steel sutures are
twisted Flexon and monofilament Stainless Steel from
American Cyanamid, twisted or monofilament Surgical
Stainless Steel from Ethicon, and monofilament steel from
US Surgical.

B. Size Classification of Sutures

Suture materials are also classified according to their size.
Currently, two standards are used to describe the size of
suture materials: the USP (United States Pharmacopoeia)
and the EP (European Pharmacopoeia) (2). Table 7 sum-
marizes EP and USP standards. The USP standard is more
commonly used. In the USP standard, the size is repre-
sented by a series combination of two arabic numbers: a

zero and any number other than zero, like 2-0 (or 2/0).
The higher the first number, the smaller the suture material
is. Sizes greater than O are denoted by 1, 2, 3, etc. This
standard size also varies with the type of suture material.

In the EP standard, the code number ranges from 0.1
to 10. The corresponding minimum diameter (mm) can be
easily calculated by taking the code number and dividing
by 10. The EP standard does not separate natural from syn-
thetic absorbable sutures as the USP does.

Because a range of diameters is permitted for each USP
suture size, the tensile strength (force/cross-sectional area)
of sutures of the same USP size may be different from
each other. For example, two polypropylene sutures of the
same USP size from two different manufacturers having
the same tensile breaking load may have different tensile
strengths because of a possible difference in suture cross-
sectional area due to slightly different diameters. The poly-
propylene suture with a smaller diameter may have a
higher tensile breaking strength than the one with a larger
diameter. A recent study by von Fraunhofer et al. reported
that some types of sutures have consistently less variability
in diameter than others (50). They found that Prolene has
the greatest variability in diameter, particularly in the 2/0
and 3/0 sizes among six tested sutures (chromic catgut,
Softgut, Dexon Plus, Vicryl, PDS, and Prolene) of USP
sizes ranging from 3/0, 2/0, 1/0, to 1. However, Prolene
has overall the lowest diameter at all four USP sizes (50).
Softgut, a glycerin-coated catgut from Davis/Geck, has a
significantly greater diameter than all other five sutures
tested at all four USP sizes. The diameters of chromic gut,
Dexon Plus, Vicryl, and PDS are comparable at most USP
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Table 19.7 Suture Size Classification

USP size codes
EP size codes

Nonsynthetic Nonabsorbable and Absorbable and Diameter (mm)
absorbable synthetic absorbable nonabsorbable materials Min. Max.

11/0 0.1 0.01–0.019
10/0 0.2 0.02–0.029

9/0 0.3 0.03–0.039
8/0 0.4 0.04–0.049

8/0 7/0 0.5 0.05–0.069
7/0 6/0 0.7 0.07–0.099
6/0 5/0 1 0.10–0.14
5/0 4/0 1.5 0.15–0.19
4/0 3/0 2 0.20–0.24
3/0 2/0 2.5 0.25–0.29
2/0 0 3 0.30–0.39
0 1 4 0.40–0.49
1 2 5 0.50–0.59
2 3 6 0.60–0.69
3 4 7 0.70–0.79
4 5 8 0.80–0.89
5 6 9 0.90–0.99
6 7 10 1.00–1.09

sizes, as shown in Fig. 3, although PDS is a monofilament
and the rest are multifilaments.

C. Physical Configuration and Surface
Treatments

In terms of the physical configuration of suture materials,
they can be classified into monofilament, multifilament,
twisted, and braided. Suture materials made of nylon, poly-
ester and stainless steel are available in both multifilament
and monofilament forms. Catgut, reconstituted collagen,
and cotton are available in twisted multifilament form,
while PGA, Vicryl, Panacryl, silk, polyester based, and
polyamide based suture materials are available in the
braided multifilament configuration. PDS, Maxon, Mono-
cryl, Biosyn polypropylene based, Gore-Tex, and Pronova
suture materials exist in monofilament form only. Stainless
steel metallic suture materials can be obtained in either
monofilament or twisted multifilament configurations. An-
other unique physical configuration of suture material is
polyamide (nylon 6), which has the trade name Supramid.
It has a twisted core covered by a jacket of the same mate-
rial.

Suture materials are frequently coated to facilitate their
handling properties, particularly for a reduction in tissue
drag when passing through the needle tract and ease of
sliding knots down the suture during knotting (i.e., knot
tie-down). Although nonabsorbable beeswax, paraffin, sili-

cone, and polytetrafluoroethylene are the traditional coat-
ing materials, new coating materials have been reported,
particularly those that are absorbable. This is because the
coating materials used for absorbable sutures must be ab-
sorbable, and traditional nonabsorbable coating materials
like wax are not appropriate for absorbable sutures (51–

Figure 19.3 Variation in suture diameter of five sutures in four
different USP sizes. (From J. A. von Fraunhofer, R. S. Storey,
I. K. Stone, and B. J. Materson. J. Biomed. Mater. Res. 19:595
(1985). Data recompiled with permission.)
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53). Furthermore, absorbable coating materials should
have better tissue biocompatibility because of the lack of
chronic tissue reaction.

The trend of suture coating is to develop coating materi-
als that have a chemical property similar to the suture to be
coated. There are basically two types of absorbable coating
materials: water soluble and water insoluble. Water-insolu-
ble coating materials have similar chemical constituents to
the suture, and they are broken down by hydrolysis. They
remain on the suture surface longer than water-soluble
coatings. A typical example is polyglactin 370 used for
the Vicryl suture. Dexon II sutures have a polycaprolate
coating, which is water insoluble. Water-soluble coating
materials dissolve promptly to reveal the underlying un-
coated suture after wound closure. A typical example is
poloxamer 188 found on Dexon Plus. Multifilament sutures
are more commonly provided with coating materials than
monofilament sutures. For example, multifilament Vicryl
and Dexon Plus or II have coating materials applied, while
monofilament PDS and Maxon sutures have no coatings.

Although coating of suture materials facilitates easy
passage through tissue and handling properties, it fre-
quently results in poor knot security. For example, Dexon
Plus and coated Vicryl require four or five square throws
to form secure square knots, while the uncoated Dexon
and Vicryl sutures form secure knots with only two throws
(54,55). Water-soluble coating materials do not have the
same adverse effects as water-insoluble ones on suture
knot security. This is because the dissolution of water-solu-
ble coating material reveals the underlying substrate, i.e.,
uncoated sutures, which have better knot security (55).

There is, however, one technical concern about using
water-soluble coating material in actual wound closure.
Suture materials are frequently soaked in saline after their
removal from packages before wound closure. Some or
the bulk of the water-soluble coating materials might be
removed by this routine soaking practice. Thus it is impor-
tant to minimize the time of soaking when dealing with
water-soluble coated suture materials.

Besides using water soluble coating materials to im-
prove knot security and handling properties, there are sev-
eral other patented procedures and materials reported re-
cently to improve either knot tie-down performance (the
ease of sliding a knot down the suture into place during
knotting) or/and knot security (the ability of a knot to hold
after knotting) (56–59). In general, a coating designed to
improve knot tie-down would reduce knot security. It is
difficult to achieve both ease of knot tie-down and en-
hanced knot security of sutures. There are very few re-
ported treatments that would achieve these two contradic-
tory and mutually exclusive properties. One of them is the

use of a combination of both coating and textured yarns
reported by Kawai et al. (56) who used sucrose fatty acid
ester, beeswax, paraffin, poly(oxyethylene-co-oxypropyl-
ene), polyglactin-370, gelatin, silicone, and polytetrafluo-
roethylene as coating materials. Textured yarns could be
achieved by standard texturing processes employed in the
textile industry, and they include false-twist, knit-deknit,
stuffing box, and crimping gear methods.

Other recently reported absorbable but not water-solu-
ble coating materials that could improve knot tie-down and
knot security are high-molecular-weight poly-ε-caprolac-
tone, copolymer of at least 90% by weight of caprolactone
and 10% at most of other biodegradable monomers like
glycolide, lactide, and their derivatives (57,58) or a random
copolymer of 25–75% by weight of glycolide and the re-
maining trimethylene carbonate (59). The improved knot
tie-down and knot security were attributed to deep penetra-
tion and even distribution of the coating materials into the
interstices of the suture filaments. The patented random
copolymer of glycolide and trimethylene carbonate coating
material was suggested to have the advantages of not flak-
ing off from the substrate sutures because of its high mo-
lecular weight and low glass transition temperature and of
retaining its lubricant property even when the coated suture
is wet.

There is relatively little research and development of
new coating materials for natural absorbable sutures like
catgut and reconstituted collagen sutures. Gaillard recently
reported that the widely reported relatively poor in vivo
biocompatibility and performance of collagen based su-
tures could be improved by using biodegradable polymeric
coating materials instead of the conventional chromium
salts (60). The rationale behind his approach is that a bio-
degradable protective coating could temporarily shield the
substrate catgut sutures from enzymatic biodegradation
during the early stage of wound healing, so that the coated
catgut sutures should be able not only to retain better
strength in this critical period of wound healing but also
to delay and reduce the well-known adverse tissue reac-
tions by delaying the onset of enzymatic biodegradation
beyond the initial stage of wound healing. The use of syn-
thetic biodegradable polymers as the coating for catgut su-
tures would also eliminate the known toxicity of chromium
salts and improve knot tie-down and security.

D. Physical and Mechanical Properties

The physical and mechanical characteristics of suture ma-
terials are probably the most important criteria for suture
functions, i.e., to close wounds and to carry the physiologic
load during healing. They include those related to strength,
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stiffness, viscoelasticity, coefficient of friction, compli-
ance, size, form (monofilament or multifilament), fluid ab-
sorption and transport, etc. Mechanical properties include
knotted and unknotted (straight pull) tensile strength, mod-
ulus of elasticity (relating to stiffness), elongation at break,
and toughness (the area under the stress–strain curve,
which relates to the ability of a material to absorb impact
energy).

There is a wide variety of mechanical properties among
existing commercial suture materials. The tensile strength
property is the most frequently reported and studied
mechanical characteristic of suture materials. Because
strength is expressed in terms of the cross-sectional area
of a material, it is normalized based on the dimension of
the material and hence could be used to compare sutures
having different chemical structure or/and sizes. Tensile
breaking force, however, does not take into account suture
size (i.e., diameter). Thus a larger suture would have a
higher tensile breaking force than the same suture of a
smaller size, even though the two sutures may have the
same tensile strength. Therefore a meaningful comparison
of tensile breaking forces of sutures should be done under
the same suture size (diameter) and physical form. In addi-
tion, knotted tensile strength or breaking force is frequently
lower than for the unknotted suture. Strength values are
obtained in either dry or wet conditions. Among these
physical and mechanical properties, viscoelasticity, bend-
ing stiffness, and compliance are the least studied and un-
derstood and are worthy of brief comments below.

Viscoelasticity relates to the ability of materials to
change either their dimension under a constant force (i.e.,
creep) or their strength under a constant dimension (i.e.,
stress relaxation). This ability is believed to be related to
the quality of a suture to hold a wound. For example, a
suture with a high creep phenomenon will become ‘‘re-
laxed’’ after the recession of wound edema, which could
lead to a suture knot loop becoming too loose to appose
the wound edges properly. Viscoelasticity of suture materi-
als is also the least studied and understood (61,62).

Bending stiffness is a complex mechanical phenomenon
that closely relates to the handling characteristics of suture
materials, particularly knot security. There is very little re-
ported data describing the bending stiffness of sutures.
Most reported stiffness data were derived from the modu-
lus of elasticity obtained from the tensile strength test. Be-
cause a knot involves the bending of suture strands, stiff-
ness data based on the modulus of elasticity do not
adequately represent the performance of knot strength, se-
curity, or tie-down. There are two reported studies of the
bending stiffness of sutures (47,63).

The study of bending stiffness by Chu et al. (47) was
based on the force required to bend a suture to a predeter-

mined angle. The measured bending force was converted
to flexural stiffness in pounds/in2 according to an ASTM
formula. Sutures with a braided structure were generally
more flexible than those of a monofilament structure, irre-
spective of their chemical constituents. Coated sutures had
a significantly higher bending stiffness than the corre-
sponding uncoated ones. This is particularly true when
polymers rather than wax or silicone were used as the coat-
ing material. This coating-related increase in bending stiff-
ness is attributed to the loss of mobility of constituent
fibers under bending force. An increase in suture size sig-
nificantly increased their stiffness, and the magnitude of
increase depended on the chemical constituents of the su-
ture. The large porous volume inherent in the Gore-Tex
monofilament suture was the reason for its lowest flexural
stiffness. These quantitative bending stiffness data were
consistent with the reported semiquantitative stiffness data
based on torsional mode (63).

The torsional bending stiffness study of sutures [Tomita
et al. (63)] used the technique reported by Scott and Rob-
bin (64). In principle, a constant weight was attached to
each end of a suture of fixed length (25.5 cm), and the
distance between these two ends was measured after one
minute loading. The stiffness coefficient (G ) was calcu-
lated by the formula G � TD2/8, where T is the applied
force in dynes and D was the stiffness index, which was
the average distance between the two parallel ends of the
suture. The bending stiffness data from Tomita et al. gener-
ally agree with the data of Chu et al. that braided sutures
are generally more flexible than monofilaments, and Gore-
Tex suture has the lowest bending stiffness.

Suture compliance is a mechanical property that closely
relates to the ease of a suture to elongate under a tensile
force. It is believed that the level of suture compliance
should contribute to the compliance of tissues at the anas-
tomotic site. Suture compliance is particularly important
in surgery where there is a tubular anastomosis, such as
vascular anastomoses. There is only one reported study
that examined the effect of suture compliance on the com-
pliance of arterial anastomotic tissues closed with sutures
(65). Compliance mismatch between a vascular graft and
host tissue has long been suggested as one of the several
factors contributing to graft failure (66). Compliance mis-
match at the anastomotic site constitutes a major compo-
nent of overall compliance mismatch associated with vas-
cular grafts. Since sutures are the only foreign materials
at the anastomotic site, it is expected that a wide range of
suture compliance might result in different levels of anas-
tomotic compliance. Megerman et al. (65) very recently
tested this hypothesis by using two 6/0 sutures with a vast
difference in suture compliance, Novafil and Prolene. No-
vafil is an elastomeric suture made from polybutester and
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is characterized by a high elongation at low tensile force,
a low modulus of elasticity, and high hysteresis, while the
Prolene suture has a relatively higher modulus of elasticity,
low elongation at low tensile force, and low hysteresis.
They reported that arterial anastomoses closed with a more
compliant suture like Novafil produced arterial anasto-
motic compliance on average over 75% more than those
closed with a less compliant Prolene suture.

Capillarity of a suture describes the ease of a suture to
transport liquid along the suture strand and is an inherent
physical property of multifilament sutures due to the avail-
able interstitial space. Capillarity is thus related to the abil-
ity of a suture to transport or spread microorganisms and
hence is an important property that relates to wound infec-
tion. Bucknall (67) reported that a braided nylon suture
could take up three times as many microorganisms as mo-
nofilament nylon. There are two methods to evaluate the
capillarity of sutures, qualitative according to USP XVII
(68) and quantitative as developed by Blomstedt and
Osterberg (69). The former method determines whether a
0.1% methylene blue dye solution can transport through a
fixed length of a suture weighing under 2 grams to reach
the end marked by a white cotton within 8 h. If the cotton
becomes blue within 8 h, the suture is classified as capil-
lary; otherwise it is noncapillary.

Table 8 summarizes capillarity data of some size 0 su-
tures according to the USP XVII qualitative method (69).
None of the monofilament sutures exhibited capillarity,
while braided polyester (Mersilene), twisted polyamide
with cover (Supramid), and twisted linen showed capillar-
ity. It was surprising that braided silk with wax coating
and catgut (plain and chromic) did not have any capillarity.
It appears that the wax treatment on silk was able to reduce
capillarity. Although the qualitative USP XVII method is

Table 19.8 Capillarity of Different Suture
Materials According to the USP XVII Method

Material Capillarity

Polypropylene, monofilament �
Polyamide, monofilament �
Polyamide, braided waxed �
Polyamide, twisted with cover �
Polyester, braided �
Linen, twisted �
Silk, braided waxed �
Catgut, plain �
Catgut, chromic �

� � capillary, � � noncapillary.
Source: B. Blomstedt, and B. Osterberg. Fluid absorption and
capillarity of suture materials. Acta Chir Scand. 143:67–70
(1977).

a fast and easy way to evaluate suture capillarity, it does
not distinguish the rate of capillarity.

Blomstedt et al. developed a quantitative method to de-
termine the rate of capillarity of sutures (69). The method
is based on the conductivity of suture strands when they
are wet via capillarity. There was a more than 10-fold dif-
ference in the rate of fluid transport (the slope of the curve)
among the three sutures having capillarity based on the
USP XVII method. For example, Supramid, Mersilene,
and twisted linen had the fluid transport rate constants
0.24, 0.04, and 0.01 cm2/s, respectively.

Fluid absorption of sutures, a property relating to capil-
larity, may also be responsible for the spread of microor-
ganisms in tissues. Table 9 summarizes the level of absorp-
tion of saline and blood plasma of several sutures (69). In
general, both the chemical nature and the physical structure
of the sutures determine the level of fluid absorption; how-
ever, it appears that the chemical nature is more important
than the physical structure for the wide range of fluid ab-
sorption. Synthetic sutures have much lower fluid absorp-
tion capability than natural sutures, because the former are
more hydrophobic than the latter. Within each type of su-
ture, multifilament sutures have a higher fluid absorption
than their monofilament counterparts due to the additional
capillarity effect associated with multifilament sutures.
Among the sutures tested, plain and chromic catgut sutures
showed the highest level of fluid absorption in both saline
and blood plasma media. Obviously, bulk fluid absorption
in addition to surface fluid absorption is required to reach
such a high level of fluid absorption. The protein nature
of catgut sutures provides many bonding sites for fluid
molecules to attach to, and such attachments are not lim-

Table 19.9 Absorption of Saline and Blood Plasma in
Different Suture Materials

Fluid absorption in percent
of strand dry weight � S.E.

Saline, Blood plasma,
Material n � 20 n � 20

Polypropylene, monofilament 0.4 � 0.1 0.2 � 0.1
Polyamide, monofilament 7.8 � 0.1 10.1 � 0.2
Polyamide, braided waxed 11.9 � 0.5 16.1 � 0.4
Polyamide, twisted with cover 23.6 � 0.3 27.8 � 0.8
Polyester, braided 13.9 � 0.4 16.0 � 0.3
Linen, twisted 84.5 � 1.2 92.2 � 1.3
Silk, braided waxed 59.5 � 1.0 65.2 � 0.7
Catgut, plain 96.8 � 0.5 100.1 � 0.7
Catgut, chromic 85.2 � 0.7 100.1 � 0.8

Source: B. Blomstedt, and B. Osterberg. Fluid absorption and capillarity
of suture materials. Acta Chir Scand. 143:67–70 (1977).
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ited to the surface of catgut sutures. In contrast, almost
all absorbed fluid in synthetic sutures was retained on the
surface of the sutures.

E. Handling Properties

Handling characteristics describe those properties that re-
late to the feel of suture materials by surgeons during
wound closure. These suture characteristics are the most
difficult to evaluate objectively. The handling properties
of sutures are pliability (or stiffness), knot tie-down, knot
security, packaging memory, surface friction, viscoelastic-
ity, tissue drag, etc., and hence are directly and indirectly
related to the physical/mechanical characteristics of su-
tures. For example, the term pliability is a subjective de-
scription of how easily a person could bend the suture and
hence relates to the surgeon’s feel of a suture during knot
tying. It is directly related to the bending modulus and indi-
rectly to the coefficient of friction. Packaging memory, an-
other handling property that indirectly relates to pliability,
is the ability to retain the kink form after unpacking. The
ability to retain such kink form makes surgeons’ handling
of the sutures more difficult during wound closure, particu-
larly when tying a knot. This is because sutures with high
memory, like nylon, polypropylene, PDS and Maxon, tend
to untie their knots as they try to return to their kink form.
Thus packaging memory should be as low as possible. In
general, monofilament sutures have more packaging mem-
ory than braided ones. The four exceptions are the newly
available Monocryl, Biosyn, Gore-Tex, and Pronova su-
tures, which are reported to have exceptionally low pack-
aging memory. The easiest means of evaluating the pack-
aging memory is to hang the sutures in air and measure
the time required to straighten out the kink.

Knot tie-down and security describe how easily a sur-
geon can slide a knot down to the wound edge and how
well the knot will stay in position without untying or slip-
page. These handling characteristics relate to surface and
mechanical properties of sutures. A relatively smooth sur-
face like that of monofilament or coated braided sutures
will have a better knot tie-down than a suture with a rough
surface such as an uncoated braided suture, if everything
else is equal. The coefficient of friction of sutures also re-
lates to knot tie-down and security. A linear relationship
between knot security and the coefficient of friction was
reported by Herman (70). A high coefficient of friction will
make knot tie-down difficult but will lead to a more secure
knot. This is because a high-friction suture can provide
additional frictional force to hold the knot together. This
high-friction suture surface also makes the passage of su-
ture strands difficult during knot tie-down. It thus appears
that knot tie-down and knot security are two contradictory

requirements. There is no reported standard test for evalu-
ating knot tie-down capacity.

Tomita et al. (63) recently reported a method to quantify
objectively the knot tie-down capacity of 2/0 silk, polyes-
ter sutures, Gore-Tex, and an experimental ultrahigh-
molecular-weight polyethylene suture (Nesplon). Their
method was based on the technique developed by Kobay-
ashi (71). The pullout friction test measures the frictional
resistances produced by both surface friction and cross-
sectional deformation of sutures when tying and holding
a knot securely. In principle, a suture thread was wound
around a sponge tube, tied with a square knot, and placed
in a tensile testing machine. Table 10 summarizes the knot
tie-down resistance and roughness as well as the knot secu-
rity of the four tested sutures. The two monofilament su-
tures (Gore-Tex and UHMW-PE) as a group had a much
lower knot tie-down resistance than the braided sutures
(Surgical Silk and Ethibond). A higher contact surface area
among braided suture strands may be responsible for the
high resistance to knot sliding. Silk suture was found to
have the largest difference between static (for knot secu-
rity) and dynamic (for knot tie-down) resistances. These
silk data are consistent with their well-known excellent
handling characteristics.

The high knot tie-down resistance of braided sutures
also led to their higher knot security as evident in the lower
number of throws that was required to achieve a secure
knot (defined as one that broke without slipping �10 mm)
in Table 10. Tomita et al. attributed the high knot security
of these braided sutures not only to the surface friction
force but also to the resistance resulting from cross-sec-
tional deformity.

Tissue drag describes how easy it is to pull a suture
through tissue during wound closure and suture removal.
It hence gives an indication of the extent of tissue tear in
needle holes. Obviously, tissue drag should be maintained
at a minimum for easy passage of sutures through tissue,
which is reflected in a surgeon’s feel about a suture. Tissue

Table 19.10 Knot Properties of USP Size 2 Sutures

Tie-down Tie-down
Suture Knot resistance roughness
material securitya (�103 N) (n � 3) (�103 N) (n � 3)

Silk 3 11.7 � 0.4 0.58 � 0.14
PET 3–4 12.7 � 3.6 2.2 � 0.40
E-PTFE(CV2) — 3.6 � 0.4 0.15 � 0.01
UHMW-PE 6– 7.3 � 1.5 1.1 � 0.60

Source: N. Tomita, S. Tamai, T. Morihara et al. J. Appl. Biomater. 4:
61–65 (1993)
a Number of throws required to achieve a secured knot defined as the one
broken without slipping �10 mm.
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Table 19.11A Maximum Withdrawal Stress (g/cma)

A: Silk plain B: Silk/silicone C: PE/teflon D: Nylon E: Polyethylene F: Polypropylene
Suture
size Mode I Mode II Mode I Mode II Mode I Mode II Mode I Mode II Mode I Mode II Mode I Mode II

2–0 36.2 146.9b 25.5 118.1b 14.2 85.3b 10.3 34.4 13.8 49.3 13.2 45.3
4–0 20.8 146.9b 12.5 118.1b 9.3 85.3b 8.6 73.7 5.7 35.5 5.5 32.4
6–0 17.4 146.9b 6.3 118.1b 85.3b 6.6

drag of a suture is closely related to both the surface physi-
cal roughness and the coefficient of friction. In general,
coated or/and monofilament suture materials have less tis-
sue drag than their uncoated or/and braided counterparts.
This is because a coating material can smooth a rough sur-
face and also change the coefficient of friction.

There are very few reported studies that examine the
relationship between the structure/physical configuration
of sutures and tissue drag (72,73). These published studies
focus on the evaluation of suture withdrawal stress and
work after predetermined periods of implantation. It is
known that healing around a suture in a wound leads to
ingrowth of fibrous connective tissues into the interstitial
space of the suture. This tissue ingrowth can exert a sig-
nificant resistance during suture withdrawal. Table 11
summarizes the maximum suture withdrawal stress (g/cm)
and work (g-cm/cm) of six commercial sutures subder-
mally implanted in dogs for up to 14 days (72). Model
II, which used the test sutures to close three 1 inch long
cutaneous incisions via a short curved needle and a contin-
uous stitch, was a better model for simulating clinical
trauma proximal to the suture location. In general, mono-
filament sutures (e.g., nylon, polypropylene, and polyeth-
ylene) showed significantly lower maximum withdrawal
stress values than multifilament braid sutures like silk
(plain or silicone-coated) and Tevdek (a PTFE-coated
polyester). Plain silk had the highest maximum withdrawal
stress (146.9 g/cm) among the six types of sutures. The
duration of implantation appeared not to exert a strong ef-

Table 19.11B Withdrawal Work (g-cm/cm)

A: Silk plain B: Silk/silicone C: PE/teflon D: Nylon E: Polyethylene F: Polypropylene
Suture
size Mode I Mode II Mode I Mode II Mode I Mode II Mode I Mode II Mode I Mode II Mode I Mode II

2–0 3.9 47.1b 3.7 40.6b 2.7 43.8b 3.6 13.2 4.1 33.5 4.1 22.3
4–0 3.8 47.1b 2.6 40.6b 2.7 43.8b 3.4 32.7 2.4 15.1 2.4 10.6
6.0 1.4 47.1b 1.4 40.6b 43.8b 3.1

a Averages for all implant duration periods.
b No trend with suture size
Source: C. A. Homsy, K. E. McDonald, and W. W. Akers. J. Biomed. Mater. Res. 2:215 (1968). With permission.

fect. The data of withdrawal work were consistent with the
maximum withdrawal stress. A subsequent detailed analy-
sis of the withdrawal stress profile vs. the length of suture
withdrawn in cutaneous tissues of pigs indicated a unique
pattern (73). A sharp maximum withdrawal stress along
the length of the suture withdrawn was the most character-
istic pattern for silicone-coated silk sutures over all three
periods of implantation (1, 2, and 3 weeks), while the syn-
thetic monofilament polyethylene, polypropylene, and ny-
lon as well as Tevdek sutures showed relatively flat with-
drawal stress curves (less profound maximum withdrawal
stress) with the length of suture withdrawn.

F. Biological Properties

Biocompatibility of suture materials describes how su-
tures, which are foreign materials to the body, affect sur-
rounding tissues and how the surrounding tissues affect the
properties of sutures. Thus biocompatibility is a two-way
relationship. The extent of tissue reactions to sutures de-
pends largely on the chemical nature of the sutures and
their degradation products if they are absorbable. Sutures
from natural sources like catgut and silk usually provoke
more tissue reactions than synthetic ones. This is due to the
availability of enzymes to react with natural biopolymers.
Besides the most important chemical factors, physical
form, the amount and stiffness of suture materials have
been reported to elicit different levels of tissue reactions.
For example, a stiff suture would result in stiff projecting
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ends in a knot where cut. These stiff ends could irritate
surrounding tissues through mechanical means, a problem
associated with some monofilament sutures but generally
not found in braided multifilament sutures.

Because the quantity of a buried suture relates to the
extent of tissue reaction, it is a well-known practice in sur-
gery that one should use as little suture material as possi-
ble, such as a smaller knot or a smaller size, to close
wounds. The use of a smaller size for wound closure with-
out the expenses of adequate support to wounds and cutting
through wound tissue is due to the square relationship be-
tween diameter (D) and volume (V ) (V � πD2 � length),
which suggests that a slight increase in suture size or diam-
eter would increase its volume considerably.

There are two basic means to study the biocompatibility
of suture materials, cellular response and enzyme histo-
chemistry. The former is the most frequently used and pro-
vides information about the type and density of inflamma-
tory cells at a suture site. The latter provides information
on what these inflammatory cells would do and is based
on the fact that any cellular response is always associated
with the presence of a variety of enzymes and is particu-
larly useful in the study of the mechanism of absorption
of absorbable sutures. In the cellular response approach,
histological stains with a variety of dyes like the most fre-
quently used H & E are the standard methods of evaluation
of cellular activity at the suture sites. Figure 4 is a typical
example of histological photomicrographs of PDS and
Maxon sutures at 35 days postimplantation in a variety of
tissues (74). In addition to a qualitative description of cel-
lular activities, tissue response could be graded by the most
frequently used and accepted Sewell et al. method or its
modification (75).

Most biocompatibility studies of suture materials have
been performed in rat gluteal muscle. This implantation
site has given a very consistent and reproducible cellular
response for valid comparisons, even though it is not a
common site for suture in surgery. However, Walton re-
cently raised the question of using this common test proce-
dure, particularly in orthopaedic surgery (76). His argu-
ments were based on the observed inflamed nature of
the postoperative synovial tissue and the mechanically
stressed nature of the suture.

The second means for the study of suture biocompati-
bility is the use of enzyme histochemistry. It is a more
objective, quantitative, consistent, and reproducible
method than cellular response, which is based on a more
subjective histological evaluation. Enzyme histochemistry
is, however, more tedious and requires more sophisticated
facilities and better experience. The data obtained provide
additional insight into the functions of those cells that ap-
pear during various stages of wound healing. The enzy-

Figure 19.4 Light histological photomicrographs of tissue adja-
cent to PDS and Maxon sutures 3 and 5 days after implantation
in a variety of tissues of New Zealand White rabbits. �130.
(A) Peritoneum/PDS, (B) Fascia/PDS, (C) Peritoneum/Maxon,
and (D) Fascia/Maxon. (From S. A. Metz, N. Chegini, and B. J.
Masterson. J. Gynecol. Surg. 5(1):37–46 (1989). With permis-
sion.)

matic activity of a suture implant site is quantified by mi-
croscopic photometry of a cryostat section of the tissue.
Figure 5 is a typical finding of an enzyme histochemical
study of suture biocompatibility (77–79). The high level
of cellular response to silk suture observed from a histolog-
ical study is confirmed in this enzyme histochemical study.
Enzyme histochemistry is also useful for studying the bio-
degradation mechanism of absorbable sutures because not
only natural absorbable sutures are degraded through the
enzymatic route but also the degradation products must be
metabolized via enzyme activity.

The normal tissue reaction to sutures has three stages,
according to the time for the appearance of a variety of
inflammatory cells (77,79–81). They are the initial infil-
tration of polymorphonuclear leukocytes, lymphocytes,
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Figure 19.5 Enzyme histochemical evaluation of macrophage hydrolase activity of monofilament polypropylene and braided silk and
polyester sutures. (From W. van Winkle, and T. N. Salthouse. Ethicon, Somerville, N.J., 1976. With permission.)

and monocytes during the first 3 or 4 days (i.e., acute re-
sponse); the appearance of macrophages and fibroblasts
from day 4 to day 7; and the beginning of maturation of
fibrous connective tissue formation with chronic inflam-
mation after the 7th to the 10th day. During the first 7
days after implantation, there is virtually no difference in
normal tissue reaction between synthetic absorbable and
nonabsorbable sutures. However, a slightly higher in-
flammatory reaction to synthetic absorbable sutures could
persist for an extended period until they are completely
absorbed and metabolized, while synthetic nonabsorbable
sutures, in general, are characterized with a minimal
chronic inflammatory reaction with a thin fibrous connec-
tive tissue capsule surrounding the sutures usually by 28
days after implantation.

Due to this normal tissue reaction, fibrous and/or epi-
dermic tissue ingrowth into sutures may pose a problem
during the removal of the sutures, particularly for those
sutures placed through the cutaneous surface due to the
ingrowth of epidermis in addition to fibrous connective tis-
sue. This problem is particularly profound in multifilament
sutures because of the available interstitial space within

these sutures for tissue infiltration. The formation of a peri-
sutural cuff due to a downward growth of epidermis along
the suture path has been found to be responsible for 70 to
85% of the force required to remove the suture (72,73,80).
Among the multifilament sutures, silk is the worst of-
fender. A very recently reported U.S. patent disclosed the
approach of using a composite suture to reduce tissue in-
growth into silk sutures through encapsulation of the silk
suture with biocompatible polymeric resin (33).

Monofilament sutures are considered to be a better
choice than multifilament ones in closing contaminated
wounds. This is because not only do multifilament sutures
elicit more tissue reactions, which may lessen tissue ability
to deal with wound infections, but also multifilament su-
tures have a capillary effect, which could transport micro-
organisms from one region of the wound to another. The
reason that multifilament sutures generally elicit more tis-
sue reactions than their monofilament counterparts is that
inflammatory cells are able to penetrate into the interstitial
space within a multifilament suture and invade each fila-
ment. Such an invasion by inflammatory cells, well evident
in histological pictures, does not occur in monofilament
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sutures. Thus the available surface area of a suture to tissue
should bear a close relationship to the level of tissue reac-
tion that a suture could elicit.

In addition to the normal tissue reactions to sutures,
there are several adverse tissue reactions that are suture
and site specific. Some examples include urinary stone or
calci formation, granuloma formation, thrombogenicity,
propensity toward wound infection and recurrence of tu-
mor after radical surgery, and allergy.

G. Biodegradation and Absorption Properties

Absorbable sutures require consideration of their biodegra-
dation and absorption, factors that are not relevant for most
nonabsorbable sutures. This biodegradation characteristic
is the reason that absorbable sutures do not elicit the per-
manent chronic inflammatory reactions found with nonab-
sorbable sutures. The most important characteristics in bio-
degradation and absorption of sutures are the strength and
mass loss profiles and the biocompatibility of degradation
products. Although there is a wide range of strength and
mass loss profiles among the available absorbable sutures,
they have one common characteristic: strength loss always
occurs much earlier than mass loss, as shown in Fig. 6.
This suggests that absorbable sutures retain a large portion
of their mass in tissue, while they have already lost all
their designated function to provide support for the wound
tissue. Thus an ideal absorbable suture should have its
mass loss and strength loss profiles synchronized. Such an
ideal absorbable suture is not available due to the inherent
relationship between strength and fiber structure.

Figure 19.6 Time to complete loss in tensile breaking strength
and mass profiles of five commercial absorbable sutures.

Biodegradation properties are usually examined in vitro
or/and in vivo. In the in vitro environment, the most com-
monly used medium is physiological saline phosphate
buffer of pH 7.44 at 37°C. However, other buffers, like
Tris, or body fluids like urine, bile, or synovial fluids, have
been used. Occasionally, microorganisms were deliber-
ately incorporated into these media to examine the effect
of microorganisms on biodegradation properties of absorb-
able sutures. In the in vivo environment, unstressed ab-
sorbable sutures are normally implanted in rat gluteal
muscle for predetermined periods of implantation. As de-
scribed above in Sec. B.6, Walton raised the point that the
use of unstressed sutures in the gluteal muscle site may
not represent the real clinical environment that absorbable
sutures normally experience (76). The sutures retrieved at
various periods of immersion or implantation are then sub-
ject to the evaluation of their mechanical and physical
properties to assess their changes with time. The degree
of absorption in vivo is evaluated by the change in suture
cross-sectional area, while the level of tissue reaction is
assessed by either the histological method or by the en-
zyme histochemistry method previously described.

The vast amounts of published information about the
biodegradation phenomena of synthetic absorbable sutures
since the 1970s show that these synthetic absorbable su-
tures can be degraded by a hydrolytic mechanism via the
scission of ester linkages in the polymeric backbone (1,2).
The observed wide range of strength and mass loss profiles
of absorbable sutures is attributable not only to the chemi-
cal differences among the absorbable sutures but also to a
variety of intrinsic and extrinsic factors, such as pH, elec-
trolytes, stress applied, temperature, γ-irradiation, micro-
organisms, and tissue type, to name a few.

Very recently, an interesting study of the effect of su-
peroxide ion on the degradation of absorbable sutures has
been reported (82). Superoxide ion can act as an oxygen
nucleophile agent to attack the ester linkage in absorbable
suture polymers. In their study of five commercial 2/0 size
synthetic absorbable sutures at 25°C (DexonS, Maxon,
Vicryl, PDS II, and Monocryl), Lee and Chu (82) ob-
served that there was a significant superoxide-ion-induced
degradation effect on the mechanical properties, thermal
properties, and surface morphology of these absorbable su-
tures. Among the five absorbable sutures and over the con-
centration range of that study, the monofilament Monocryl
suture was the most sensitive toward superoxide-ion-
induced degradation, followed by Maxon, Vicryl, Dexon,
and PDSII sutures, which had relatively the least effect of
superoxide-ion-induced hydrolytic degradation, as shown
in Table 12. The amount of tensile breaking force loss
ranged from as low as 3% to as high as 80%, depending
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Table 19.12 The Tensile Breaking Force (Kg) and Its Percentage Retention of Five Absorbable Sutures as a Function of
Superoxide Ion Concentration and Hydrolysis Reaction Time at 25°C

Superoxide ion Superoxide ion Superoxide ion Superoxide ion
concentration concentration concentration concentration

(molar) 0 (molar) 0.0005 (molar) 0.005 (molar) 0.01

Hydrolysis
Hydrolysis time Hydrolysis time Hydrolysis time time

0 h 2 h 24 h 2 h 24 h 2 h 24 h
PDS II 4.75 � 0.01 4.59 � 0.01 4.59 � 0.02 4.57 � 0.01 3.09 � 0.01 0 0

(100.0%)a (97%) (97%) (96%) (65%)
Dexon 6.23 � 0.01 5.73 � 0.01 5.59 � 0.01 5.32 � 0.01 2.89 � 0.02 0 0

(100.0%) (92%) (90%) (85%) (46%)
Vicryl 6.26 � 0.01 5.22 � 0.01 5.13 � 0.01 4.90 � 0.01 2.39 � 0.01 0 0

(100.0%) (85%) (82%) (78%) (38%)
Maxon 7.42 � 0.01 6.20 � 0.01 5.40 � 0.02 6.16 � 0.01 1.86 � 0.01 0 0

(100.0%) (84%) (73%) (83%) (25%)
Monocryl 5.66 � 0.01 4.40 � 0.01 3.70 � 0.01 3.01 � 0.01 1.14 � 0.01 0 0

(100.0%) (78%) (65%) (53%) (20%)

a Retention of original (no superoxide and 0 hr) tensile strength.
Source: K. H. Lee and C. C. Chu. The effect of superoxide ions in the degradation of five synthetic absorbable suture materials. J. Biomed. Mater. Res.,
49(1):25 (2000).

on the type of absorbable sutures, reaction time, and super-
oxide ion concentration. Regardless of degradation reac-
tion time (up to 24 h), the measurement of tensile breaking
force of these five absorbable sutures at the highest super-
oxide ion concentration (0.01 molar) was impossible be-
cause all absorbable sutures were so degraded that they
completely lost their physical integrity as fibers and be-
came almost invisible. For the purpose of comparison,
none of these five absorbable sutures lost any measurable
tensile strength in the presence of buffer medium within
24 h.

Along with the drastic reduction in mechanical proper-
ties, all these five absorbable sutures showed significant
reductions in both peak melting temperature (Tm) and glass
transition temperature (Tg). For examples, Dexon suture
showed the most significant change in Tg at both superox-
ide ion concentrations (∆Tg � 9.0°C, 19.5°C) followed by
Vicryl (∆Tg � 12.6°C). Among the monofilament absorb-
able sutures, Monocryl had the highest Tg reduction
(∆Tg � 7.4°C, 9.7°C), while PDS II was the most resistant
to superoxide-ion-induced Tg change with the smallest ∆Tg

among all five synthetic absorbable suture materials
(∆Tg � 0.8°C, 1.2°C).

Unlike the surface morphological change of the absorb-
able sutures in buffer solutions, the effects of superoxide-
ion-induced degradation on the surface morphological
change of the five absorbable sutures were unique and un-

usual (Fig. 7), particularly the moon-crater shaped impres-
sions of various sizes and depth found in Monocryl and
Maxon sutures that defied the anisotropic characteristic of
the fibers.

Lee and Chu suggested that the cleavage of the ester
bonds in the backbone of these absorbable suture materials
was via a nucleophilic attack of superoxide ion. As shown
in Scheme 1, this nucleophilic attack was predominantly
an SN2 type of reaction yielding mainly anionic end groups
of different chain lengths. These active anionic species
could subsequently attack the main backbone chains via
transesterification with a rapid reduction in molecular
weight until thermodynamic equilibrium was reached. The
resulting degradation products would eventually lead to
cylic and/or linear oligomers. The nucleophilic attack of
the superoxide ion on polymers occurs primarily in Steps
1 and 2 of Scheme 1, which lead to the fragmentation of
polyester chains and the formation of two different types
of species: lower molecular weight macromolecules with
peroxy radical chain end groups and anionic catalyzed
chain end groups, respectively. Unlike the base catalyzed
hydrolysis of simple aliphatic polyesters in an alkaline
buffer solution in which the alcoholic anions were stabi-
lized by hydrogen abstraction from the carboxylic end
group to produce an alcohol group and a relatively stable
carboxylic anion end group, the alcoholate end group from
Step 2 may subsequently attack the main backbone chains
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Figure 19.7 The surface morphology of 2-0 Monocryl suture upon superoxide-ion-induced hydrolytic degradation at 25°C for 24 h.
(A) Original control, (B) 0.0005 molar, (C) 0.0025 molar, (D) 0.005 molar superoxide ion concentration.

via intra- and intermolecular transesterification reactions
as illustrated in Step 3 of Scheme 1. This additional chain
scission in Step 3 not only reduces the molecular weight of
linear aliphatic polyesters like Dexon, Maxon, and Vicryl
further but also produces another anionic species that re-
peats Step 3 again to accelerate the degradation further.
Step 4 is a typical electron transfer reaction from the super-
oxide ion to the peroxy radical that leads to the formation
of the carboxyl anionic intermediates, which are expected
to be stable. Therefore their reactivity towards the polyes-
ter chain as Step 3 is very low or unlikely. Any excess
superoxide ion would react with water as shown in Step
5 to form a hydroxyl anion and other species. Although it
appeared to have competitive reactions between the hy-
droxyl anion attacking the ester linkage of the polyester
for additional chain scission and the hydroxyl anion re-
acting with the carboxyl peroxide anion end group of the

polymer chain (Step 6) to produce the carboxylic anion
without chain scission, it was less feasible for the former
(i.e., hydroxyl anion to attack ester linkages) because of the
relatively low temperature (25°C). Step 6 was preferable
during the final step of the termination reaction. Finally,
it is possible to exchange potassium counter anions with
hydrogen via diluted hydrochloric acid solution used for
the termination reaction.

The biocompatibility of degradation products is usually
not a problem because all existing absorbable sutures are
made from the well-known biocompatible glycolide, lac-
tide, and their derivatives. However, biocompatibility of
degradation products also depends on the rate of their accu-
mulation in the surrounding tissues. This implies that the
ability of the surrounding tissues to actively metabolize
degradation products is essential. Such a metabolism de-
pends on the extent of blood circulation in the tissue. A
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Scheme 1 Reaction mechanism of superoxide-ion-induced degradation of aliphatic polyesters. (From K. H. Lee and C. C. Chu. The
effect of superoxide ions in the degradation of five synthetic absorbable suture materials. J. Biomed. Mater. Res. 49(1):25 (2000).)

well vascularized tissue could remove degradation prod-
ucts as fast as they are released from an absorbable suture
and subsequently metabolized, which could minimize tis-
sue reactions to degradation products.

Due to their ability to release degradation products, ab-
sorbable sutures have recently been studied as a vehicle
to deliver a variety of biochemicals like growth factors to
facilitate wound healing or antibiotics to combat wound
infection. This new approach will increase the value of
absorbable sutures and extend their function beyond the
traditional role of wound closure.

III. SURGICAL MESHES

Another common medical textile product that has a long
history of saving human lives is surgical mesh for body
wall repair. Defects of the body’s tissues are the direct re-
sult of the radical resection of a cancer tumor, congenital
lesions, infection and subsequent necrosis and debride-
ment, violent crimes, accidents, or large hernias. One in
every 200 U.S. adults has experienced a hernia problem.
Attempts to close these large defects are essential to save
the patient’s life, as well as to restore normal body func-
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tions. For those large defects lacking adequate tissue to
permit primary repair, it is highly desirable to use materials
of either a synthetic or a natural origin to reinforce tenuous
aponeurotic closures and/or to bridge large defects in the
abdominal or chest wall.

A wide variety of biological and synthetic textile mate-
rials have been used to repair the defective body wall. Bio-
logical materials include autologous, homologous, and het-
erologous transplants of fascia lataj skin or dermis, and
dura mater (83–86). Synthetic textile materials for mesh
use include the metallic based (e.g., tantalum, stainless
steel) and the polymeric based. The polymeric based
meshes include the nonabsorbable type, which includes
polyamide (nylon), polyester (Dacron), polytetrafluoro-
ethylene (PTFE) or expanded polytetrafluoroethylene
(Gore-Tex), and polypropylene (Marlex), and the ab-
sorbable type, which includes PGA (chemically identical
to Dexon suture) and polyglactin-910 (chemically identical
to Vicryl suture) (87–106). Very recently, there are a few
new mesh products introduced for a variety of biomedical
applications. For example, Genzyme introduced two un-
usual absorbable surgical meshes that are not based upon
synthetic absorbable suture materials. These two absorba-
ble meshes, Seprafilm and Sepramesh, are made from
carboxymethycellulose and sodium hyaluronate (107,108).
Klinge et al. (109) reported a new hybrid mesh (Soft Her-
nia Mesh) that consists of both nonabsorbable (i.e., poly-
propylene) and absorbable (i.e., polyglactin-910) compo-
nents. They also introduced a polyglactin-910 coated
polypropylene mesh for improving the handling property
during surgery (110). Regardless of the nature and type of
fibers used, all these synthetic surgical meshes are fabri-
cated in either a woven or a knitted structure and exhibit
various levels of porosity and strength.

In addition to the traditional use of surgical meshes for
the repair of hernias and abdominal body wall defects,
there are some innovative uses in many surgical areas, par-
ticularly for the protection of internal organs, that are
worth of mentioning here briefly. They include pelvic floor
reconstruction (108,111), isolation of the abdominal tis-
sues from the denuded and possibly infected pelvis after
radical pelvic surgery (112), the repair of the fractured or-
bital floor (113,114), the wrapping of severe traumatized
hepatic tissues for controlling hemorrhage that otherwise
would be a life-threatening problem (115,116), the man-
agement of the enlarged liver of an infant with stage 4S
neuroblastoma that required decompressive laparotomy
(117), transabdominal rectopexy in the treatment of rectal
prolapse (118–120), wrapping of injured spleen during
splenorrhaphy (121–126) or kidney during renorrhaphy
(127) after blunt and penetrating trauma, mesh envelope

of en bloc pediatric kidneys to facilitate the handling and
positioning of the kidney in renal transplantation (during
vascular anastomoses) with minimal vascular complica-
tions and lower risk of torsion of renal pedicles (127), gain-
ing better abdominal access in patients with necrotizing
pancreatitis by the use of absorbable mesh (129), retropu-
bic sling procedures in women with urinary stress inconti-
nence (130), repair of defects of the right atrium of pigs
(131), use as a dural substitute (132), use in the absorbable
mesh/fibrin glue technique to prevent cerebrospinal fluid
leakage via the suture line along ePTFE mesh as dural sub-
stitute (133), the repair of tracheal defects (134), the recon-
struction of chest wall defects following en bloc resection
of lung carcinomas (135), the surgical management of
esophageal perforation by absorbable mesh and fibrin glue
(136), as the implant for chin augmentation (137), and
finally as the treatment for periodontal defects (138).

A. Nonabsorbable Surgical Meshes

To reach a better understanding of the failure modes of
surgical meshes, in terms of their properties, and to aid the
development of new and better surgical meshes, Chu et al.
(139) conducted a systematical and quantitative evaluation
of the physical, mechanical, and morphologic properties
of three most widely used nonabsorbable synthetic mesh
materials, Marlex, Mersilene, and PTFE. Tables 13–16
and Figures 8–11 summarize the textile characteristics of
the three most commonly used surgical meshes. It is
clearly evident that there is a wide variation in structure
and performance among these three.

Tables 13 and 14 show that the three meshes have dis-
tinctively different yarn and fabric structures. PTFE
meshes are the heaviest and thickest and have the highest
filament count and the lowest stitch density. Mersilene
meshes are the lightest and thinnest and rank second in
terms of filament count and stitch density. Marlex meshes,
in terms of weight and thickness, rank second; this mono-
filament yarn has the highest stitch density. Overall fabric
weights of the three surgical meshes are different because
of variations in the linear density of the constituent fibers
and fabric structure.

Table 15 shows that marked differences exist in tensile
properties, not only among the three tested mesh speci-
mens but also between the wale and course directions of
the same mesh material. The difference in bursting strength
and breaking strength and elongation at the wale direction
among the three mesh fabrics was statistically significant
according to Student’s t-test (p � 0.01). However, the
breaking strength and elongation at the course direction
of Marlex and PTFE mesh fabrics were not statistically
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Table 19.13 Yarn Characterization of Three Commercial Nonabsorbable Surgical Meshes

Linear Filament Filament
Trade densitya Filaments linear density Filament diameter
name Chemical component Type Texture (Texb) per yarn (Texb) cross section (cm)

Mersilene Poly(ethylene terephthalate) Multifilament Flat 2.5 12 0.212 Circular 0.0014
Marlex Polypropylene Monofilament Flat 21 1 21 Circular 0.017
Teflon Polytetrafluoroethylene Multifilament Flat 62 52 1.2 Circular 0.0026

a Calculated from filament diameter and filament count assuming fiber densities of 1.38, 0.91, and 2.30 g/cm3 for Dacron, Polypropylene, and Teflon,
respectively.
b Tex is defined as the weight in grams of a yarn 1000 meters long.
Source: C. C. Chu, B. Pourderyhm, and L. Welch. Characterization of morphologic and mechanical properties of surgical mesh fabrics. J. Biomed.
Mater. Res. 19:903–916 (1985).

Table 19.14 Fabric Characterization of Three Commercial Nonabsorbable Surgical Meshes

Fabric count
(sum of wales Stitch

Trade Wales/ Courses/ and courses density Relative Thickness Weight Density Packingb

name Type 10 cm 10 cm in 10 cm2) per cm2a porosity (%) (cm) (g/10 cm2) g/cm3) factor (%)

Mersilene Warp knit 87 47 134 41 51 0.023 0.0432 0.19 13.8
Marlex Warp knit 70 65 135 45 32 0.065 0.1522 0.23 25.3
Teflon Warp knit 48 31 79 15 32 0.068 0.3165 0.49 21.3

a Calculated from wales/cm � courses/cm.
b Calculated from fabric density/fiber density � 100.
Source: C. C. Chu, B. Pourderyhm, and L. Welch. Characterization of morphologic and mechanical properties of surgical mesh fabrics. J. Biomed.
Mater. Res. 19:903–916 (1985).

Table 19.15 Strength Evaluation of Three Commercial Nonabsorbable Surgical Meshesa

Tensile properties

Breaking strength (kg) Breaking elongation (%)
Bursting Bursting strength

Mesh Wale Course Wale Course strength (kg) (kg/cm2)

Mersilene 12.2 � 1.3 6.9 � 0.9 45.2 � 3.0 103.9 � 3.1 19.9 � 0.3 1.3 � 0.02
Marlex 34.6 � 1.1 16.5 � 1.4 74.3 � 2.3 203.2 � 3.9 68.9 � 1.9 4.5 � 0.12
Teflon 22.7 � 2.4 16.8 � 1.5 159.4 � 12.7 200.8 � 2.6 35.1 � 2.0 2.3 � 0.13

a Calculated at 95% confidence limit.
Source: C. C. Chu, B. Pourderyhm, and L. Welch. Characterization of morphologic and mechanical properties of surgical mesh fabrics. J. Biomed.
Mater. Res. 19:903–916 (1985).

significant. Marlex meshes have the highest tensile break-
ing strength among the three surgical meshes, particularly
in the wale direction. In this direction the breaking strength
of Mersilene mesh is found to be only about one-third of
that of Marlex. Mersilene mesh also exhibits the least ex-
tensibility in both the wale and course directions, while
PTFE mesh shows the highest breaking elongation. In
terms of bursting strength a similar pattern was also ob-
served. Marlex mesh exhibits the highest bursting strength,

almost twice that of PTFE mesh and more than three times
that of Mersilene mesh.

Table 16 shows large differences in the flexural rigidi-
ties of the three surgical meshes. While Mersilene and
PTFE meshes are both extremely flexible, Marlex mesh
is found to be extremely rigid, particularly in the course
direction. Its overall rigidity is about 70 times greater than
that of Mersilene mesh. In terms of wrinkle recovery, as
shown in Table 17, Marlex mesh shows the lowest recov-
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Table 19.16 Flexual Rigidity of Three Commercial
Nonabsorbable Surgical Meshes (mg-cm)

Gw, wale Gc, course G0, fabric
Trade name rigiditya rigiditya rigiditya

Mersilene 16.07 3.58 30.40
Marlex 78.07 825.22 2242.68
Teflon 16.20 6.83 42.34

a Calculated from the following formula: Gw (flexural rigidity in the wale
direction) � W � (O/2)3

w; Gc (flexural rigidity in the course direction) �

W � (O/2)3
c; G0 � (Gw � Gc)1/2; W � weight per unit area in mg/cm2.

O � length of overhang in cm.
Source: C. C. Chu, B. Pourderyhm, and L. Welch. Characterization of
morphologic and mechanical properties of surgical mesh fabrics. J. Bio-
med. Mater. Res. 19:903–916 (1985).

ery in the course direction. In the wale direction, however,
it exhibits a slightly higher wrinkle recovery than both
Mersilene and PTFE meshes. PTFE mesh has almost iden-
tical wrinkle recovery in both wale and course directions
when measured immediately.

The wide range of observed characteristics and proper-
ties of these three surgical meshes is the combined result
of both the constituent fibers and the yarn and fabric struc-
ture of each mesh. Based on fabric structure, all three sur-
gical meshes examined are warp knitted; the yarns lie pre-
dominantly in the lengthwise direction. Knitted fabrics
have a more open structure than woven. The size and shape
of the pores are a function of the arrangement of the move-
ment of needles or the fabric design and can therefore be
easily controlled.

Figure 8 shows the way in which the yarns of the three
mesh fabrics are interlooped around each other. Marlex
mesh has a totally different structure from those of Mersi-
lene and PTFE. The pores in Mersilene and PTFE meshes
are mainly located between the two adjacent sets of yarns,
while the pores in the Marlex are largely in the centers of
the loops. The yarns in the Marlex mesh fabrics, however,
are interlooped on almost every course. This would un-
doubtedly result in a higher strength but would also lead
to a higher degree of stiffness as well as a reduced extensi-
bility.

The shapes of the pores of the three surgical meshes
are also different, as is evident in Figs. 9–11. The PTFE

Figure 19.8 Schematic drawing of the actual configuration of
the pore structure of the three nonabsorbable surgical mesh fab-
rics. (a) Mersilene, (b) Marlex, and (c) Teflon. (From C. C. Chu,
B. Pourderyhm, and L. Welch. Characterization of morphologic
and mechanical properties of surgical mesh fabrics. J. Biomed.
Mater. Res. 19:903–916 (1985).)

(a)

(b)

(c)



Textile-Based Biomaterials for Surgical Applications 523

Figure 19.9 Scanning electron micrograph of Marlex mesh at
22�. (From C. C. Chu, B. Pourderyhm, and L. Welch. Character-
ization of morphologic and mechanical properties of surgical
mesh fabrics. J. Biomed. Mater. Res. 19:903–916 (1985).)

mesh has nearly circular pores, the Mersilene mesh has
hexagonal pores, and the Marlex mesh has irregular pores.
The number of pores, as well as the pore size and shape,
is important to the surgical mesh’s ability to reinforce
wounds. The porous area of the mesh serves as a scaffold
for the subsequent ingrowth of a dense infiltrate of fibrous
tissue, which, in turn, contributes to the strength of the
wound (140). Arnaud et al. (141) used Wistar rats as mod-
els to show that porous mesh materials induced more than

Figure 19.10 Scanning electron micrograph of Mersilene mesh
at 22�. (From C. C. Chu, B. Pourderyhm, and L. Welch. Charac-
terization of morphologic and mechanical properties of surgical
mesh fabrics. J. Biomed. Mater. Res. 19:903–916 (1985).)

Figure 19.11 Scanning electron micrograph of PTFE mesh at
22� (From C. C. Chu, B. Pourderyhm, and L. Welch. Character-
ization of morphologic and mechanical properties of surgical
mesh fabrics. J. Biomed. Mater. Res. 19:903–916 (1985).)

twice the fibroblastic cell infiltration than nonporous fabric
materials, therefore exhibiting higher bursting strength of
the abdominal wound. Among the three surgical meshes
tested, Mersilene has the highest porosity (or the lowest
packing factor) and thus may induce more ingrowth of fi-
brous tissue than the other two meshes. Ingrowth of fibrous
tissue, however, also depends on other factors, such as the
pore size and shape, the chemical nature of the constituent
fibers, and the mechanical force on a porous material–fi-
brous tissue interface. The pore sizes of the three surgical
meshes are different; Mersilene has a pore size of 120
µm � 85 µm measured by taking the two longest perpen-
dicular axes of the pore. PTFE has a similar pore size to
that of Mersilene mesh, 157 µm � 67 µm, while Marlex
has the smallest pores, ranging from 68 µm � 32 µm to
as small as 23 µm � 23 µm. Bobyn et al. (142) have dem-

Table 19.17 Wrinkle Recovery of Three Commercial
Nonabsorbable Surgical Meshes (Degrees)

Wale Course

Trade After 5 After 5
name Immediately minutes Immediately minutes

Mersilene 143.7 149.5 159.5 163.0
Marlex 143.5 163.2 112.7 142.7
Teflon 138.5 158.2 137.0 167.2

Source: C. C. Chu, B. Pourderyhm, and L. Welch. Characterization of
morphologic and mechanical properties of surgical mesh fabrics. J. Bio-
med. Mater. Res. 19:903–916 (1985).
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onstrated that the optimal pore size for the strongest me-
chanical attachment of ingrowth for fibrous tissues should
range from 50 to 200 µm, with an average pore size of 90
µm. Chvapil et al. (143) also reported that a pore size
greater than 100 µm was needed for the rapid ingrowth of
vascularized connective tissue. Smaller pore size is inade-
quate for the ingrowth of connective tissues, because of
the lack of proper space for capillary penetration, as is dis-
cussed by Taylor et al. (144). These reported pore sizes for
optimal fibrous tissue ingrowth are within the pore sizes
of Mersilene and PTFE meshes but not Marlex mesh.
Usher and Gannon (89) reported that PTFE meshes, how-
ever, stimulated less fibrosis than Marlex meshes in dogs
and hence were not well bonded to the surrounding fascia.
This lack of ingrowth of fibrous tissue in PTFE mesh, re-
gardless of its porosity and pore size, is thought to be at-
tributed to the chemical nature of the PTFE fibers. Because
of a very low critical surface tension, 18.5 dyn/cm (145),
it is difficult for fibrocells to attach and spread on PTFE
surfaces.

The observed wide range of mechanical properties of
these three surgical meshes are no doubt the result of the
distinct difference in yarn and fabric structure. Marlex has
monofilament yarns, whereas Mersilene and PTFE have
multifilament yarns with 12 and 52 filament counts, respec-
tively. The linear densities and the sizes of the yarns are
also different. These differences in fabric and yarn struc-
ture, together with differences due to chemical properties
of the fibers, influence the tensile and bursting strengths,
the flexural rigidities, and the wrinkle recovery properties
of these fabrics.

Regardless of the magnitude of strength measurements,
all three surgical meshes have one common characteris-
tic—greater strength in the wale direction and more ex-
tensibility in the course direction. While this is a typical
characteristic of a knitted fabric structure, this unique ani-
sotropic property is important in determining the orienta-
tion of the mesh during implantation. The wale direction
of the mesh implant should be parallel to the maximum
physiological stress. Among the three tested materials,
PTFE has the highest elongation at both wale and course
directions. This property is not considered to be an advan-
tage in hernia repair because too much stretch in a mesh
material can either separate the underlying tissue before
the mesh resistance can be brought into operation (93) or
pinch the ingrowth tissue by a narrowing of the pore size,
which can result in tissue necrosis. A certain amount of
extensibility, however, is desirable, because it can act as
a stimulant to orient the connective tissue parallel to the
direction of the physiological force. Another common ob-
servation of the three tested surgical meshes is that the
mesh with higher tensile strength also exhibits higher

bursting strength, because the force experienced by the
mesh fabrics in bursting tests was of tensile mode. Marlex
meshes exhibit the highest tensile and bursting strength,
due mainly to the structure of the constituent yarn of this
fabric.

A wrinkled mesh may cause more adhesion problems
with viscera than a stretched mesh. Usher et al. (89) re-
ported that there were adhesions of the bowel and omen-
tum to the peritoneal side of the Marlex mesh in dogs, and
that this might be due to the observed transverse wrinkling
of the mesh. A wrinkled mesh can also result in the uneven
distribution of stress on the mesh and cause an undesirable
distortion and possibly, a premature weakening of the
mesh. From the morphological point of view, a wrinkled
mesh may result in bursas on the mesh material and hence
predispose the wound to infection. The results of the wrin-
kle recovery test performed by Chu et al. (139) indicate
that the recovery of a surgical mesh fabric depends on the
direction of the mesh fabric (i.e., wale or course) and the
time allowed for recovery. The exception was the PTFE
mesh, which showed no difference of direction when mea-
sured immediately. Among the three surgical meshes,
PTFE and Mersilene have better overall wrinkle recovery
than Marlex meshes, and this can be attributed to different
yarn and fabric structure.

Because of the difficulty of conforming to the topology
of the surrounding tissues, a stiff and rigid mesh can cause
the erosion or perforation of intraabdominal viscera, par-
ticularly with small children. Clinical cases of this compli-
cation have been previously reported (146). Moazam et al.
(147) also reported that a pliable mesh will rarely develop
problems with enteric fistulae, even when it is used over
a prolonged period. Among the three types of meshes
tested in this study, Marlex meshes have a significantly
higher flexural rigidity than the other two. This is due to
a high yarn stiffness and a bending modulus resulting from
both the physical configuration of the monofilament yarn
and the chemical structure of the high linear density poly-
propylene fiber. It is evident, therefore, that both the selec-
tion of the chemical nature of the constituents of the fibers
and the selection of the yarn and fabric structures contrib-
ute to the properties of each mesh. These factors should
be considered in the future design of surgical mesh fabrics
to obtain the necessary balance between strength and prop-
erties such as porosity, stiffness, and wrinkle recovery. The
availability of these characterization data can also serve as
the foundation for a surgeon’s selection of the appropriate
commercial surgical mesh fabric for each particular case,
and for its subsequent evaluation and comparison in vivo.

Among the synthetic nonabsorbable biomaterials, me-
tallic meshes have been shown to become work-hardened,
inflexible, friable, and fragmented with time (84,85,148,
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149). They may protrude through the skin or erode into
adjacent tissue or blood vessels.

The polymeric based meshes are far more successful
than metallic ones, but they still exhibit various problems.
Mersilene meshes produce good results in tissue repair but
often produce seromas as the most common complication
(150). Meshes made of PTFE are generally satisfactory,
particularly in the presence of infection, but have ‘‘too
much stretch’’ (93) and do not stimulate sufficient fibro-
plasia to be incorporated into the tissue (89). Meshes made
of Marlex, the most commonly used, have the lowest fre-
quency of related complications (151). However, they are
relatively stiff and occasionally injure the underlying ab-
dominal viscera (146). Long-term complications associ-
ated with Marlex, such as mesh extrusion and/or entric
fistulae following coverage by split-thickness skin, have
been reported (152). Recently, a five-year follow-up study
of the use of Marlex mesh for parastomal hernia by Morris-
Stiff and Hughes (153) indicated poor results due to high
recurrent hernia (29%), serious complications (obstruction
and dense adhesion to the intra-abdominal mesh (57%),
and mesh-related abscess (15%) (153).

The most recent comprehensive evaluation of biological
tissue response to nonabsorbable meshes in animals was
reported by Ortiz-Oshiro et al. (154). They found that poly-
propylene mesh in rats over a period of 15 weeks provoked
higher acute inflammatory reaction (e.g., higher cell den-
sity and polymorphonuclear response) and connective tis-
sue formation (e.g., fibrohistocytic response) than Mersi-
lene mesh, which induced higher foreign-body reaction.
Similar findings were reported in the meshes retrieved
from humans (106). In this study, Klinge et al. reported
that polypropylene mesh had the highest partial volume of
inflammatory cells (32%), followed by Gore-Tex (12%),
Mersilene (8%), and ‘‘reduced’’ polypropylene mesh
(7%). The extent of this inflammatory reaction correlated
well with the level of connective tissue formation. They
also concluded that these persistent foreign body reactions
to nonabsorbable meshes could lead to chronic wound
complications.

In order to reduce or eliminate the reported clinical dis-
advantages of nonabsorbable meshes, one approach was
to reduce the amounts of nonabsorbable components in a
surgical mesh to �30 g/m2 via increasing mesh pore size.
This reduced polypropylene mesh consists of multifila-
ment yarn instead of the conventional monofilaments and
has a larger pore size than nonreduced polypropylene
mesh. This approach is based on the fact that tissue reac-
tion to implants depends also on the amounts of the foreign
materials presented in a biological environment. Thus the
term ‘‘reduced’’ polypropylene mesh referred to a nonab-
sorbable mesh having smaller amounts of polypropylene

than conventional Marlex for the purpose of reducing tis-
sue reaction. As reported by Klinge et al. (106), reduced
polypropylene indeed showed the lowest partial volume
of inflammatory cells and numbers of macrophages at the
interface between meshes and tissues among Marlex, Mer-
silene, and Gore-Tex meshes.

Since this reduced polypropylene mesh was too soft and
lumpy for proper surgical handling, polyglactin-910 ab-
sorbable biomaterial was either coated onto or/and blended
(in multifilament form) with the reduced polypropylene
mesh to increase its initial stiffness to facilitate its manipu-
lation during surgery (110). The polyglactin-910-coated
reduced polypropylene mesh, however, showed a remark-
ably different tissue reaction from the uncoated ones in
rats over 90 days by the preferential formation of fibro-
connective tissue capsule, surrounding the whole mesh.
Such capsule formation prevents a proper incorporation of
the mesh with the surrounding tissue.

Nonabsorbable meshes, particularly the polypropylene
based, are known to have a strong tendency to form intra-
abdominal adhesion between the mesh material and the in-
traperitoneal viscera. Such adhesion is due to the high inte-
gration of the surrounding tissues into the porous structure
of the mesh and may lead to the obstructions of intestine
and enterocutaneous fistulae. One promising reported ap-
proach to solve this intra-abdominal adhesion problem is
to use absorbable meshes with or without the presence of
nonabsorbable meshes. The details of this approach will
be discussed in the next section.

In addition, all the above polymeric based meshes share
one common disadvantage—they must be removed, in
most cases, if infection develops. Absorbable surgical
meshes have shown better chronic tissue tolerance because
they are biodegraded completely so that no traces of a for-
eign body remain.

B. Absorbable Surgical Meshes

Most absorbable surgical meshes are made from the same
absorbable fibers as the absorbable suture materials.
Among synthetic absorbable fibers, PGA (Dexon) and
polyglactin-910 (Vicryl) are the two most popular fibrous
biomaterials for making absorbable surgical meshes. The
major advantage of absorbable surgical meshes over non-
absorbable ones is the absence of permanent foreign-body
reaction, which could predispose to late complications like
chronic infection, adhesion, mechanical irritation, drain-
age, erosion, and bleeding. The disadvantage of absorbable
surgical meshes is the possible recurrence of hernia after
the disappearance of the mesh.

Absorbable meshes are also particularly useful in clos-
ing contaminated abdominal wall defects. Dayton et al.
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(101) reported that those patients who had prior infected
polypropylene mesh or a chronically infected scar were
treated by a single sheet of PGA mesh without the long-
term complications of nonabsorbable meshes. However,
six of the eight patients developed recurrent abdominal
wall hernia at the site of the PGA mesh from 3–18 months
follow-up. They suggested that this complication should
balance against the more serious complications associated
with nonabsorbable meshes, and the use of absorbable
meshes as a temporary abdominal wall support in contami-
nated wound sites could lead to subsequent successful im-
plantation of a nonabsorbable mesh after the infection was
cleared. The recurrence of hernia due to absorbable meshes
was also reported by Tyrell et al. (102) in their animal
(rabbits) study and by Greene et al. (103) in their clinical
study. Tyrell et al. found that all those rabbits repaired by
either PGA or polyglactin-910 meshes exhibited ventral
hernias by the 10th week after the operation, while those
repaired by Marlex or PTFE showed no sign of hernias.
In the Greene et al. study, PGA knitted meshes were used
in 59 critically ill patients to bridge the abdominal wall
defects after celiotomy; however, hernia defects were
found in most patients 4 to 6 months after the operation.
The time of hernia recurrence coincided with the complete
disappearance of the PGA meshes (2 or 3 months). This
suggests that the lack of proper mechanical support due to
the complete biodegradation of the absorbable mesh was
the cause for the hernia appearance. Since most trauma
patients enrolled in emergency rooms have contaminated
wounds, absorbable meshes were suggested as a better
temporary alternative adjunct to fascial closure until the
complete resolution of acute complications (105).

Absorbable meshes also have the advantage over non-
absorbable ones in terms of adhesion formation between
prosthetic meshes and surrounding tissues. This advantage
is supported by several reported studies (108,155–157).
For example, Dasika and Widmann (156) implanted poly-
glactin-910 mesh alone or placed this absorbable mesh be-
tween Marlex mesh and the intraperitoneal viscera of rats
for 1 to 3 months. Both polyglactin-910 mesh alone and
the combination of polyglactin-910 and Marlex meshes
showed a similar adhesion score (1.5), while the Marlex
mesh had the worst adhesion score (2.75 with 3 the most
severe). The control (midline laparotomy with suture clo-
sure only) had little adhesion and the lowest adhesion score
(0.25 with 0 no adhesion). This difference in adhesion for-
mation became the greatest at the longest implantation pe-
riod (i.e., 3 months). The ability for absorbable meshes to
reduce tissue adhesion also depends on the level of trauma.
For example, Sondhi et al. (155) found that, in normal sur-
gical trauma conditions, polyglactin-910 mesh could sig-
nificantly reduce postoperative adhesion in the extraocular

muscle surgery of rabbits, but no significant reduction in
adhesion was found in extensive trauma.

In addition to the synthetic absorbable aliphatic polyes-
ter based meshes, Genzyme’s new Seprafilm has also been
used along with nonabsorbable polypropylene mesh to pre-
vent tissue adhesion problem (108,157). In their study, Al-
ponat et al. (108) placed two Seprafilms over the abdomi-
nal viscera of an incisional hernia in rats before the surgical
repair of the defect with polypropylene mesh, and fewer
adhesion formations were observed than with polypropy-
lene mesh only at the end of 30 days. Significant reduction
in adhesion formation in rabbits by placing Seprafilms be-
tween tissues and polypropylene mesh was also reported
by Dinsmore and Calton (157).

Although most reports of using absorbable mesh
showed promising results toward the reduction of intra-
abdominal adhesion, the findings were not unanimous. Us-
ing mice, Baykal et al. (158) recently demonstrated that,
based on adhesion grading and tissue hydroxyproline lev-
els, PGA mesh actually increased intestinal adhesion for-
mation at 90 days after operation than the control (no
mesh) and polypropylene mesh groups. They also found
that tissue adhesion correlated well with the level of tissue
hydroxyproline formation. They attributed these unex-
pected findings to the higher inflammatory and foreign-
body reactions associated with the absorption process of
PGA mesh.

There is one innovative use of surgical meshes that has
nothing to do with their traditional function to bridge body
wall defects. Surgical meshes, particularly absorbable
ones, have been used in postoperative radiation therapy for
gynecological (e.g., pelvic) and rectal-related malignant
tumors. The function of surgical meshes in this application
is to lift up patients’ small bowels away from the radiation
target region (e.g., pelvic or rectal) during postoperative
radiation therapy to prevent the devastating radiation-in-
duced small bowel injury that could predispose to infec-
tion, adhesion, and obstruction. There is a high frequency
of this type of small bowel injury due to postoperative radi-
ation therapy following pelvic cancer surgery (up to 50%).
Because of this concern, postoperative radiation dosage
cannot be raised to a more effective tumoricidal dosage
level and is frequently limited to � 5,000 cGy. In this non-
traditional application of surgical meshes, absorbable ones
are better than the nonabsorbable because there is no need
to remove the mesh afterwards and there is no permanent
foreign-body reaction.

Several investigators have reported the use of absorba-
ble surgical meshes like PGA or polyglactin-910 for such
a nontraditional purpose in humans and animals with
promising results (159–166). For example, Devereux et al.
(159) used PGA mesh as an intestinal sling to elevate the
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small bowel of 60 patents (18 with gynecologic malignan-
cies and 42 with rectal carcinomas) away from the sites
operated on and irradiated (a mean 5,500 rad dosage).
After 28 months, there was no single case of radiation en-
teritis or complication associated with the implanted PGA
meshes. Dasmahapatra et al. (163) reported the lack of in-
cidence of clinical radiation-associated small bowel injury
after a 12–53 months follow-up of the use of both PGA
and polyglactin-910 meshes in 45 patients having rectal
carcinoma, except for two patients with polyglactin-910
mesh that developed obstructions due to adhesions. Rodier
et al. (165) reported that the PGA mesh was completely
absorbed in such an application within 3 to 5 postoperative
months. In a controlled animal study, Devereux et al. (161)
found that cebus monkeys that had PGA mesh slings be-
fore irradiation showed normal small bowel function and
histological data within 12 months, while the untreated 10
monkeys all died of small bowel necrosis upon 2,000 rads
(single dose). PGA mesh disappeared completely by 6
months.

Therefore the use of absorbable surgical meshes to lift
up small intestine bowels after surgical removal of tumors
and before radiation therapy appears to be a promising
technique to eliminate radiation-induced small bowel in-
jury without significant mesh-related complications. Such
application also permits the use of more effective radiation
dosages for tumoricidal effect.

IV. VASCULAR GRAFTS

Vascular diseases have always been associated with human
beings, as recorded history shows. They frequently result
in either the loss of lives or limbs. The development of
textile based vascular grafts of either synthetic or natural
origin has been one of the most important biomedical ap-
plications. This development has made significant progress
and allowed the reconstruction of obstructed or injured
blood vessels with remarkable success. However, some se-
rious problems still remain unsolved (167). While homo-
grafts are still considered to be the preferred arterial re-
placement for small-diameter vessels (below the knee),
they are used in limited quantity and are insufficient to
meet the increasing needs for vascular replacement, due
mainly to an inadequate supply, nonuniform properties,
and difficulty in preparation (168,169).

A. Introduction

In the long search for an ideal graft replacement, various
synthetic materials have been experimented with. They in-
clude rigid nonporous tubes made of gold, silver, alumi-

num, glass, and polyethylene. However, these nonporous
materials completely failed due to the lack of porosity and
compliance. These two important requirements of an ideal
vascular graft have been partially fulfilled by the use of
fibrous based polymers and textile structure. The two most
important polymeric biomaterials used for making vascu-
lar fabrics are poly(ethylene terephthalate) and expanded
poly(tetrafluoroethylene). The former includes Dacron and
has the largest market share. The latter is the same as Gore-
Tex. In addition to these two common polymeric biomate-
rials as the major source for fabricating vascular grafts, the
use of polyurethane based elastomeric fibers like Spandex
has been tried for the purpose of improving the compliance
of vascular grafts (170).

In contrast to a solid tube design, the inherent porous
nature of textile materials has provided the required space
for the fibrous connective tissue to grow into for achieving
full-wall healing (defined by Sauvage as ‘‘incorporation of
the entire graft within a fibrous tissue matrix whose flow
surface is covered with endothelium’’) (167).

Currently, there are three basic textile structures for vas-
cular grafts: woven, knitted, and nonwoven. These three
are different from each other in porosity, mechanical prop-
erties, and other properties. All woven and knitted vascular
fabrics are made from poly(ethylene terephthalate), while
the nonwoven vascular fabrics are made from expanded
poly(tetrafluoroethylene), the same polymer for the non-
absorbable Gore-Tex suture.

The woven structure provides strength with high dimen-
sional stability and low permeability to blood, and it is less
prone to kinking. It is used mainly in large-diameter ves-
sels like the aorta and major arteries from which uncon-
trolled bleeding could lead to fatality. The main disadvan-
tages of woven vascular fabrics are their very low healing
porosity leading to poor healing, difficulty in suturing,
fraying of cut edges, and poor compliance. In order to im-
prove the healing porosity and compliance of woven vas-
cular fabrics, velour woven vascular fabrics were intro-
duced. These new fabrics were made by floating portions
of the weft or/and warp yarns so that the numbers of inter-
sections along both warp and weft directions were reduced
considerably from the conventional 1 � 1 woven structure.
Since the numbers of intersections of both weft and warp
yarns are closely related to the mechanical and physical
properties of the resulting fabrics, a significant reduction
in these numbers would make the fabrics more flexible and
porous. The floated portions of the yarns have another ad-
vantage: they produce three-dimensional loose surface
structures as the framework for tissue attachment and in-
growth that conventional woven fabrics do not have.

The knitted vascular fabrics have a much higher poros-
ity than woven grafts and hence show better full-wall heal-
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ing. However, due to their high porosity, they are difficult
to preclot during the time of implantation and therefore
impose the problem of blood leakage. As a result, knitted
vascular fabrics are not normally used in large arteries
where bleeding is a major problem. Knitted vascular fab-
rics are also softer and more flexible than woven vascular
grafts and show better compliance. There are far more vari-
eties of knitted than of woven structure. The current com-
mercially available knitted vascular fabrics are mainly
warp knitted with a single or double velour surface struc-
ture.

All woven and knitted vascular grafts have one com-
mon appearance, a crimped structure. A crimping process
introduces ‘‘hills and valleys’’ along the longitudinal di-
rection of the grafts. The purpose of crimping these vascu-
lar grafts is to prevent kinking of the graft at its bending
site. A kinked graft would block the flow of blood at the
point of bending. Since the crimped process would destroy
the smooth and even flow surface of the fabric, the wells
in the valley portions could be prone to thrombus deposits
due to the stagnation of the blood flow in these regions.

The most nonconventional textile structure in vascular
fabrics is Gore-Tex. It consists of nodes that are connected
by fine fibrils. Because of this unique structure, it is highly
porous. The details of Gore-Tex have been previously de-
scribed in Sec. II.A.12.

B. Two Important Criteria for Designing
Vascular Fabrics

The two most important criteria in designing vascular fab-
rics are porosity and nonthrombogenic surface. These two
criteria are closely related to each other because vascular
fabrics require porous space for tissue ingrowth, which
would ultimately lead to the formation of nonthrombo-
genic surfaces. The generation of a nonthrombogenic sur-
face on synthetic vascular graft materials is one of the most
important goals in the repair of damaged or diseased vascu-
lar systems. Incomplete healing imposes the continued risk
of thrombotic occlusion, particularly in medium- and
small-caliber blood vessels. There is only one reported
case of a complete full-wall healing (defined by Sauvage as
the incorporation of the entire graft within a fibrous tissue
matrix whose flow surface is covered with endothelium)
in humans at points distant from the suture line (171).

Because all of the existing commercial vascular grafts
are constructed from a single type of nonabsorbable fiber
(e.g., Dacron), their porosity is relatively constant and does
not change with time. It is thus impossible to vary the po-
rosity of these single-component fabrics so that they would
be very tight during implantation (i.e., low bleeding poros-
ity) to prevent the occurrence of blood leakage, and be

very porous during healing (i.e., high healing porosity) to
promote fibrous tissue ingrowth for a full-wall healing.

There are several approaches to try to design ideal vas-
cular fabrics that would meet these two most important
criteria. Among them, the use of absorbable fibers as the
sole component or as one of two components of a fabric
and the theoretical prediction of the porosity of a fabric
based on some mathematical formula are quite intriguing
and appear to be promising for the design of the next gener-
ation of vascular fabrics.

The rationale of using absorbable fibers as components
of vascular fabrics is threefold. First, since the absorbable
component would eventually be biodegraded, the resulting
vascular fabrics would have high healing porosity due to
the new porous space generated from the disappearance
of the absorbable components. This high healing porosity
would induce the growth of an endothelial cell lining
within the graft luminal surface. The formation of an endo-
thelial lining within a vascular graft could be achieved
through pannus ingrowth, capillary ingrowth, attachment
and growth of blood-borne pluripotential cells, and the arti-
ficial endothelial cell-seeding at the time of implantation.
All the ingrowth mechanisms would require adequate po-
rosity of the fabrics, and the use of absorbable fibers ap-
pears to be the most promising approach to achieve such
a goal without compromising bleeding porosity during im-
plantation. Secondly, absorbable vascular grafts would not
elicit permanent foreign-body reactions as nonabsorbable
fibers do and hence are more biocompatible and less prone
to chronic inflammatory reactions that lead to infection.
Finally, absorbable vascular grafts could regenerate pseudo-
arterial tissues with nonthrombogenic surfaces during
the biodegradation process of the absorbable grafts. This
approach of tissue regeneration via absorbable scaffolds
is being pursued with some very exciting and promising
results.

C. Absorbable Based Vascular Fabrics

Among absorbable based vascular fabrics, there are two
kinds, totally and partially absorbable fabrics. The totally
absorbable vascular fabrics do not have any nonabsorbable
components, and the most representative researches are by
Wesolowski et al., Bowald et al., and Greisler et al. (172–
191). The partially absorbable vascular fabrics have both
absorbable and nonabsorbable components, and the most
representative researches are from Chu et al. (192–194).

1. Totally Absorbable Based Vascular Grafts

Greisler et al. have used the same absorbable fibers as the
synthetic absorbable suture materials for the completely
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absorbable based vascular grafts, namely polyglycolic acid
(PGA), polyglactin-910 (Vicryl), and poly-p-dioxanone
(PDS). Their extensive in vivo and in vitro studies have
documented active stimulatory or inhibitory effects of vari-
ous absorbable materials on the regeneration of myo-
fibroblast, vascular smooth muscle cells, and endothelial
cells, and have shown a transinterstitial migration to be
their source when lactide/glycolide copolymer prostheses
are used (185). The rate of tissue ingrowth parallels the
kinetics of macrophage-mediated prosthetic absorption in
all polylactide/polyglycolide-based grafts (179,180,182,
183). Macrophage phagocytosis of these absorbable bio-
materials is observed histologically as early as one week
following implantation in the case of a rapidly absorbable
material, such as PGA or polyglactin-910, and is followed
by an extensive increase in the myofibroblast population
and neovascularization of the inner capsules (179,180,
195). Autoradiographic analyses demonstrated a signifi-
cantly increased mitotic index within these inner capsular
cells, that mitotic index paralleling the course of the ab-
sorption of absorbable biomaterials (196). Polyglactin-
910, for example, resulted in a mitotic index of 20.1 �
16.6% 3 weeks following implantation, progressively de-
creasing to 1.2 � 1.3% after 12 weeks. The more slowly
absorbable PDS based vascular grafts demonstrated a per-
sistently elevated mitotic index, 7.1 � 3.8%, 12 weeks
after implantation, a time in which the prosthetic material
is still being biodegraded. The nonabsorbable Dacron vas-
cular graft, however, never achieved greater than a 1.2 �
1.3% mitotic index (196). These mitotic indices correlated
closely with the slopes of the inner capsule thickening
curves, suggesting that myofibroblast proliferation contrib-
uted heavily to this tissue deposition. The labeled cells are
found in the deeper zones of the inner capsule in proximity
to the macrophages and prosthetic graft material (196) in
the area in which the myofibroblasts demonstrate ultra-
structurally synthetic phenotypes, a phenotype more com-
monly found in cells actively cycling (179).

Inner capsular collagen deposition similarly follows the
kinetics of both myofibroblast proliferation and macro-
phage-mediated biomaterial absorption. Explanted inner
capsule tissues within polyglactin-910, PDS, and Dacron
grafts showed extensive deposition of collagen within the
inner capsules of both polyglactin-910 and PDS absorbable
graft biomaterials, more rapidly within the more rapidly
absorbed polyglactin-910. Collagen contents at one month
were 35.5 � 9.9 mg collagen/mg dry weight in polyglac-
tin-910, 25.6 � 5.0 in PDS, and 12.0 � 0.9 in Dacron.
By three months, PDS inner capsular collagen content had
increased to 44.6 � 6.3 mg/mg, while the polyglactin-910
and Dacron exhibited little increase. A normal rabbit aortic
collagen content was 22.5 � 1.2 mg/mg.

The research of Greisler et al. suggested that lactide/
glycolide copolymer based absorbable vascular grafts
could stimulate an extensive tissue ingrowth via their inter-
actions with macrophages. Similarly, they showed that Da-
cron actively inhibited such tissue ingrowth (195). They
reported that the presence of as little as 30% Dacron within
a compound yarn could effectively abolish tissue ingrowth
and inner capsule cellularity, resulting in inner capsules
composed primarily of fibrin coagula. A compounded graft
consisting of an absorbable yarn with the nonresorbable
polypropylene, however, did not result in a similar block-
ade of the absorbable polymer induced tissue ingrowth
(181,197).

Greisler et al. utilized this Dacron inhibitory activity to
perform a study evaluating the source of regenerating tis-
sues (185). Three 10-mm-long compound prostheses (30
mm � 4 mm I.D.) were constructed in such a fashion that
Dacron segments were on both ends and polyglactin-910
between. These compounded grafts were implanted into
adult NZW rabbit aortas. During the 4 month postimplan-
tation period, all grafts showed 100% patency. Inner cap-
sule thickness in the central polyglactin-910 segments in-
creased from 2 weeks to 2 months, being significantly
thicker than either Dacron segment at 1 and 2 months. By
1 month, inner capsules of polyglactin-910 segments were
predominantly myofibroblasts and collagen, while the in-
ner capsules in Dacron segments remained fibrin coagula
beyond 2 mm from either anastomotic sites. This corre-
sponded to the observations of capillary infiltration of
inner capsules with capillary communication with re-
generated aortic lumens (182) and suggested that a transin-
terstitial ingrowth rather than a transanastomotic pannus
ingrowth would be the primary source of cells replacing
absorbable vascular prostheses.

To demonstrate the humoral nature of the signal for cell
proliferation, Greisler et al. reported that the freshly ex-
planted polyglactin-910, PDS, and Dacron prosthesis/tis-
sue complexes harvested 2–12 weeks following implanta-
tion were incubated in a physiologic salt solution (100 mg/
mL) to elute growth factor activity from these tissues. The
mitogenic activity of the eluates was then evaluated. The
eluates prepared from the polyglactin-910 explants re-
sulted in significantly more stimulation of DNA synthesis
in the 3T3 cells than was seen in response to the Dacron
or PDS prepared eluates (198). Radioimmunoassay for
PDGF B chain in these eluates was negative, and likely
other growth factors are the humoral mediators.

Greisler et al. have also demonstrated that the implanta-
tion of the same polylactide/polyglycolide vascular pros-
theses into rabbits with diet-induced arteriosclerosis results
in a markedly attenuated regenerative response with sig-
nificantly fewer endothelial cells and myofibroblasts in the
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inner capsule tissues when these absorbable prostheses are
implanted into rabbits previously made atherogenic by di-
etary manipulation (199). Histologically, 3-week explants
showed only small areas of neointima with myofibroblasts
and endothelial cells; the outer capsules were infiltrated by
lipid-laden macrophages. This is in contrast to the thicker
inner capsule with abundant myofibroblasts and collagen
in polyglactin-910 grafts implanted into normal NZW rab-
bits by 3 weeks.

Based on the data from absorbable based vascular
grafts, Greisler et al. suggested that the macrophage–bio-
material interactions are the basis for the observed vascular
tissue regeneration over absorbable scaffolds. These inter-
actions are expected to yield a differential activation of the
macrophage resulting in a differential release of biologi-
cally active mediators that are both stimulatory and inhibi-
tory to myofibroblast, smooth muscle cell, and endothelial
cell migration and proliferation. Chu advanced this hy-
pothesis by suggesting that different rates of absorption of
absorbable biomaterials induce different levels of macro-
phage–biomaterial interactions and hence different de-
grees of vascular tissue regeneration.

Recent cell culture studies by Greisler et al. appeared
to support the hypothesis that the macrophage–biomaterial
interactions control the level of vascular tissue regenera-
tion (200–202). They reported the greater ability of
lactide/glycolide copolymers to induce macrophages to re-
lease growth factors, including bFGF, capable of stimulat-
ing DNA synthesis in cultured murine capillary lung endo-
thelial cells, human umbilical vein endothelial cells,
BALB/c 3T3 mouse fibroblasts, and rabbit aortic smooth
muscle cells. On the contrary, by exposure the same mac-
rophage population to nonabsorbable Dacron resulted in
an inhibition of endothelial cell proliferation and a diminu-
tion in the stimulation of fibroblast and smooth muscle cell
proliferation.

Smooth muscle cells of normal rabbit aortas (SMC) in
the presence of the media consisting of normal diet macro-
phages that had been exposed to polyglactin-910 were
stimulated to synthesize DNA significantly more (4–9�)
when compared to the same macrophage media exposed
either to Dacron or to neither biomaterial. The Dacron-
exposed macrophage media yielded minimal mitogen re-
lease. It thus appears that the absorbable biomaterial condi-
tioned macrophage media stimulated SMC proliferation. It
further suggested that polyglactin-910 induced more mito-
gen release from the biomaterial conditioned macrophage
media than did Dacron. These results are consistent with
the in vivo observations of greater tissue ingrowth and
mitotic indices following implantation of polyglactin-910
prostheses into normal rabbits as compared to Dacron
prostheses. These data are also consistent with the greater

tissue ingrowth elicited by polyglactin-910 prostheses im-
planted into normal rabbit aortas as compared to arthero-
sclerotic rabbit aortas.

Bioassays utilizing quiescent LE-II endothelial cells
similarly showed an increase in LE-II proliferation induced
by the macrophage polyglactin-910 conditioned media, an
effect not seen in response to Dacron exposure. Con-
versely, exposure of the macrophage Dacron conditioned
media yielded less LE-II proliferation even than the PBS
negative control, suggesting the release of a growth inhibi-
tor due to the presence of Dacron. Greisler et al. suggested
that the extensive transinterstitial ingrowth of myofi-
broblasts and endothelial cells following implantation of
absorbable grafts in normal animals and the attendant ele-
vated mitotic index of the myofibroblasts may be mediated
by macrophage activation and release of growth factors
promoting the mitogenic response.

2. Partially Absorbable Based Vascular Grafts

Because of the complete disappearance of the totally ab-
sorbable based graft materials, there is the common theo-
retical concern that the degradation of the component yarns
in the totally absorbable vascular fabrics (i.e., loss of
strength), before the regeneration of tissues becomes
strong enough to withstand the pulsatile force, may make
the totally absorbable vascular grafts more prone to aneu-
rysmal dilation and subsequent failure. Aneurysmal dila-
tion has been found in biological grafts like bovine hetero-
grafts (203). The current commercial remedy for the
problem of aneurysmal dilation associated with degradable
biologic grafts is the use of either a bioprosthetic (a combi-
nation of synthetic and natural materials) (204) or a better
cross-linking process (203).

One solution to the aneurysmal dilation problem associ-
ated with synthetic vascular grafts before the arrival of
ideal synthetic absorbable polymers is to use bicomponent
fabric design. In this approach, absorbable yarns are
blended with nonabsorbable ones with various composi-
tions. The purpose is to provide minimal strength of the
grafts (from nonabsorbable components) during and after
the biodegradation of the absorbable components of the
grafts. Theoretically, this type of design could take the ad-
vantage of the property of absorbable polymers (i.e., stimu-
lating the regeneration of vascular tissue and reducing
chronic foreign-body reaction by reducing the amount of
permanent graft mass in a biologic environment) without
the expense of making vascular grafts too weak to be use-
ful in the clinic situation of delayed wound healing.

Chu et al. reported a comprehensive study of these bi-
component vascular fabrics (192–194) in terms of (1) how
these bicomponent vascular fabrics hydrolytically de-
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Table 19.18 Fabric Characteristics of Bicomponent Woven Vascular Fabrics

Water
Fabric Bending Bursting permeability

Thickness Weight density stiffness strength (mL/cm2/
Fabrics Ends/inch Picks/inch (cm) (g/cm3) (g/cm3) (mg-cm) (Kg/cm2) min/mm Hg)

W1 168 104 0.034 � 0.001 0.0205 � 0.0026 0.6029 Gw1 � 2640 15.0 300 � 25
Gw2 � 1430

W2 78 128 0.050 � 0.002 0.0300 � 0.0022 0.6000 Gw1 � 823 11.61 650 � 70
Gw2 � 670

W3 78 136 0.053 � 0.002 0.0360 � 0.0017 0.6792 Gw1 � 420 13.51 880 � 20
Gw2 � 810

W4 156 128 0.052 � 0.008 0.0300 � 0.0022 0.5769 Gw1 � 1045 22.3 400 � 10
DeBakey 135 94 0.025 0.017 0.68 Gw1 � 1895 26.3 250 � 3

woven Gw2 � 1345

a Bending stiffness measured by FRL cantilever Bending Tester, Model TMI-79-10, Gw1, in warp direction, Gw2 in weft direction.
Source: T. J. Yu, and C. C. Chu. Bicomponent vascular grafts consisting of synthetic biodegradable fibers. Part I. In Vitro Study. J. Biomed. Mater.
Res. 27:1329–1340 (1993).

graded in the in vitro environment and hence the genera-
tion of porosity with time, (2) whether the use of partially
absorbable vascular grafts in vivo would improve the non-
thrombogenic performance of these grafts, (3) whether
these partially absorbable grafts would be more prone to
aneurysmal dilation and subsequent failure in vivo, and
finally (4) to find out the relationships, if any, between
these in vivo and the previously reported in vitro data with
an emphasis on how the in vitro changes in fabric structure
and properties related to the in vivo data.

The bicomponent vascular fabrics of Chu et al. con-
sisted of polyethylene terephthalate (Dacron as the nonab-
sorbable component) and polyglycolic acid (PGA as the
absorbable component). Two types of vascular graft fab-
rics were fabricated: woven and weft-knitted fabrics with
different water permeability. In the woven type (the W
group), Dacron yarns were used to make the framework

Table 19.19 Fabric Characteristics of Bicomponent Knitted Vascular Fabricsa

Water
Loop Fabric Bending Bursting permeability

Course/ Wales/ Stitch density length density stiffnessb strength (mL/cm2/
Fabrics inch inch Thickness (cm) Weight (g/cm2) (#stitch/inch2) (Cm) (g/cm3) (Kg) (kg/cm2) min/mm Hg)

K2 24 40 0.0576 � 0.0059 0.0179 � 0.0018 960 0.1071 0.3108 0.649 � 0.055 19.95 � 0.45 1700 � 30
K3 24 32 0.0660 � 0.00 0.2020 � 0.0001 768 0.1667 0.3067 2.123 � 0.608 22.75 � 0.09 1800 � 0
K6 28 36 0.0553 � 0.0011 0.0189 � 0.0005 1,008 0.1389 0.3433 1.016 � 0.071 20.07 � 0.37 1950 � 100
K8 26 32 0.0772 � 0.0003 0.0223 � 0.0004 832 0.1607 0.2893 n/a 25.78 � 1.28 1500 � 20
Cooley knitted 50 70 0.0445 � 0.0006 0.0274 � 0.0006 3,500 n/a 0.6157 n/a 27.47 � 0.39 2470 � 30

graft

a Dacron and PGA yarns blend together and count as one yarn.
b Bending stiffness obtained from the circular bend procedures in ASTM D4032-81. The amount of force required for a 5.3 mm diameter flat tip plunger
to push the fabric through a 8.75 mm diameter hole.
Source: T. J. Yu and C. C. Chu. Bicomponent vascular grafts consisting of synthetic biodegradable fibers. Part I. In Vitro Study. J. Biomed. Mater.
Res. 27:1329–1340 (1993).

of the fabrics, while PGA yarns were incorporated in the
warp, the weft, or both directions of the fabrics. Such a
design would retain the structural integrity of the fabrics
even after the complete absorption of PGA yarns. The
composition of PGA yarns in the woven group ranged
from 38% to 82% by weight. In the weft-knitted vascular
fabrics (the K group), both Dacron and PGA yarns were
fed through a circular knitting machine, and tubular bicom-
ponent fabrics of various diameters could be made. The
composition of PGA yarns ranged from 24 to 57% by
weight. Tables 18 & 19 summarize the compositions of the
eight types of bicomponent vascular fabrics. Depending on
the type of vascular fabric construction, the location and
composition of PGA yarns in the bicomponent fabrics, and
the denier of Dacron yarns, bicomponent fabrics with a
range of mechanical and physical properties could be
made.
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Compared with commercial vascular fabrics, the poros-
ities of these bicomponent fabrics are controlled not only
by the conventional means (e.g., the number of warp and
weft yarns per unit length and the denier of the yarns) but
also by the amount and location of the absorbable yarns
incorporated into the fabrics. Figure 12 exhibits the most
important advantage of these bicomponent vascular grafts:
a significant increase in water porosity with time that none
of the current commercial vascular fabrics could achieve.
Almost all bicomponent vascular fabrics had final water
porosity 10 times higher than their initial values, and
reached the lower limit of the suggested optimum porosity
(i.e., 10,000 mL/cm2/min of the graft suggested by Weso-

(a)

(b)

Figure 19.12 The percentage of increase in water permeability
of bicomponent fabrics as a function of duration of in vitro hydro-
lysis in phosphate buffer solutions of pH 7.44 at 37°C. (a) Woven
fabrics, (b) knitted fabrics. (From T. J. Yu, and C. C. Chu. Bicom-
ponent vascular grafts consisting of synthetic biodegradable fi-
bers. Part I. In vitro study. J. Biomed. Mater. Res. 27:1329–1340
(1993).)

lowski et al. (173). On the contrary, the water porosities
of the two commercial woven vascular fabrics did not
change with time and were significantly lower than the bi-
component fabrics at the end of 90 days. This suggests that
the bicomponent fabrics may meet the two contradictory
and mutually exclusive requirements of an ideal vascular
graft: high healing porosity without the expense of low
bleeding porosity.

The observed significant increase in water porosity with
time in the bicomponent vascular fabrics is also confirmed
by their morphological structure change upon immersion
time as shown in Figure 13. Both W and K bicomponent
fabrics became more porous and open as immersion (i.e.,
hydrolysis) time increased. This relaxation of the original
tight fabric structure is due to the hydrolytic degradation
of the absorbable component of the bicomponent fabrics
and was the basic cause for the increasing water porosity
and decreasing fabric weight and density with immersion
time. The K group showed an isotropic and uniform struc-
tural change with time. The W group, however, exhibited
unusual fabric surface morphology with time. Depending
on the location of the absorbable component yarns, the
tightness of the initial W fabrics would relax along the di-
rection of a fabric without absorbable PGA yarns. The
findings of Chu et al. suggest that the reduction in weft
yarn size through the degradation and absorption of the
PGA weft yarns is the primary requirement for generating
a loose and velourlike surface morphology in bicomponent
woven fabrics. The reduction in warp yarn size via the deg-
radation of the PGA warp yarns, however, did not produce
such a unique velourlike surface morphology. Therefore
in addition to the advantage of increasing porosity with
time, the generation of velourlike surfaces on woven vas-
cular fabrics would provide a more open three-dimensional
framework for tissue ingrowth.

Another important advantage of these bicomponent fab-
rics was their significantly lower initial and final stiffness
than the corresponding commercial DeBakey woven vas-
cular fabric. As shown in Fig. 14, the bending stiffness of
all four bicomponent woven vascular fabrics decreased
with time of immersion. Most of the final stiffness of these
bicomponent vascular fabrics was only of the order of 1/
10th of the values of the commercial woven grafts. A soft
and compliant graft would certainly improve its perfor-
mance and patency (205).

The knitted vascular fabrics made by Chu had the same
textile structure as DeBakey Standard, DeBakey Ultralight
Weight, and DeBakey Vascular D. They also consisted of
both polyglycolic acid and Dacron fibers in various ratios
(194). It was found that these vascular fabrics, in general,
had lower initial water porosity than the commercial prod-



Textile-Based Biomaterials for Surgical Applications 533

Figure 19.13 Scanning electron micrographs of bicomponent vascular fabrics as a function of in vitro hydrolysis time. (a) W3/0 d,
(b) W3/30 d, (c) W3/90 d, (d) K3/0 d, (e) K3/30 d, (f) K3/90 d. (From T. J. Yu and C. C. Chu. Bicomponent vascular grafts consisting
of synthetic biodegradable fibers. Part I. In vitro study. J. Biomed. Mater. Res. 27:1329–1340 (1993).)

Figure 19.14 The change of fabric stiffness of bicomponent
woven fabrics as a function of the duration of in vitro hydrolysis
in phosphate buffer solutions of pH 7.44 at 37°C. (From T. J. Yu
and C. C. Chu. Bicomponent vascular grafts consisting of syn-
thetic biodegradable fibers. Part I. In vitro study. J. Biomed.
Mater. Res. 27:1329–1340 (1993).)

ucts and exhibited an increase in water porosity ranging
from 22 to 116%, while the corresponding commercial
weft knitted vascular fabrics showed no change in water
porosity during the same period.

Did these bicomponent vascular fabrics provide ade-
quate mechanical strength support to relieve the concern
of the lack of mechanical strength of absorbable based vas-
cular fabrics at a later period of implantation? Figure 15
shows that both W and K bicomponent fabrics still exhibit
a minimal more than 30% retention of their original burst-
ing strength at the end of 30 days immersion. Most of the
reduction in bursting strength occurred during the first 14
days of immersion time, and no appreciable reduction in
bursting strength was observed beyond 14 days, an indica-
tion that the absorbable PGA component yarns had already
lost the majority of their strength and the remaining nonab-
sorbable Dacron yarns became solely responsible for the
observed fabric strength remaining. Therefore a minimum
bursting strength level was retained during the whole pe-
riod of study (120 days), depending on the relative concen-
tration of absorbable to nonabsorbable components. Along



534 Chu

(a)

(b)

Figure 19.15 The change of fabric bursting strength as a func-
tion of in vitro hydrolysis in phosphate buffer solution of pH 7.44
at 37°C. (a) Woven, (b) knit. (From T. J. Yu and C. C. Chu.
Bicomponent vascular grafts consisting of synthetic biodegrad-
able fibers. Part I. In vitro study, J. Biomed. Mater. Res. 27:1329–
1340 (1993).)

with this reduction in bursting strength with time, the
weight of these bicomponent vascular fabrics also de-
creased. Regardless of the composition ratio of the bicom-
ponent fabrics, their biggest weight loss occurred between
14 and 60 days, depending on the polyglycolic acid com-
position.

An in vivo trial of these bicomponent vascular fabrics
in dogs for 4 months was reported by Yu et al. (194). They
found that these bicomponent vascular fabrics resulted in
a full-wall healing in the thoracic aorta of dogs. All bicom-
ponent vascular grafts in surviving dogs exhibited a 100%
patency rate, free of thrombus and aneurysmal formation,
no hematoma or seroma around the grafts, and free of fi-
brin coagula in the inner capsules. The gross morphology

of the regenerated tissues was visually very similar to the
adjacent original arterial tissue. Histologically, the luminal
surface was lined with a layer of endothelial cells with
myofibroblasts, fibroblasts, and collagens underneath. The
extent of the full-wall healing depended on the type of fab-
ric structure, the concentration of absorbable yarns, the lo-
cation of absorbable yarns (for the woven group only), and
initial water permeability. It is believed that the concentra-
tion effect was related to the level of macrophage activa-
tion from the degradation products of the absorbable yarns,
while the location effect was attributed to the various types
of fabric structure change upon the degradation of the ab-
sorbable yarns. The knitted (K) group, in general, was bet-
ter than the woven (W) group. The incorporation of ab-
sorbable yarns in the weft direction of the bicomponent
fabrics resulted in a velourlike loose and porous fabric sur-
face for facilitating tissue ingrowth. The placement of ab-
sorbable yarns in the warp direction, however, did not
show this unique surface morphology. Calcification was,
however, occasionally observed in the W samples with low
initial water permeability. The observed in vivo perfor-
mance correlated well with their in vitro study. This leads
Chu et al. to conclude that the amount of an absorbable
component in the bicomponent vascular graft appears to
be the dominant factor for determining the healing charac-
teristics of grafts consisting of absorbable components.

3. Mathematical Modeling of Porosity of Vascular
Fabrics

In order to maintain a viable vessel after implantation, the
vessel must be highly permeable to allow proper tissue in-
growth for full-wall healing and subsequent adequate fluid
transport for minimizing the degeneration and calcification
of the ingrown tissue in the pseudoneointima. At the time
of surgery, however, the implant needs to be impermeable
so that hemorrhage does not occur. The present commer-
cial synthetic vascular grafts cannot achieve this dynamic
nature needed for proper performance. Therefore an opti-
mal balance needs to be determined for the porosity of the
vascular fabric to allow healing of the vessel with tissue
ingrowth, yet minimize blood leakage.

An industry standard to determine the ‘‘porosity’’ of
vascular fabric is the water porosity test first developed
by Wesolowski (206). However, Guidoin et al. recently
pointed out that this term is incorrect in describing the rele-
vant properties (207–209). They suggested that the perme-
ability of a fabric describes how well a fluid passes through
its fibers and gives an arbitrary parameter for surgeons to
assess the need to preclot before implantation, while the
porosity just describes the amount of void space within a
fabric, and much of this space is not continuous throughout
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the structure and inadequately characterizes the fabric’s
ability to allow fluid transport. Porosity, instead of water
permeability, is thus approximately related to the capabil-
ity of a fabric toward tissue ingrowth. Contrary to nonwo-
ven fabrics, Guidoin et al. found no close relationship be-
tween water permeability and porosity of woven and
knitted vascular fabrics (207).

The water permeability test, as it should be known, uses
water as the fluid passing through the vascular grafts.
Maintaining the pressure of a flow through a sample at
physiological conditions (120 mm Hg), the flow rate mea-
sured can lead to a coefficient of permittivity (mL/cm2

min/mm Hg) (207). This coefficient describes the water
permeability of a graft and will be used as such. However,
the testing procedures are lengthy and time-consuming.

Although water permeability data of vascular fabrics
are critical to their successful performance in vivo, the
standard practice in the designing of new vascular fabrics
with proper water permeability is still based on trial and
error, that is, one makes the samples first and then evalu-
ates their water permeability. If the water permeability
does not fall into the desirable range, manufacturers must
go back to change the design and make new samples for
the water permeability test. This is a very tedious and time-
consuming process. There is a strong need to determine
reliably the water permeability of vascular fabrics before
they are made and to simulate the water permeability test of
the vascular fabrics to be manufactured. The availability
of such a theoretical prediction of the water permeability
of vascular fabrics would allow vascular graft manufactur-
ers to design their products intelligently with a desirable
water permeability without tedious and time-consuming
trial and error.

Chu et al. (210), with the help of mathematical formulae
and a computer program that they developed, created a
new means to predict instantaneously the water permeabil-
ity of a hypothetical vascular graft design, given the mate-
rial and geometric properties of the fabric. Any user can
input the specified fabric and fiber parameters of a hypo-
thetical vascular graft and obtain its computed water per-
meability. If the computed water permeability is outside
the desirable range, the user can adjust the input fiber and
fabric parameters until the desirable water permeability is
obtained. These desirable fiber and fabric parameters could
then be used to construct real vascular fabrics, and their
water permeability would be experimentally determined.
This approach would save considerable resources and time
by eliminating the need to run lengthy experiments to de-
termine the correct fiber and fabric specifications for
achieving a desirable water permeability of any given sur-
gical fabric.

The mathematical formulae of Chu et al. for predicting

water permeability of both woven and knitted vascular fab-
rics are

Qw �
A0.5

Vw

(�302.715 � 4.782π2 � 28.062π3

� 10489.354π4 � 2.701π6)

Qk �
A0.5

Vw

(851.694 � 70.644π2 � 81.555π3

� 23417.858π4 � 292.568π6)

where π2 � ηA0.5, π3 � δA0.5, π4 � Tf/A0.5, π6 � D t/Df,
D t � fiber density, Df � fabric density, A � fabric cross-
sectional area, Vw � water viscosity, Qw � water perme-
ability of woven fabrics, and Qk � water permeability of
knitted fabrics.

The above formulae, Qw and Qk, were then used to cal-
culate the predicted water permeabilities, Qprd, of all 25
vascular fabrics, and they were compared with their corre-
sponding experimental water permeabilities, Qexp. Table 20
summarizes Qexp, Qprd, and the percentage of error, ∆ �
{[Qprd � Qexp]/Qexp} � 100, for determining the accuracy
of the mathematical formulae of Chu et al. to predict the
water permeability of various types of vascular fabrics. A
close match between Qprd and Qexp was defined as those
whose ∆ were less than or equal to 10%.

In general, the accuracy of the predicted water perme-
ability, Qprd, of Chu et al. to the experimental water perme-
ability, Qexp, depended on the type of vascular fabrics (i.e.,
woven vs. knitted) and the source of Qexp. The difference
between Qprd and Qexp ranged from as small as 0.27% to
as high as 74.2%. As a group, woven vascular fabrics, par-
ticularly those not commercially available (i.e., experimen-
tal), appeared to have a better match between Qprd and Qexp

than knitted fabrics. If proper sources of Qexp were chosen
for comparison, we found that 86% of woven fabrics (6/
7) and 77% of knitted fabrics (14/18) had their Qprd within
10% of their Qexp. This high percentage of close matches
(within 10%) between Qprd and Qexp should be considered
satisfactory, because the experimental error for obtaining
Qexp is generally higher than 10%. All experimental woven
(4/4) and 63% (5/8) of knitted vascular fabrics exhibited
less than 10% difference between Qprd and Qexp.

The data in Table 20 illustrate that mathematical model-
ing of water permeability of surgical fabrics for a reason-
able prediction of their water permeability is feasible and
that its level of reliability depends on many factors that
are not fully understood at this time. The source of Qexp

had a big influence on the percentage of accuracy of our
predicted water permeability formulae. For example, sev-
eral knitted vascular fabrics like Weaveknit and Vasculour
II had Qprd within 1% of Qexp if one set of Qexp (211) was
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Table 19.20 Comparison of Experimental and Predicted
Water Permeabilities of Testing Vascular Fabrics

Qexp Qprd

(mL/cm2 min ∆ � (Qexp � Qprd)/
Vascular Grafts mm Hg) Qexp � 100 (%)

Woven Fabrics
Woven Cooley 120a 124 3.33

122 124 1.61
Woven Cooley Verisoft 250a 252 0.80

199 252 26.63
Woven DeBakey 232 184 �20.56

350a 184 �47.42
W1 300 273 �9.18
W2 650 698 7.36
W3 880 834 �5.27
W4 400 419 4.71
Knitted Fabrics
DeBakey Standard 2020 2771 37.19

2530a 4771 9.52
DeBakey Ultralt Wt. 4080 3763 �7.78

2650* 3763 42.00
Milliknit 3410 3401 �0.27

5300a 3401 �35.83
Weaveknit 1670 2910 74.22

2920a 2910 �0.34
Cooley Double Velour 1870 1946 4.04

1660a 1946 17.23
DeBakey Vasculour D 3380 2327 �31.14

2250a 2327 3.42
Lopor 2960 2734 �7.64

3000a 2734 �8.86
Microvel 2580 2754 6.74

2400a 2754 14.75
Rhodergon 5020 3344 �33.39

5790a 3344 �42.25
Vasculour II 2150 2784 29.48

2800a 2784 �0.57
K1 2800 3235 15.53
K2 1700 2565 50.86
K3 1800 1929 7.19
K4 2550 1534 �39.83
K5 4000 3753 �6.18
K6 1950 1961 0.57
K7 1800 1928 7.08
K8 1500 1604 6.90

a From M. King, P. Blais, R. Guidoin, E. Prowse, M. Marcois, C.
Gosselin, and H. P. Noel. Polyethylene terephthalate (Dacron) vascular
prostheses—material and fabric construction aspects. In: Biocompatibil-
ity of Clinical Implant Materials (D. F. Williams, Ed.). Vol. II. CRC
Press, Boca Raton, FL, 1981, Chap. 8. The remaining Qexp from R. Gui-
doin, M. King, D. Marceau, A. Cardou, D. de la Faye, J.-M. Legendre,
and P. Blais. Textile arterial prostheses: is water permeability equivalent
to porosity. J. Biomed. Mat. Res. 21:65–87 (1987).
Source: C. C. Chu, and J. Rawlinson. Mathematical modeling of water
permeability of surgical fabrics for vascular use. J. Biomed. Mater. Res.
28(4):441–448 (1994).

used for comparison, while a difference as large as 74.2%
(Weaveknit) was observed if a different set of Qexp (208)
was used. In the commercial knitted vascular fabrics, only
two (Lopor and Rhodergon) were not affected by the
source of Qexp on the accuracy of our predicted water per-
meability formula. Both of them are velour, but Lopor is
a weft knit while Rhodergon is a warp knit. These two
different sets of Qexp data were reported by the same au-
thors (207,211). It is not known why the two sets of Qexp

data from the same lab are different from each other. The
time dependence of Qexp might be one of the factors con-
tributing to this discrepancy. In their published study of
water permeability of 34 commercial vascular fabrics, Gui-
doin et al. (207) reported that Qexp decreased with time,
irrespective of fabric construction type. The rate of reduc-
tion in Qexp, however, was found to be less with woven
structures than with knitted ones, presumably due to the
rigid, compact, and dense packing of yarns and fibers in
woven structures, which leaves very little room for them
to swell with time under hydrostatic pressure. On the con-
trary, the loose knit structure provides plenty of interstitial
space for the swelling of constituent fibers and yarns dur-
ing water permeability tests. This higher degree of swelling
would subsequently reduce the amount of water flowing
through the fabric during the later stage of the water per-
meability test. This time dependence of Qexp suggests that
the Qexp data from Guidoin et al. (207) (without * in Table
20) are the water permeabilities of virgin vascular fabrics
estimated from the linear extrapolation of experimental
water permeabilities obtained at time t to t � 0. If these
estimated Qexp of virgin vascular fabrics were used for de-
termining the accuracy of the formulae of Chu et al., half
of the tested commercial knitted vascular fabrics (DeBakey
Ultralight Weight, Milliknit, Cooley Double Velour, Mi-
crovel, and Rhodergon) and one woven commercial fabric
(Woven DeBakey) showed considerable improvement. For
example, DeBakey Ultralight Weight showed a consider-
able reduction in the difference between Qexp and Qprd from
as high as 42% to 7.78%. However, the time dependence
of Qexp is not the sole factor contributing to the dependence
of the formulae on the source of Qexp. This is because most
of the remaining commercial woven and knitted vascular
fabrics (i.e., those fabrics showed very poor agreement be-
tween Qexp and Qprd using estimated Qexp at t � 0 or virgin
Qexp) exhibited a close match between Qexp and Qprd, if the
data set of Qexp from King et al. (211) was used. It is not
clear whether this Qexp data set (211) took into consider-
ation the time dependence of experimental water perme-
ability. Assuming this set of Qexp represented the water per-
meability after t minutes of testing, then the observed close
match between Qprd and Qexp found in Woven Cooley Veri-
soft, DeBakey Standard, Weaveknit, and DeBakey Vascu-
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lour D could not be attributed to the time dependence of
Qexp alone.

Although woven fabrics as a group showed relatively
good agreement between Qprd and Qexp, Woven DeBakey
was the only one of the commercial woven vascular fabrics
that neither estimated Qexp at t � 0 nor Qexp at t � 0 min
could narrow ∆ to less than 10%. There must be some fab-
ric and/or yarn characteristics in Woven DeBakey that the
formula of Chu et al., Qw, fails to take into consideration.
An examination of the published fabric characteristics of
the three tested commercial woven vascular fabrics (211)
indicates they all have taffeta construction with 1/1 plain
weave. However, Woven DeBakey has the lowest packing
factor (47%) and highest thickness (0.25 mm). In addition,
Woven DeBakey fabric is the only one in these commercial
groups that uses textured yarns. This may suggest that the
water permeability formula developed by Chu et al. for
woven fabrics has its limitation and cannot accurately pre-
dict water permeability of those woven fabrics having a
low packing factor and high thickness and is made from
textured yarns. Whether it is the combination of all three
of these differences in fabric and yarn characteristics, or
whether it is one or two of them, that results in the larger
discrepancy between Qprd and Qexp is not known at this
time.

In the case of the commercial knitted fabrics, Lopor fab-
ric was the only one that exhibited a close match between
Qprd and Qexp, irrespective of which Qexp was chosen. On the
other hand, Rhodergon was the only knitted commercial
vascular fabric that neither Qexp would result in a ∆� 10%.
An examination of their fabric and yarn characteristics did
not reveal any apparent fabric and/or yarn characteristics
that are responsible for the successful (i.e., Lopor) or failed
(i.e., Rhodergon) prediction of their water permeability by
our formulae.

Because of the lack of other sets of Qexp for the experi-
mental vascular fabrics, the above-mentioned Qexp source
problem does not apply. The Qexp of these experimental
fabrics were obtained after water flowed through the fab-
rics for one minute. Hence the reported accuracy of the
predicted water permeability formula was not based on the
estimated Qexp of virgin fabrics like those that Guidoin et
al. studied (207). Since the estimated Qexp at t � 0 is always
greater than the Qexp obtained at t minutes, Chu et al. thus
predict that the accuracy of their formulae would change
if Qexp at t � 0 were used, and the direction of change
would depend on the relative magnitude of Qexp to Qprd. If
Qprd � Qexp at t � 1 min as with W2 and W4 (i.e., positive
∆), the use of estimated Qexp at t � 0 would further narrow
the difference between the predicted and the experimental
water permeability. On the contrary, those experimental
woven fabrics that showed initial negative difference

(Qprd � Qexp), like W1 and W3, would exhibit a larger dif-
ference than the ∆ based on Qexp at t � 1 min. In the experi-
mental knitted fabrics, it is interesting to know that most
of the close match between Qprd and Qexp occurred in those
experimental knitted fabrics ranging from K5 to K8. The
main difference between these (K5–K8) and other (K1–
K4) groups was the size of Dacron yarns (193). The K5
group had 200 denier Dacron yarn, while the K1 group
had 250 denier Dacron yarn. It is known that heavier denier
yarns are thicker and result in fabrics with more coverage
for a given loop length. Thus the K1 group exhibited gener-
ally a higher packing factor than the K5 group. Whether
this difference in yarn size really contributed to the ob-
served larger error found in the K1 group is not known.

As with any mathematical formula for the purpose of
prediction or forecasting, there is a limitation on what it
can do. The less than completely satisfactory prediction of
water permeability by the formula of Chu et al. in the knit-
ted grafts, particularly in the commercial ones, would be
expected with the lower R2 value (0.492). This finding sug-
gests that a nonlinear, and more complex, relationship
among the Buckingham π groups must exist in the knitted
fabrics. In addition, the far more complex fabric structure
found in the commercial knitted vascular grafts than wo-
ven ones could result in additional parameters that have
not been included in our modeling. Some examples of such
new parameters will be the mathematical description of the
surface morphology of velours and textured yarns. Obvi-
ously, future refinement of these formulae is required for
improving their accuracy in predicting water permeability
of various types of medical textiles.

It is important to know that the water permeability for-
mulae of Chu et al. will not replace the experimental water
permeability test. The formulae, however, will help inves-
tigators or manufacturers in their R/D of medical fabrics
by providing some meaningful guidelines for them to work
with. With the help of a personal computer, scientists could
use the formulae to find out instantaneously how changes
in fabric and fiber parameters could affect the water perme-
ability of the resulting fabrics without actually manufactur-
ing and testing them. The formulae also allow scientists to
study the effects of a wide range of fabric and fiber parame-
ters on water permeability before they choose a few of
them for actual experimental trials. This would save con-
siderable time and resources.
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I. INTRODUCTION

Synthetic materials used for biological applications (bio-
materials) can be classified as metals, ceramics, poly-
mers,and composites. Polymeric materials and their com-
posites have been used for years, typical applications being
tissue replacement, augmentation and support of tissues,
and the delivery of drugs. Based on their behavior in living
tissue, polymeric biomaterials can be divided into biosta-
ble, bioabsorbable (biodegradable or bioresorbable), and
partially bioabsorbable materials. Biostable polymers are
inert, cause minimal response in the surrounding tissue,
and retain their properties for years. Biostable polymers,
e.g., polyethylene and polypropylene, are used as endo-
prostheses and sutures.

In many cases biomaterial needs to be in place only
temporarily, and in such cases bioabsorbable or partially
bioabsorbable polymeric materials are more appropriate
than biostable ones. Bioabsorbable surgical materials are
therefore most suited for temporary internal fixation when
the tissue has been traumatized, as the bioabsorbable im-
plant preserves the structure of the tissue at the early stage
of the healing of, for example, bone, tendon, or skin. After
that, the implant gradually decomposes, and stresses are
gradually transferred to the healing tissue. The time taken
depends on the material, its molecular weight and struc-
tural properties, and the place where it is inserted. Bioab-
sorption of a material means degradation induced by the
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metabolism of the organism. Therefore bioabsorbable sur-
gical devices need no removal, which substantially benefits
the individual and produces social savings.

This chapter deals mainly with the properties of bioab-
sorbable synthetic polymeric materials and their present
and possible future surgical applications. It is based on the
research work done by the research groups of Professor
Pertti Törmälä and myself in traumatology and orthopedic
surgery as well as on the published literature. Our investi-
gations have, so far, led to 23 medical academic disserta-
tions (1–23) and more than 1000 different papers (original
scientific articles, reviews, patents, abstracts), books, or
booklets.

This review deals with the bioabsorbable synthetic
polyglycolide (PGA), polylactide (PLA), and polydioxa-
none (PDS) polymeric devices in the fixation of procedures
in trauma or orthopedic disease mainly based on own in-
vestigations and experience in more than 3200 operations
since 1984 (24).

II. BIOABSORBABLE SYNTHETIC
POLYMERS AND THEIR PROPERTIES

Many polymers have been found to be bioabsorbable in
living tissue. The most important surgical bioabsorbable
polymers are aliphatic polyesters (polymers and copoly-
mers) of α-hydroxy acid derivatives. Most of them are
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thermoplastic, partially crystalline, or totally amorphous
polymers.

Polyglycolid acid (PGA), with a high molecular weight,
is a hard, tough crystalline polymer melting at about 224–
226°C with a glass transition temperature of 36°C. Unlike
closely related polymers such as polylactic acid (PLA) and
poly-beta-hydroxybutyric acid (PHBA), PGA is insoluble
in most of the common polymer solvents. Polylactic acid
is a pale polymer melting at about 174–184°C with a glass
transition temperature of 57°C. Such polymers can be pro-
cessed using different manufacturing processes into fibers,
films, rods, screws, plates, clamps, etc. Polydioxanone
(PDS) is a colorless crystalline polymer produced by poly-
merizing para-dioxanone by a ring-opening method in the
presence of a suitable catalyst (25). The melting and glass
transition temperatures of PDS are 110°C and �16°C, re-
spectively, which means that at room temperature PDS is
very flexible and elastic. One advantage of polymeric ma-
terials compared to metals and ceramics is that they are
easy and cheap to make.

Bioabsorbable materials should fulfill certain criteria
and also specific requirements related to any special ap-
plication of the material or implant. The bioabsorbable
materials must be nonmutagenic, nonantigenic, noncarcin-
ogenic, nontoxic, nonteratogenic, antiseptic, and tissue-
compatible. They should not cause morbidity and must
provide adequate mechanical stiffness and strength. The
degradation products should be water-soluble, comprise
small molecules, and be naturally occurring metabolites.
The degradation should preferably occur by hydrolysis in
aqueous media, though it is faster in the presence of certain
enzymes (26). The products should dissolve in the extra-
cellular fluid and be excreated via the kidneys and lungs.
The breakdown products of polyglycolic acid, CO2 and
water, are examples. Accordingly, this is one mechanism
of biodegradation for this major polymer. Another more
common mechanism is phagocytosis by macrophages,
neutrophils, and giant cells.

No macroscopic inflammatory foreign-body reactions
have been seen in own animal experiments. Nevertheless,
bioabsorbable implants elicit a histopathologically recog-
nizable nonspecific foreign-body type of tissue response.
This seems to be a phenomenon inherent to the degradation
and absorption processes of these polymers in the tissues.
With regard to the phagocytic and clearing capacity of the
tissues, the most demanding phase is the decomposition
stage, when the gross geometry of the implant is rapidly
lost. At that time, the production rate of polymeric debris
particles may exceed the critical limits of the tissue toler-
ance and transport potential of the anatomical site con-
cerned.

No signs of toxic or teratogenic effects have been re-
corded with the use of bioabsorbable implants. Sarco-
matous changes have been reported to develop at PLA im-
plants placed in the soft tissues of rats, but in other studies
no difference in the tumorigenicity was found between the
implants made of PLA and those of polyethylene (27).
Probably, such tumors merely represent nonspecific re-
sponse to any foreign material known in rodents. It is even
observed that PLA inhibits carcinoma cell growth in vitro
(28).

III. SURGICAL APPLICATIONS OF
BIOABSORBABLE IMPLANTS

The bioabsorbable implants in current use are sutures and
fiber constructions, porous composites, and drug delivery
systems. Some are partially bioabsorbable devices, while
the others are totally bioabsorbable. Although this review
concentrates on bioabsorbable devices used in the fixation
of fractures, osteotomies, and soft tissues, it will open with
a short remark on other devices used in orthopedics.

A. Suture Materials

Suture materials provide support until the collagen is syn-
thesized and woven into a scar. In 1954 Higgins (29) re-
ported on the use of polyglycolide, and in 1967 Schmitt
and Polistina (30) introduced PGA sutures, which three
years later led to the first commercial synthetic biodegrad-
able suture (Dexon). Copolymerization of a small amount
of lactide with glycolide (PGA/PLLA) led to the develop-
ment of the second commercial synthetic bioabsorbable su-
ture (Vicryl) (31).

When bioabsorption occurs in vivo, PGA is hydrolyzed
to glycolic acid (32). When exposed to glycolate oxidase,
the glycolic acid molecules are transformed into glyoxy-
late, which reacts with glycine transaminase, thus produc-
ing glycine. Glycine may be used in protein synthesis or
the synthesis of serine, which may be employed in the tri-
carboxylic acid cycle after transformation into pyruvate
(33). PLA undergoes hydrolytic de-esterification into lactic
acid, which is incorporated into the tricarboxylic acid cycle
and subsequently excreted by the lungs as carbon dioxide
(33,34).

Bioabsorbable sutures are widely used in the closure
of soft tissue wounds. Several clinical studies have been
published on the use of PGA, PGA/PLLA, PDS, and other
sutures or bands that are manufactured for use in the repair
of tendons and ligaments. Some studies have reported on
the use of bioabsorbable sutures in the fixation of bone
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fractures and osteotomies. Cutright et al. (35) used poly-
levolactic acid (PLLA) sutures for internal fixation of the
symphysis disruption in Macaca rhesus monkeys. Roed-
Petersen (36) described two cases in which bioabsorbable
polyglycolic acid sutures were used in the fixation of se-
verely dislocated mandibular fractures in young patients.
The stability of the fixation was, however, secured by in-
traoral arch bars with rigid intermaxillary fixation. Vihto-
nen (5) studied the fixation of distal femoral osteotomy in
rabbits with PGA sutures, and the results were satisfactory.

B. Porous Composites

New possibilities for developing biomaterial for different
purposes have been opened up by the technique of combin-
ing bioabsorbable polymers in porous or nonporous mate-
rials. Hydroxyapatite powders and blocks have applica-
tions in bone surgery, e.g., to fill in defects (37). Since
porous ceramics are brittle, attempts have been made to
increase their toughness by combining them with poly-
mers. Tencer et al. (38) made coralline hydroxyapatite
(CHAG)/polymer composites by coating porous CHAG
externally or internally with PLA and polymethylmeth-
acrylate (PMMA). Internal microcoatings of PLA and
PMMA increased the strength of CHAG three- and tenfold,
respectively.

C. Drug Delivery Systems

Numerous studies have been done on the use of biostable
and bioabsorbable polymers for releasing drugs (39). Poly-
meric devices for the controlled release of drugs and anti-
biotics have several advantages over traditional repeated
dosage methods. For instance, a slow-release mechanism
can provide continuous administration without the variable
physiological factors associated with gastrointestinal ab-
sorption presystemic metabolism. It can save patients from
being exposed to greater amounts of the drug than is neces-
sary at the desired site of action.

D. Partially Bioabsorbable Devices

The reinforcement of bioabsorbable polymeric matrices
with biostable fibers yields strong, partially bioabsorbable
materials. The first of such materials, plates, rods, liga-
ments, tendons, scaffolds, etc., were developed by Parsons
et al. (40) and by Alexander et al. (41); they comprised
PLA matrix reinforced with carbon fibers. Belykh et al.
(42) developed partially bioabsorbable composites for
bone surgery; they comprised a copolymer of methylmeth-
acrylate and N-vinylpyrrolidone reinforced with polyam-

ide fibres. These materials had relatively good mechanical
properties (43). Clinical studies have also been in progress
for many years in various Soviet medical centers (44). The
long-term response of living tissues to the biostable
(slowly eroding) polyamide fibers of these materials has,
however, not been reported.

E. Totally Bioabsorbable Devices

The disadvantages of rigid plate fixation to bones, for ex-
ample the reduction of mechanical strength owing to atro-
phy of bone and the risk of infection, prompted the experi-
mental use of bioabsorbable devices in fixing fractures of
the long bones, as suggested by Schmitt and Polistina (45).
Despite some positive experimental results, the materials
were not applied clinically. Early attempts to develop bio-
absorbable devices were based on the use of implants man-
ufactured with traditional melt-molding techniques, such
as extrusion and injection molding. Secure fixation mate-
rial for bone fractures must have a relatively high tensile
strength, but these requirements are not fulfilled with non-
reinforced bioabsorbable polymeric implants manufac-
tured with melt-molding techniques. In the late 1970s an-
other approach was made to the fundamental questions
raised by bioabsorbable fixation. It was concluded that the
requirements for high tensile strength of any fixation mate-
rial could be best fulfilled by developing reinforced, bio-
absorbable composites mostly of polyglycolic and poly-
lactic acid (2). In fact, small PDS implants have been used
also in the fixation of small fractures (46).

A review on the bioabsorbable implants was published
eight years ago (47). Since then our knowledge has greatly
increased, allowing new critical examinations. Many re-
views have been published in journals or separately, e.g.,
on bioabsorbable implants in orthopedic surgery in 1992
(48), on applications in podiatry in 1995 (49), on PGA
membranes in 1996 (50), on bioabsorbable polyglycolide
devices in 1997 (51), on sports medicine in 1998 (52), and
on the use of bioabsorbable implants in traumatology and
orthopedics in 1996 (53), in 1997 (54–57), and in 1999
(58).

IV. DEVELOPMENT OF SELF-
REINFORCED BIOABSORBABLE
COMPOSITES AND THEIR
PROPERTIES

Experimental background. Many macromolecular com-
pounds are bioabsorbable, but only a few possess the prop-
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erties necessary for an internal bone fixation device. Some
of the most suitable materials have been PGA, PLA, and
PDS. In addition to these homopolymers, various copoly-
mers of PGA and PLA have been tested. PLA occurs in
different stereoisomeric forms, including polylevolactic
acid (PLLA) and various stereocopolymers of polylevo-
and polydextrolactic acid (P(L/DL)LA). PGA:PLA copoly-
mer in a ratio of 90:10 and polydioxanone are used as
bioabsorbable sutures. Initially, the implants studied were
prepared by casting the polymers into sheets or films,
which permitted basic investigations on the biological be-
havior of the compounds in bone tissue but did not make
the devices suitable for fracture fixation (47). The fabrica-
tion of implants was accomplished by melt-molding and
extrusion into rods. The strength characteristics of im-
plants (rods, screws, and tacks) have been improved by the
fiber-reinforced composite texture in which the polymer
matrix is reinforced with the same material (self-rein-
forced, SR) (59–62).

In our own early studies, different types of partially or
totally bioabsorbable (biodegradable) fiber-reinforced
composites were developed, mainly based on different
poly-α-hydroxy acids. The most promising results were
achieved using self-reinforced (SR) bioabsorbable poly-
meric composites. These are polymeric materials in which
the reinforcing elements and matrix material contain the
same chemical elements. The following paragraphs will
deal with the technical and medical properties of self-rein-
forced bioabsorbable polymeric composites.

One method of manufacturing SR composites is based
on sintering and/or partial melting of polymer fibers and on
shaping the sample under pressure. When the temperature
profile of the process is carefully controlled, an SR struc-
ture comprising strong fibers embedded in polymeric ma-
trix is obtained. According to Törmälä, the most effective
way to create the self-reinforced structure into the
bioabsorbable polymer is the mechanical deformation of
nonreinforced material. Different models of deformation
like free drawing, die-drawing, shearing, rolling, etc. are
possible and result in different kinds of microstructures.
However, a common feature in all deformation processes
is the induction of oriented, self-reinforced structures into
the polymeric matrix (63). Our own data on the initial
strength of SR-PGA and SR-PLLA rods 3.2 mm in diame-
ter were, respectively, 430 and 300 MPa (bending strength)
and 255 and 200 MPa (shear strength). The implants lose
most of their strength after 30 to 120 days and are resorbed,
respectively, during 6 to 12 months (SR-PGA) or 2 to 5
years (SR-PLLA) in vivo depending on the size and com-
position of the implant. Certain experiments suggest an
osteostimulatory potential of bioabsorbable polyester im-

plants, but transient local osteolytic lesions also occur
(64,65). The degree of the final restoration of the original
tissue architecture within the implant track varies for rea-
sons not yet fully understood (66). The degradation of
these polymers occurs mainly by hydrolysis and, to a lesser
extent, through nonspecific enzymatic action (67). The
degradation rates vary, PLLA having the longest degrada-
tion time. The molecular weight, the crystallinity, the ther-
mal history of the sample, as well as the geometry of the
implant influence the degradation. In experimental studies
by light microscopy, PGA totally disappears from the tis-
sues within 36 weeks (64). For copolymers the degradation
rate is dependent on the ratio between the constituent ho-
mopolymers. It is stated that PLLA implants can be visual-
ized in the bone with magnetic resonance imaging (68,69),
though histologic examination is the most reliable method
in this respect.

Prior to and parallel with the clinical studies of the bio-
absorbable fracture fixation implants, more than 6200 an-
imals were operated on in our experimental studies (e.g.,
2–5,7–10,12,13,15–17,21,23). In these studies, macro-
scopic, radiographic, microradiographic, histologic, histo-
morphometric, oxytetracycline labeling, computed tomog-
raphy, quantitative computed tomography, and magnetic
resonance imaging studies were done, and the strength
measurements of the implants and fixations were per-
formed in different situations. These studies have made
the basis for our clinical investigations and use of self-
reinforced implants in the clinical trials and praxis. Osteot-
omies of the distal femur in 19 rabbits were operatively
fixed with totally biodegradable implants, and the experi-
mental operations were started on January 15, 1982 (2).

The use of PGA/PLA rods, SR-PGA, and SR-PLLA
rods, screws, and other devices (Figs. 1 and 2) in fixing
cancellous bone fractures has been documented in more
than 3200 patients during the past 15 years at our depart-
ment (e.g., 24,70,54) (Tables 1 and 2). The healing results
are comparable or even better than those obtained with me-
tallic fixation. SR-PGA rods and screws (Bionx devices)
are routinely used nowadays or are being studied in clinical
research in about 20 countries, Western European coun-
tries, the USA, Japan, etc., or have been used in more than
300,000 cases.

Since living cells help to absorb biomaterials, an impor-
tant question is which factors affect the intensity and dura-
tion of the cellular response. Clinically it is desirable to
keep any reaction as mild as possible so as not to delay
healing. As with the clinical use of bioabsorbable PGA and
PGA/PLA sutures (71), macroscopic symptoms of for-
eign-body reaction, such as local fluid accumulation (LFA)
and transient sinus formation (TSF), sometimes occur but
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(a)

(b)

Figure 20.1 Self-reinforced poly-l-lactide (SR-PLLA) rods (a)
and screws (b) routinely used in bone fixations.

without any adverse affect on the healing of the fracture
(6,11).

SR-PGA is a widely used bioabsorbable fixation mate-
rial about which qualitative conclusions can be drawn re-
garding factors contributing to LFA or TSF reactions and
their treatment (Table 3). A general hypothesis, based on
the above observations and on the experience of other re-
search groups, is that this reaction is correlated to the rela-
tion between the local accumulation of polymer debris
from the implant and the capacity of the surrounding tis-
sues to eliminate the debris. If this capacity is low, e.g., due
to poor circulation or low metabolic activity, the polymer
debris may accumulate locally, leading to local transient
disturbances, such as an increase of osmotic pressure, with
subsequent manifestations of LFA or TSF. The correct sur-
gical technique, including the use of the right implantation
depth (21), is important to prevent sinuses.

(a)

(b)

Figure 20.2 Applicators for insertion of rods (a). Instrumen-
tation for insertion of screws (taps, countersinks, and screw-
drivers) (b).
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Table 20.1 From November 5, 1984 to December 31, 1998,
3241 Operations with Bioabsorbable Fixation Devices Have
Been Performed at the Department of Surgery (Orthopaedics
and Traumatology), Helsinki University Central Hospital

Issue Number %

Operation 3241 100
Age (mean; years) 38.3 —
Sex (female/male) 1738/1503 54/46
Operation time (mean; minutes) 52.1 —
Hospital stay (mean; days) 4.1 —
Sick leave (days) 68.6 —
Postoperative course

Infections (mainly superficial) 136 4.2
Deep venous thrombosis 38 1.2
Failure of fixationa 129 4.0
Sinus formation 69 2.1

a A new operation is seldom needed.

Table 20.2 Bioabsorbable Implants Used at the
Department of Surgery (Orthopaedics and
Traumatology), Helsinki University Central Hospital
Between November 5, 1984 and December 31, 1998

Implant Operations

PGA/PLA1 rod (copolymer) 53
SR-PGA2 rod 1049
SR-PGA3 screw 645
SR-PLLA rod 358
SR-PLLA screw 238
SR-PLLA tack 236
SR-PLLA plug 61
SR-PLLA arrow 32
SR-PLLA wire 3
At least two kinds of implants 566
Total 3241

1 Polyglycolic acid/polylactic acid.
2 Self-reinforced polyglycolic acid.
3 Self-reinforced poly-l-lactic acid.

Table 20.3 Treatment of Transient Fluid Accumulation

Small and painless fluid accumulation can be observed.
Large or painful accumulations must be aspirated with a needle.

The first experimental operation with a PGA/PLA im-
plant was done at our department on January 15, 1982, the
first clinical operation on November 5, 1984 (Rokkanen-
Böstman), and the first operation with the use of an SR-
PLLA implant on July 27, 1986, and on August 19, 1988,
respectively.

V. BIOABSORBABLE FIXATION IN
FRACTURE TREATMENT

Bioabsorbable fixation (Table 4) has been used in several
kinds of fractures in adults: glenoidal rim fractures, frac-
tures of the proximal humerus, fractures of the lateral hu-
meral condyle, fractures of the medial condyle of the hu-
merus, fractures of the olecranon, fractures of the radial
head, fractures of the distal radius, fractures of the hand,
fractures of the femoral head and neck, fractures of the
femoral condyles, fractures of the patella, fractures of the
tibial condyles, malleolar fractures, fractures of the talus,
fractures of the calcaneus, and fractures of the metatarsal
bones and phalanges of the toes (72).

The correct surgical technique with bioabsorbable rods
is essential. The fracture should be reduced exactly and
fixed with clamps or fingers. Holes are drilled for implants,
and the channel is flushed and measured. The rod is in-
serted into the drilled, measured, and flushed hole with an
applicator. The rod is introduced into the channel by ham-
mering at the piston of the applicator. Using this surgical
technique, polyglycolide rods were clinically used in the
fixation of several types of cancellous bone fractures and
osteotomies of the upper and lower limbs. In these studies,

Table 20.4 The Most Common and Typical Indications
for Application of Bioabsorbable Rods, Screws, Tacks,
Wires, and Arrows in Traumatology and Orthopedics at
the Department of Surgery (Orthopaedics and
Traumatology), Helsinki University Central Hospital
between November 5, 1984 and December 31, 1998a

Fresh fracture of
Humeral condyles 112
Olecranon 84
Radial head and neck 180
Hand 84
Distal femur or proximal tibia 77
Patella 66
Ankle 1364
Ligament injury
Rupture of the ulnar collateral ligament 214
Orthopedic diseases
Osteochondritis dissecans 31
Hallux valgus 372
Recurrent shoulder dislocation 64
Osteoarthritis in the ankle, subtalar 51

joint or in the small joints of the
hand

Rheumatoid arthritis 89
Pediatric orthopaedics 6
Operations together 3241

a The clinical course was uneventful in 82% of the patients.
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for example, 289 patients were operated on using mainly
SR-PGA rods in the fixation of displaced ankle fractures
(6). Other research groups have used PLA implants for the
fixation of ankle fractures (73–75) and of several kinds of
small-fragment fractures (76,77). In radial head fractures
the first prospective study of 24 patients showed encourag-
ing results (6). These results were confirmed (19). Eight
patients with radial head fractures were also successfully
treated with PDS pins (78). Similarly, the retention proper-
ties of bioabsorbable pins by transarticular fixation seemed
to be successful in the treatment of fractures of the humeral
capitellum (79). In fractures of the olecranon the use of
both bioabsorbable pins and screws showed equal and fa-
vorable results (11). Open reduction and internal fixation
with bioabsorbable SR-PGA or SR-PLLA devices were
used in the treatment of 32 fractures of the hand at our
department and also at another department in 46 cases (80).
Promising results were obtained, with the exception of the
Bennett’s fractures, where the outcome was less favorable
in our series. The same conclusion can be drawn from the
fixation of scaphoid delayed union or nonunion at Matti-
Russe operation (19). Promising clinical reports have been
published on the use of PDS rods for fracture fixation in
the hand (81).

An increasing number of clinical reports have been pub-
lished on the growing use of polylactic acid implants.
Thirty-five successful operations out of 40 were performed
using PLA 98 rods or screws for osteosynthesis in cancel-
lous bone fractures or orthopedic conditions (82). In one
multicenter study, nonreinforced Poly-l/dl-lactide 70/30
pins were used in small fragment indications, but resulting
in 4/57 redislocations (83). SR-PLLA pins were studied
in 27 patients with small-fragment fractures or osteotomies
treated by internal fixation without redisplacements (84).

The correct operation technique with bioabsorbable
screws and with drill bit, tap, countersink, screwdriver, and
screws is essential. The fracture should be reduced exactly
and fixed with clamps. Holes are drilled and tapped with
a special tap. The hole is countersunk for the screw head,
and the channel is measured and flushed. The screw is
placed in a screwdriver and inserted into the screw hole.
The screw is tightened. The implants can be shortened dur-
ing the operation with a small oscillating saw. The excess
part of the screw head is removed with a small oscillating
saw.

In a prospective study, 319 operations were performed
between 1987 and 1991 (11). SR-PLLA screws alone were
used in 38 fixations, SR-PLLA and SR-PGA screws in 14
fixations, and SR-PGA screws in 247 fixations (Fig. 3).
SR-PGA rods were used as controls in 20 fixations. The
trauma indications were 41 olecranon fractures and 259
ankle fractures. The method showed subjectively excellent

(a) (b)

(c) (d)

Figure 20.3 Displaced fracture of the ankle in a 59-year-old
female. Radiographs taken on admission (a, b). Radiographs after
open reduction and internal fixation with two SR-poly-l-lactide
screws three and a half year later (c, d).

or good results in more than 90% of the patients with a
fracture. SR-PGA screws can also be used in osteoporotic
bone (22), but they are not recommended for fixation of
displaced ankle fractures in alcoholics because of the risk
of poor cooperation and redislocation (6/16 reoperations
in our series) (22). Six patients with displaced split-depres-
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sion-type tibial condylar fractures were treated with SR-
PGA screws. One patient underwent reoperation due to an
unacceptable primary fracture reduction unrelated to the
implant material. The others healed well (22). In 4/28 pa-
tients with proximal tibial osteotomies and fractures, re-
displacement was noted (85). Good indications for bioab-
sorbable fixation are also fractures of the talus (22) and
calcaneus (22).

In one clinical study, 19 ankle fractures were fixed by
plates and screws made of bioabsorbable polylactic acid
(86). Fracture union was achieved within 6 weeks, though
several fractures demonstrated an aseptic soft tissue prob-
lem. In seven patients, volume-reduced plates and screws
with flat heads were applied without any soft tissue reac-
tion (86). Patients with a closed, displaced fracture of the
ankle were managed with medial malleolar fixation using
either 4.0-millimeter orientruded polylactide screws (83
patients) or 4.0-millimeter stainless steel screws (72 pa-
tients) (87). It was concluded that polylactide screws are
safe and effective. Bioabsorbable screws, pins, and nails of
orientated polylactide were developed for fixation of bone
grafts, fractures, and osteotomies, and their use was evalu-
ated in 143 patients with bony union in all except one (88).

The SR-PLLA screw 6.3 mm in diameter was found as
good as the metal screw to fix a bone-patellar tendon-bone
graft for the anterior cruciate ligament in a bovine experi-
mental model (89). SR-PLLA lag screws 6.3 mm in diame-
ter can also be used safely to fix subcapital femoral neck
fractures in Garden Stage I and II fractures and in younger
patients with Garden III fractures (90).

VI. BIOABSORBABLE FIXATION IN
ORTHOPEDIC SURGERY

Bioabsorbable fixation of bone in osteotomies, arthrode-
seses, and in other reconstructive orthopedic surgery (Ta-
ble 4) is valuable, as metallic fixation can never be an ideal
fixation modality, due to corrosion, stiffness, and stress
shielding. Mainly rods and screws are used in orthopedic
procedures for bones.

The distal chevron osteotomy of the first metatarsal
bone for hallux valgus is widely used. After osteotomy,
lateralization of the distal part of the first metarsal bone is
performed. The drill channel is made for a rod 2.0 mm in
diameter. The osteotomy is fixed with one rod (Fig. 4).
Bioabsorbable SR-PLLA pins (84), SR-PGA pins (91), and
PDS-pins (92) can be used reliably to fix distal chevron
osteotomy and PLLA staples in Akin osteotomy (93) as
well as widely in foot surgery (94,95). In proximal osteot-
omy of the first metarsal bone for severe hallux valgus a
wedge osteotomy is done one centimeter from the tarso-

(a)

(b)

Figure 20.4 Hallux valgus of the left foot in a 45-year-old fe-
male. Radiography taken on admission (a). Radiography after
chevron osteotomy fixed with one SR-polyglycolide rod one year
later (b).

metatarsal joint distally. The osteotomy is fixed temporar-
ily by a clamp. The tapped drill channel is made from the
distal metatarsus to the proximal through the osteotomy.
After countersinking the head one SR-PLLA screw (4.5
mm in diameter and 30–40 mm in length) is inserted to
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fix the osteotomy or the first tarsometatarsal arthrodesis.
By using proximal osteotomy, statistically slightly better
results were achieved in the treatment of metatarsus primus
varus and hallux valgus (96).

In talocrural arthrodesis the articular surface from all
parts of the joint is removed. Tibia, talus, and fibula are
compressed together with clamps. One drill channel is
drilled from the fibula through the tibia into the talus, one
from the medial side of the tibia into the talus, and one
anteriorly from the tibia to the talus. The arthrodesis is
fixed with three SR-PLLA screws. The union rate achieved
has been over 90% (11). Using this technique one redislo-
cation out of 25 operations was observed. In a study of 11
patients, 12 arthrodeses of the ankle joint were performed
by using bioabsorbable SR-PLLA (or SR-PGA) screws
(Fig. 5). Solid fusion was achieved in 11 of the 12 cases in
nine weeks (11). In subtalar arthrodesis, due to malposition

(a) (b)

(c) (d)

Figure 20.5 Posttraumatic osteoarthritis of the ankle in a 55-year-old female. Radiographs taken on admission (a, b). Radiographs
after arthrodesis fixed with one SR-polyglycolide and two SR-poly-l-lactide screws one and one-half years later (c, d).

after injury, osteoarthritis, or rheumatoid arthritis, the ar-
ticular surfaces from the talocalcaneal, the talonavicular,
and the calcaneocuboidal joint are removed. The surfaces
are compressed tightly together and fixed with three SR-
PLLA screws: one from the talus into the calcaneus, one
from the navicular bone into the talus, and one from the
calcaneus into the cuboid bone. The results, especially
after subtalar arthrodesis, have been excellent (18). In se-
vere destruction of the talocrural (TC) joint in osteoarthri-
tis (or rheumatoid arthritis), operative fusion is required.
In severe destruction of the subtalar joints in osteoarthritis
(or rheumatoid arthritis), operative fusion is required for
painless weight-bearing. The postoperative course was un-
eventful in all 21 cases operated at our department.

In the proximal tibial osteotomies for osteoarthritis of
the knee joint the fixation has been done with three screws
(54). Two screws are directed from the proximal tibia to
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the distal from the lateral side and one from the diaphysis
to the medial condyle. The fixation should be done using
either SR-PLLA screws of 4.5 mm in diameter or SR-
PLLA lag screws of 6.3 mm in diameter.

In the fixation of osteochondritis dissecans (OCD) of
the knee, bioabsorbable rods of 1.1, 1.5, or 2.0 mm in di-
ameter are used as a fixation device. In earlier operations
the open technique was used, and the OCD fragment was
reduced and usually fixed with one or two rods in the knee.
In the arthroscopic technique a rod, usually 30 mm in
length, can be inserted to fix the fragment. In our series
the results were excellent or good in 19/24 patients (97).
In one series it is concluded that the poly-l-lactide pin is
safe and useful in the fixation of three osteochondrites and
two osteochondral fragments in the knee joint (98).

It is possible to prevent or delay the course of the
rheuma disease, improve the function, and eliminate or di-
minish the pain with operations. Bioabsorbable devices
can be used in the following operative procedures for
rheuma patients when fixing bone, joint, or ligament: oste-
otomy, arthrodesis (especially PIP, DIP, IP, and base joint
of the thumb, trapezio-, metacarpo-, scaphotrapezio-,
wrist-, subtalar, and TC joint), and refixation (especially
the ulnar collateral ligament of the I metacarpophalangeal
joint). Polylactide (not polyglycolide) devices must be
used in rheuma patients.

A destroyed wrist mostly caused by rheumatoid arthritis
is an indication for arthrodesis. In this surgical technique
the synovial membrane, cartilage, and sclerotic bone from
the radiocarpal and midcarpal joints are removed. With a
drill bit of 3.2 mm a channel is drilled in the capitate bone
and radius. Some of the bone between the scaphoid and
lunate bones is removed. An SR-PLLA rod 3.2 mm by 50–
70 mm is inserted first in the radius with the other end
pushed back in the capitate bone. The rod will retain the
position until fusion has occurred. Fifty-three arthrodeses
(18 in the wrist, 18 in the hand, 6 in the talocrural joint,
and 11 in the subtalar-calcaneocuboid-talonavicular joint)
were performed on 47 patients using SR-PLLA screws and
rods with two nonunions in the TC arthrodeses (18).

Arthrodesis is indicated in the osteoarthritic or rheu-
matic destruction of the joint in the hand if it is painful
and causes continuous inconvenience for the patient. In the
surgery, the synovial membrane and the rest of the carti-
lage are removed until the proper angle is obtained. Re-
freshed and molded surfaces are compressed and held to-
gether with hands or clamps. The channels are drilled for
two crossed SR-PLLA rods with drillbits of the same size,
and the rods are inserted. In a study, 24 metacarpopha-
langeal arthrodeses fixed together with polylactide and me-
tallic rods were performed with union in 22/24 cases (99).

A destroyed I metatarsophalangeal joint owing to the
osteoarthritis or rheumarthritis is an indication for opera-
tion. Resection arthroplasty and arthrodesis are the opera-
tive methods used. In a randomized study, the first meta-
tarsophalangeal joint was fused in 39 patients with
rheumatoid arthritis using either bioabsorbable SR-PLLA
(3/20 nonunion) rods or Kirschner (0/19 nonunion) wires
(100).

VII. BIOABSORBABLE FIXATION IN
TRAUMATOLOGY AND ORTHOPEDIC
SURGERY IN CHILDREN

Certain fractures involving the growth plate need specific
consideration due to a growth disturbance often related to
them. Accurate reduction and internal fixation are essential
especially in types 3 and 4 according to the classification
of Salter and Harris (101). Metallic pins have been used
in the fixation of physeal fractures in children. In addition,
osteotomies and arthrodeses have been fixed with metallic
pins and with metallic screws. When bioabsorbable im-
plants were experimentally used in young rabbits, it was
found that the destruction of 7% of the cross-sectional area
of the growth plate caused permament growth disturbance
and shortening at the femur but that of 3% did not (4). In
one study, two SR-PGA pins 1.1 mm in diameter were
used in the fixation of experimental distal femoral physeal
fractures in rabbits (102), giving sufficient stability for
healing without any signs of impaired function of the
growth plate. Accordingly, SR-PLLA pins 1.1 mm in di-
ameter provided sufficient stability for healing of experi-
mental distal femoral physeal fractures of five-week-old
rabbits (103). In addition to small-fragment fractures, oste-
otomies, and arthrodeses, the self-reinforced implants can
also be used in the intramedullary fixation of growing bone
fractures even in the diaphyseal area (54).

Most physeal fractures and small-fragment fractures re-
quiring open reduction and internal fixation are suitable
for bioabsorbable rod fixation. Rod fixation with small-
diameter (1.5–2.0 mm) SR-PGA rods appears to be safe
even after transphyseal placement of the fixation rods. The
operation technique is partly the same as that with metallic
fixation. Our own series of 140 fractures in children treated
successfully with bioabsorbable rod fixation included
mostly elbow fractures (Fig. 6), ankle fractures, and frac-
tures of the phalanges and metacarpal bones (104). The
complications recorded were loss of reduction (2.8%), in-
accurate position of fixation or minor redisplacement
(1.4%), and superficial infection (0.7%). Transient reac-
tions (fluid accumulations, not sinuses) seem to be quite
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(a)

(b)

Figure 20.6 Displaced fracture of the lateral humeral condyle
in a 7-year-old girl. Radiography taken on admission (a). Radiog-
raphy (b) after open reduction and internal fixation with an SR-
PGA rod one year later.

rare in children (2.1%) and always mild in character. There
are many other investigations on pediatric fractures with
successful results (105–108).

Bioabsorbable implants made of PGA and PLLA have
been used in the fixation of metaphyseal osteotomies of
small bones, such as the base and distal part of the first
metatarsal bone in the treatment of hallux valgus. SR-
PLLA screws are suitable for fixation of pelvic osteotomy

(Chiari), whereas ultra-high molecular weight PLA screws
are well suited in rotational acetabular osteotomies to
transfix the acetabulum to the grafted bone and the pelvis
in children and adults (28 hips) (109) and in another 13
cases (hips, total 41) (110) in the treatment of congenital
hip dysplasia. ‘‘There were four postoperative complica-
tions. A small subcutaneous abscess occurred around the
nonabsorbable sutures in 2 hips within 1 year after opera-
tion that healed after removal of the suture material. An-
other hip had developed mild thrombophlebitis in the
lower leg of the operated side, which healed with aspirin.
A 55-year-old female patient developed itching local der-
matitis of unknown origin, 3 cm in diameter, on the skin
incision, 8 months after surgery. The result of the patch
test was negative for each of the following materials: lac-
tide, low-molecular weight poly-l-lactide and extract of
poly-lactide.’’ In addition, SR-PLLA screw fixation has
been successfully used to stabilize subtalar extra-articular
arthrodesis in the treatment of severe flatfoot and hindfoot
valgus deformity (111).

VIII. BIOABSORBABLE FIXATION IN
SUPPORTING SOFT TISSUE INJURIES

The common injury of skiers is the total rupture of the
ulnar collateral ligament of the first metacarpophalangeal
joint of the thumb. The fixation of ruptures of the ulnar
collateral ligament of the thumb is important (112). It of-
fers a fast, simple, and safe possibility to treat this common
sports injury. Seventy patients with clinically total rupture
were treated fixing the ligament with SR-PLLA minitacks.
Sixty-nine out of 70 patients healed without complications.
The results of this method were confirmed in another
study, which included 140 patients (113). Late ligament
instability in the ankle can be treated safely also by using
bioabsorbable tacks as a fixation device.

Another indication, the fixation of knee meniscus
bucket-handle lesions with SR-PLLA arrows, has pres-
ently gained more importance (114). The arthroscopic
technique has made it possible to fix a certain type of
meniscal tear instead of using the former suturing tech-
nique. The method to fix meniscus bucket-handle ruptures
with SR-PLLA arrows was developed (114,115) and
proved to be safe and the fastest way to treat these injuries
(116). In the operation, standard arthroscopic portals are
used for meniscus fixation in the posterior 2/3 of the me-
niscus. In the anterior lesion (1/3), accessory portals may
be necessary. The rupture is freshened with an arthroscopic
rasp and reduced. The cannula with a blunt obturator inside
is inserted. The obturator is removed. A channel is made



556 Rokkanen

with a special needle through the meniscus. Irrigation fluid
is retracted. The needle is retracted. The arrow is pushed
to the surface of the meniscus with the obturator via the
cannula. The implant is inserted by hammering into the
meniscus. The T-shaped head is left on as the surface of
the meniscus. The entire procedure is repeated at another
site (distance 5–10 mm). Two to four arrows are needed.

A third indication is the use of SR-PLLA plugs in con-
nection with reconstruction operations on the habitual dis-
location of the shoulder (117) and the Bankart lesion with
special tacks using the arthroscopical technique. There are
many different procedures to prevent the recurrent disloca-
tion of the shoulder joint. The Bristow–Latarjet operation
is one of the techniques in which the top of the coracoid
process is transferred. The fixation of the coracoid bone
block conjoined the tendon of coracobrachialis and the
short head of the biceps in the drill hole in the scapula
neck through the subscapularis tendon was tested with SR-
PLLA expansion plugs (117). In 33 patients, no dislocation
of the coracoid bone blocks was noticed. For a Bankart
lesion, it is possible to do the fixation with special tacks
using the arthroscopical technique (118–120).

IX. COMPLICATIONS OF
BIOABSORBABLE IMPLANTS

The general complication rates with bioabsorbable fixation
seem to be of the same magnitude as with metallic fixation.
Several bioabsorbable materials form small debris parti-
cles during the last stages of degradation. Therefore it is
important to know whether the resorption itself causes
complications. Comprehensive studies of the complica-
tions associated with bioabsorbable orthopedic devices are
limited, but extensive clinical experience with follow-up
times of up to 15 years is available.

When wound infection associated with bioabsorbable
or metallic devices used in the fixation of fractures, ar-
throdeses, and osteotomies was studied in 2114 operations,
the infection rate was 0.7% with pure SR-PLLA implants
but 4% with pure SR-PGA implants (121). When compari-
son of the infection rates was done between metallic (2073
patients) and bioabsorbable fracture fixation devices (1012
patients) in displaced ankle fractures, the infection rates
were 4.1% and 3.2%, respectively.

The cytological analysis of the material aspirated from
the effusion, which occasionally develops around a poly-
glycolic acid (PGA) osteosynthesis implant, showed a pre-
dominance of inflammatory monocytes and, in particular,
lymphocytes (122). This suggested that PGA is an immu-

nologically inert implant material that induces inflamma-
tory mononuclear cell migration and adhesion, leading to
a slight nonspecific lymphocyte activation.

Out of 216 patients with displaced malleolar fractures
operated on using bioabsorbable polyglycolide screws, 24
developed a transient local nonbacterial inflammatory re-
action on average 3 months after the operation. Upon histo-
pathologic examination, these tissue responses were found
to be nonspecific foreign-body reactions. No deleterious
effect of these tissue responses on the union of the fractures
could be detected (123). A series of 286 patients with uni-
malleolar or bimalleolar fractures were treated by open
reduction and internal fixation using cylidrical rods made
of polyglycolide (124). Among them 18 nonbacterial in-
flammatory tissue responses (6.3% of the total) occurred,
requiring surgical drainage. When Kirschner wires were
compared to PGA rods in the treatment of distal radial frac-
tures (Frykman types I, II, V, and VI) in 15 human cases,
PGA was associated with more foreign-body ractions at 3
to 6 months; in these cases the technique could be a caus-
ative factor, as the rods were placed partly outside the bone
(125). Nine out of 40 Colles fractures fixed with SR-PGA
rods developed sinus formation (126). FrØkjaer and
MØller (1992) (127) could not recommend SR-PGA rod
fixation for ankle fractures due to complications and osteo-
lysis. However, osteolysis or decreased density is a tran-
sient phenomenon (70,128,129). Also, the cases of knee
synovitis observed by Tegnander et al. (130) (1994) were
too early to result from PLA degradation. Such complica-
tions can be explained with the rod insertion technique or
with the lesion and operation itself. Tegnander et al. also
found high levels of Csa des Arg in plasma incubated in
the presence of polylactic acid with conclusions against
the biocompatibility of polylactic acid. However, the test
procedure has been found inadequatedly designed and the
conclusion not justified (131). Two cases of severe aseptic
synovitis of the knee were reported 8 and 13 weeks after
fixation of a fracture of the intercondylar eminence with
PGA rods (132). Both knees were treated by surgical revi-
sion and synovectomy. Histologic examination revealed a
severe foreign-body type of reactive synovitis in the ab-
sence of infection. Local complication after fixation of dis-
placed ankle fracture with PGA rods was reported in two
cases (133).

Although complications with the use of bioabsorbable
fixation are similar to those of any method of internal fixa-
tion, polyglycolide polymer may cause a clinical foreign-
body reaction. This occurs 8–16 weeks after the operation
but has nothing to do with bone healing. Aspiration with
a needle of 1.1 mm is necessary in painful or reddish fluid
accumulation and an incision and antibiotics in sinuses.
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Complete healing is reached in a few weeks. The incidence
of the fluid accumulation when using polyglycolide im-
plants has been recently lower than 2% and has hardly ever
occurred with the use of polylactide implants (58). To
avoid this complication the accurate operative technique
is essential, which is also emphasized in this article.

X. THE FUTURE OF BIOABSORBABLE
SELF-REINFORCED COMPOSITES IN
ORTHOPEDICS AND TRAUMATOLOGY

The advantages of bioabsorbable implants are significant.
Osteoporosis and other harmful consequences associated
with rigid metallic implants can be avoided. The avoidance
of implant removal procedures results in financial benefits
and psychological advantages. The bioabsorbable devices
are especially suitable for arthroscopical and other mini-
mum-invasive surgical techniques. The advantages of
these implants are not only limited to the mechanical func-
tion. They themselves have osteogenic potential. With
these polymeric implants it is also possible to combine
physiologically active components which accelerate or fa-
cilitate tissue healing and prevent or heal infections.

The application of bioabsorbable SR composites such
as rods, screws, and tacks is expanding rapidly. The annual
number of operations with devices manufactured from
these materials has increased steadily over the past years.
This means that surgeons have accepted the use of these
implants in certain well-defined circumstances. The main
goals are to improve the properties of implants and develop
surgical techniques suitable for use with bioabsorbable im-
plants. Research is continuing in several units where it has
been started already years ago (134–137).

The latest SR composites are strong enough for frac-
tures of load-bearing cancellous bones to be fixed without
a plaster cast and with an early mobilization of the patient.
Cortical bone osteotomies have also been securely fixed
on an experimental basis and clinically in hand and foot
surgery.

Bioabsorbable fixation devices have been in clinical use
in orthopedic surgery for 15 years. The cumulative number
of operations with self-reinforced bioabsorbable implants
in surgery has exceeded 300,000. In addition, other bioabs-
orbable implants than SR bioabsorbable implants increase
the total number operations performed. The number of sur-
gical applications will continue to increase in orthopedics
and also in other surgical specialities, so that in the future
these implants will have a more significant part in modern
surgical technique.
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absorbable fixation in traumatology and orthopaedics
(BFTO). Definitive fracture care at one operation (P. Rok-
kanen, ed.). University of Helsinki, Department of Sur-
gery, and Kuopio University Hospital/Copy Center, Kuo-
pio, Finland, 1997.
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120. U. Väätäinen. Arthroscopic repair of bankart lesion using
PLA-tacks. Operation technique. In: Seminar on Absorba-
ble Fixation Devices in Bone and Ligament Surgery (E.
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vensalo, E. K. Partio, P. Törmälä, P. Rokkanen. Wound
infections associated with absorbable or metallic devices
used in the fixation of fractures, arthrodeses and osteoto-
mies. Eur. J. Orthop. Surg. Traumatol. 5:41–43 (1995).

122. S. Santavirta, Y. T. Konttinen, T. Saito, M. Grönblad, E.
Partio, P. Kemppinen, P. Rokkanen. Immune response to
polyglycolide acid implants. J. Bone. Joint. Surg. 72-B:
597–600 (1990).
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I. ARTIFICIAL JOINTS

A. History of Artificial Joints

A typical view of a joint is shown in Fig. 1a; it is composed
of bone, cartilage, a joint capsule, joint fluid, and liga-
ments. When the cartilage has large lesions as shown in
Fig. 1b, some replacement or regeneration of the joint is
required (1). Several regenerative treatments, including
bone osteotomy, autograft, and cultured cell implantation,
have been developed, but joint replacement with an artifi-
cial joint is the most common and effective treatment for
the aged. The use of biological and inorganic materials for
joint arthroplasty became popular in the early twentieth
century. Deformed or ankylosed joint surfaces were con-
toured and an interpositional layer inserted to resurface the
joint and allow motion, as shown in Fig. 2a. Fascia lata
grafts, periarticular soft tissues, and gold foils were tried
as the interpositional layer. Then cup authroplasty and joint

* Part I of this chapter is by Nagata and Tomita; Part II is by
Fujita.
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head replacement, as shown in Fig. 2c, were also used for
hip and finger joints as shown in Fig. 2b and c. They be-
came the standard operation for hip reconstruction until
the advent of modern total hip arthroplasty. The artificial
joint in the restricted sense should have an artificial articu-
lating joint mechanism as shown in Fig. 2d. The modern
total joint arthroplasty was pioneered by McKee (1951)

Figure 21.1 Typical view of joints. (a) Normal joint; (b)
arthrotic deformity.
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Figure 21.2 Typical view of arthroplasty for deformed joint.

and by Charnley (1961) (2,3,4) after several abortive at-
tempts. Figure 2d shows schematics for modern total
arthroplasty established by Sir John Charnley. The artifi-
cial joint has a sliding interface using a combination of a
hard material against a soft material. He used a metallic
femoral head as the hard material and a polytetrafluoror-
thylene shell as the soft material. He then cemented the
stem and cup with cold-curing acrylic cement (polymethyl-
methacrylate) to fix the components securely in the bone
and to transfer stress more uniformly. The polytetrafluo-
roethylene was replaced by high-density polyethylene
(HDP) and later by ultrahigh molecular weight polyethyl-
ene (UHMWPE) because of its excessive wear and tissue
reaction. The metal-on-metal total hip arthroplasty did not
prove satisfactory at that time because friction and metal
wear could not be prevented.

Typical shapes for artificial hip and knee prostheses are
shown in Fig. 3 and Fig. 4. Motion in hip prostheses is
universal but there is only one center for bending and rotat-
ing, whereas knee prostheses should bear more compli-
cated motion, including flexion, rotation, and anterior–
posterior sliding. The contact area on the sliding surface
of knee prostheses is narrower than that of hip prostheses
because of the difference in movement.

Figure 5 shows a rough estimation for the prognosis
of total hip replacement. Incidence of infection has been
diminished because of improvements in surgical equip-
ment and technique. Obviously, loosening is the most seri-

Figure 21.3 Schematic drawing of a typical artificial hip joint.

ous problem in modern total joint replacement. Loosening
is caused by mechanical loading, but the UHMWPE wear
particles generated at the articulating surfaces are thought
to accelerate the loosening process.

B. Ultra-High Molecular Weight Polyethylene
for Articulating Surfaces

Ultra-high molecular weight polyethylene (UHMWPE)
has been used as the bearing material in total joint prosthe-
ses (hip, knee, ankle, shoulder, elbow, and wrist) implanted
since the 1960s. UHMWPE was chosen because of its
unique material properties, such as a low friction coeffi-

Figure 21.4 Schematic drawing of a typical artificial knee joint.
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Figure 21.5 Rough estimation for prognoses of total hip re-
placement.

cient, high resistance to wear, high impact resistance, high
ductility, and stability in the body (5). However, producing
the UHMWPE implant is complicated due to its high mo-
lecular weight. Research and development efforts in the
manufacturing process of UHMWPE are the key points for
improvements in quality.

1. Structure and Properties of UHMWPE

UHMWPE is a linear type of polyethylene that has a
branching chain loosely contained in one chain (Fig. 6).
The molecular weight of UHMWPE is extremely high,
normally in the range of two to six million. These values
are in contrast to 20,000 to 300,000 for regular polyethyl-
enes such as high-density polyethylene (HDPE), low-
density polyethylene (LDPE), and linear low-density poly-
ethylene (LLDPE) (6). The UHMWPE molecular chain
arrangement in the solid state is HDPE, which consists of
highly ordered chain-folded crystallite regions and a rela-
tively unoriented amorphous region. Long tie molecules
in the amorphous region connect the crystalline with the
surrounding crystalline. The major difference between
the morphology of UHMWPE and that of HDPE is that the

Figure 21.6 Chemical structure of UHMWPE.

number and chain length of the tie molecules in UHMWPE
is much higher than that in HDPE (7). This is the reason
that UHMWPE exhibits superior physical properties and
resistance to wear in regular polyethylene and various
types of polymers (Table 1, Fig. 7) (7,8). UHMWPE also
exhibits superior impact strength. Figure 8 shows a charac-
teristic curve correlating impact strength with the molecu-
lar weight of polyethylene. The impact strength increases
with increasing molecular weight initially, reaches a maxi-
mum, and decreases slightly upon a further increase in mo-
lecular weight in the ultra-high molecular weight region
(9,10).

The density of polyethylene decreases with the increas-
ing molecular weight of polyethylene as shown in Fig. 9.

Table 21.1 Physical Properties of Polyethylene

Ultra-high
High-density molecular

Property polyethylene polyethylene

Molecular weight/millions 0.05–0.2 2.6
g ⋅ mol�1

Melting point/°C 130–137 125–135
Density/g ⋅ cm�3 0.952–0.965 0.930–0.945
Tensile yield/MPa 26.2–33.1 19.3–23
Elongation at break/% 10–1200 200–450
Tensile modulus/MPa 400–4000 600–1500
Izot impact/J ⋅ m�1 21–210 �1070–no break
Shore-D hardness 67–73 60–65



566 Tomita et al.

Figure 21.7 Izod impact strength of various polymers.

There always exists a correlation between crystallinity and
density for crystalline polymers. The crystallinity and den-
sity of UHMWPE are lower than that of HDPE, due to the
high molecular weight and chain structure. The crystallin-
ity of UHMWPE, estimated with the use of differential
scanning calorimetry, lies in the range of 45 to 65%, while
that of HDPE is 70% or higher (10,13).

2. Synthesis of UHMWPE

Figure 10 shows the manufacturing process of UHMWPE
for artificial joints. The synthesis of UHMWPE is con-
ducted with use of a Ziegler and Natta coordination cata-
lyst under low pressure. The catalyst is made from titanium
chloride and an aluminum alkyl compound. The polymer-
ization reaction is a heterogeneous system involving a hy-

Figure 21.8 Relationship between molecular weight and im-
pact strength of polyethylene.

Figure 21.9 Relationship between molecular weight and den-
sity of polyethylene.

drocarbon solvent (hexane), ethylene gas, and the catalyst.
The polymerization is typically conducted at pressures be-
tween 0.4 and 0.6 MPa, at a temperature between 66 and
90°C (6,8). The polymerization results in a fine granular
white powder. In some grades, a very fine calcium stearate
powder is added after isolation and drying of the reactant
powder. There are mainly two companies manufacturing
UHMWPE for medical applications: Ticona (Hoechst,
Hostalen GUR) and Montell (Himont, HiFax). The powder
properties of typical grades of UHMWPE are shown in
Table 2.

3. Processing of UHMWPE

When UHMWPE is melted, it does not flow easily, as low
molecular weight polyethylenes such as LDPE and HDPE

Figure 21.10 Manufacturing process of UHMWPE for artificial
joints.
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Table 21.2 Powder Properties of Typical UHMWPE Grades
(Ticona; Hoechst, Hostalen GUR)

Mean Intrinsic
particle viscosity Molecular Calcium

Grade size/µm η/dl ⋅ g�1 weighta � 104 stearate

GUR1120 120 1920 308 �50 ppm
GUR1150 120 2700 490 �50 ppm
GUR1020 120 1920 308 �5 ppm
GUR1050 120 2700 490 �5 ppm

a ASTM method: Molecular weight � 5.37 � 104 � [η]1.37

do, owing to its high molecular weight and excessive en-
tanglement (Fig. 11) (9). When UHMWPE is heated above
its crystalline melting temperature (125–135°C), the resin
becomes rubbery but does not flow. Scanning electron mi-
croscopy (SEM) images of UHMWPE powder heated at
160, 180, and 200°C are shown in Fig. 12. A specimen
heated to 200°C shows a highly granular structure in which
the original powder particles are clearly evident. The
method of fabricated forms for commonly used thermo-
plastics cannot be applied to process UHMWPE due to
this extremely high melt viscosity. The processing of
UHMWPE requires a proper combination of temperature,
high pressure, and time to achieve complete plastification.
Three methods are currently used to make artificial joints
with UHMWPE. These methods are ram extrusion, com-
pression molding, and direct compression molding (Figs.
13, 14, and 15). For each method the goal is to apply
enough temperature and pressure to UHMWPE powder to
insure that the particles are fully sintered.

Figure 21.11 Relationship between molecular weight of poly-
ethylene and melt flow rate.

Figure 21.12 Scanning electron micrograph of UHMWPE par-
ticles at various temperatures.

Figure 21.13 Manufacturing process of ram extrusion and
compression molding for UHMWPE implants.
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Figure 21.14 Manufacturing process of direct compression
molding for UHMWPE implants.

a. Ram Extrusion

Ram extrusion of UHMWPE is essentially a continuous
compression. A ram extruder consists of a hydraulic ram
and a heated die. Rods are produced by feeding UHMWPE
powder into an electrically heated die (from 5 to 15 cm in
diameter, 180–220°C), in which a plunger driven by an
oil hydraulic mechanisms is moved backward and for-
wards for compression (8,9). Following ram extrusion, the
rods are annealed at a temperature slightly above the melt-
ing temperature of UHMWPE in order to improve the ma-
terial dimensional stability. The implant is then machined
from this bar stock. Over 90% of all the UHMWPE fabri-
cated forms for surgical implants are prepared by this
method.

b. Compression Molding

Compression molding is used to manufacture sheets or
blocks. A metal mold, made of steel, stainless steel, or alu-
minum, is filled with UHMWPE powder. The mold is then
inserted into a press that has heating and cooling capabili-
ties. Heating at temperatures of 200 to 230°C is continued
under pressures of 2 to 10 MPa until the powder has plasti-
cized completely. After plastization is completed, the hot

Figure 21.15 Manufacturing process of the flow of direct com-
pression molding for UHMWPE knee implants.

mold is cooled gradually at a controlled rate. The sintered
UHMWPE sheet or block is demolded. The implant is then
machined from the sheet or block.

c. Direct Compression Molding

UHMWPE can also be directly compression molded into
final inserts. Direct compression molding results in a sin-
tered insert that is fully consolidated and exhibits largely
uniform properties. A metal mold designed for surgical im-
plants is filled with UHMWPE powder. The powder is then
heated under pressure until the powder has plasticized
completely. After plastization is completed, the hot mold
is cooled gradually at a controlled rate. The sintered im-
plants are demolded.

In direct molding, the UHMWPE powder is usually
heated at temperatures of 200 to 240°C under pressure
from 5 to 10 MPa (Fig. 16). There are manufacturing de-
fects such as fusion defects, macro voids, and grain bound-
ary in sintered implants that were fabricated under in-
sufficiently plastisized conditions such as inadequate
temperature, pressure, or time (Fig. 17). The defects are
formed by incomplete particle consolidation between some
adjacent powder particles. The scanning electron micro-
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Figure 21.16 Typical processing conditions of direct compres-
sion molding.

Figure 21.17 Scanning electron micrograph of a fractured sur-
face of UHMWPE plate fabricated by direct compression mold-
ing under insufficient condition.

Figure 21.18 Scanning electron micrograph of fractured sur-
face of UHMWPE knee implant fabricated by ram extrusion.

graph of the fracture surface of an unused UHMWPE knee
implant produced by a ram extruder is shown in Fig. 18.
Several fusion defects, other than rigid surfaces that are
fully consolidated between adjacent powder particles, are
observed in the implant. The defects may lower the me-
chanical properties of UHMWPE implants and make them
more susceptible to fatigue damage (14,15). Figure 19
shows a photograph of a retrieved knee implant. Damage

Figure 21.19 Photograph of a retrieved knee implant.
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Figure 21.20 Photograph of a microtomized thin section of a
UHMWPE implant.

such as a delamination and breaking is likely due to fatigue
correlated by material processing and oxidation of the
UHMWPE implants. The defects may become a diffusion
path for oxidants such as oxygen in the air or hydrogen
peroxide in body fluids, causing oxidation of UHMWPE
(Fig. 20).

d. Calcium Stearate

Calcium stearate is added to UHMWPE for neutralization
of the catalyst, improvement of melt flow, and reduction
of wear and tear of the tool dies used to shape the final
implants. The grade containing calcium stearate is standard
for industrial use. However, it has been reported that fusion
defects are associated with the presence of calcium stea-
rate, and that use of UHMWPE source resin, which was
free of calcium stearate results in improved material con-
solidation and wear resistance (16,17,18). Figure 21 shows
the optical micrographs of microtoming thin sections of a
plate prepared by direct compression molding using
UHMWPE source resin of different calcium stearate con-
tents. The visible grain boundaries in the plate become ob-
vious with an increase in calcium stearate content. In spite
of the high molecular weight, the plate prepared with cal-
cium-stearate-free resin has no visible grain boundaries or
fusion defects.

e. Sterilization

Sterilization is performed after packaging. There are sev-
eral sterilization methods for surgical implants, such as dry
heat, steam under pressure, steam–formaldehyde, ethylene
oxide (EtO) or other chemicals, and irradiation (60Co, 137Cs,
accelerated electron). Some of these procedures including
steam autoclave are not recommended because the high

Figure 21.21 Photograph of a microtomized thin section of a
plate fabricated by direct compression molding using various
grades of UHMPWE powder.

temperature may affect UHMWPE properties and product
dimensions. Currently, γ-ray irradiation from a cobalt
source and EtO sterilization are commonly used as the ster-
ilization methods for UHMWPE. The FDA requires that
a minimum dose of 2.5 Mrad be used for γ-ray sterilization.
The sterilization of EtO does not affect the mechanical
properties or wear resistance of UHMWPE implants. γ-
ray sterilization, in the presence of oxygen, can result in
property changes in UHMWPE implants. γ-ray energy that
destroys microbes on the implant surfaces also causes
chemical reactions, such as oxidative chain scission, re-
combination, and cross-linking, to occur within the poly-
ethylene (15). It is reported by many researchers that the
oxidation of UHMWPE implants from γ-ray sterilization,
in the presence of oxygen, may reduce the mechanical
properties and wear resistance of UHMWPE implants
(8,20,21).

f. Oxidation

It has been reported that UHMWPE oxidizes after γ-ray
sterilization and that the process of oxidation continues
after implantation (8,19,21–27,29–31). The γ-ray energy
causes a chemical reaction from the breaking of carbon–
hydrogen and carbon–carbon bonds, which results in the
production of free radicals in the polyethylene molecule.
These free radicals react with oxidants, such as oxygen in
the air or hydrogen peroxide in body fluids. The free radi-
cals also undergo reactions of recombination and cross-
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Figure 21.22 Predictive model of UHMWPE oxidation.

linking to other polyethylene molecules (19,27) (Fig. 22).
During heating at temperatures exceeding the crystalline
melting point of UHMWPE, particle fusion and cross-
linking to other chains and chain scission occur simulta-
neously. These chemical cause changes in the physical
properties of the UHMWPE implant.

Oxidation of polyethylene is a chemical attack that
leads to a combination of chain scission and the introduc-
tion of oxygen containing groups, such as keton, alcohol,
ester, and hydroxylic acid, into the molecules. Chain scis-
sions, which take place during oxidation, lead to a relevant
reduction of molecular weight. When the original UHM-
WPE has a molecular weight of 4 million, five chain scis-
sions depress the molecular weight to 70,000, which is the
typical molecular weight of regular polyethylene (HDPE,
LDPE, and LLDPE). Figure 23 shows optical micrography
of a UHMWPE knee component. The knee component was
fabricated by ram extrusion, sterilized by γ-ray irradiation
in air, and then stored for 7 years. A white area, a so called
white band, can be seen along the edges of a section about
0.5 mm in depth and 2 mm in width. The chemical results
of oxidation are the formation of carbon–carbon double
bonds and the introduction of oxygen-containing groups
such as ketone, ester, or hydroxylic acid into the polymer.
Fourier transform infrared spectroscopy (FT-IR) has been
shown to be a convenient and effective method for the di-
rect detection and determination of relative amounts of
these types of chemicals (30) (Fig. 24). The IR peaks of
oxygen-containing groups appear in the range of 1600
cm�1 to 1800 cm�1 (19,23). The integrated peak area in
this range is proportional to the amount of oxidized UHM-

Figure 21.23 Photograph of a microtomized thin section of a
UHMWPE knee implant fabricated by ram extrusion and steril-
ized in air.

WPE and can be used to quantify the extent of oxidation.
The oxidation index—the oxidized peak area is divided by
the peak area of 1464 cm�1 assigned to the CH2 group—
is often used (10) in order to have a valid comparison from
sample to sample. Figure 25 shows a typical oxidation pro-
file for a knee implant fabricated by ram extrusion after γ-
ray sterilization in air and shelf aging for 7 years (30). The
oxidation index shows a maximum at the subsurface area,
which corresponds to the depth of the white band area seen
in the section of oxidized UHMWPE implant. UHMWPE
implants sterilized with γ-irradiation are known to undergo
oxidative degradation, both while being stored on the shelf
and after implantation. The oxidative degradation of im-
plants results in both changes in chemical properties and
changes in physical properties such as density, mechanical
properties, and wear resistance. Oxidation would be ex-

Figure 21.24 IR spectra of a microtomized thin section of a
UHMWPE knee implant fabricated by ram extrusion and steril-
ized in air.
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Figure 21.25 Depth profile of oxidation index for a UHMWPE
knee implant fabricated by ram extrusion and sterilized in air.

pected to increase the modulus and brittleness of polyeth-
ylene. Increases in density near surfaces (subsurfaces) of
an implant cause major increases in the stress associated
with wear damage (delamination) that occurs on and near
the surfaces. The oxidative degradation of implants may
lower the mechanical properties of UHMWPE and make
them more susceptible to fatigue damage owing to chain
scission, effectively turning them into regular polyethyl-
ene. In order to prevent the oxidative degradation, most
manufacturers currently use γ-irradiation in a vacuum or
inert gas to sterilize their products. The reduction of oxida-
tive degradation leads to a minimum amount of chain scis-
sion and an increase in cross-linking, which preserves the
mechanical properties associated with wear resistance.

4. Wear Properties of UHMWPE

Medical grade ultra-high molecular weight polyethylene
(UHMWPE) is the current material of choice for use as a
bearing surface in artificial joints because it offers high
toughness, a low friction coefficient, and low wear in the
body. However, UHMWPE also remains as the limiting
factor for the longevity of joint replacement. Artificial hip
joints do not generally wear out, but UHMWPE wear parti-
cles generated at the articulating surfaces can enter the tis-
sues surrounding the prosthesis and cause adverse cellular
reactions as shown in Fig. 26. Since loosening of the stem
is thought to be accelerated by the cellular reactions, tribo-
logical performance is one of the most important character-
istics of UHMWPE.

Figure 27 shows a typical classification of polyethylene
wear for artificial joints proposed by the Leeds University
group (32). Microscopic wear of UHMWPE is caused by
abrasion against hard material, such as the metal surface
of a joint, and is associated with very small asperities or
smooth counterfaces (less than 0.2 micrometers). The mi-

Figure 21.26 Schematic illustration of an artificial hip joint.
Wear particle produced at sliding surface accelerates the loos-
ening.

Figure 21.27 Classification of wear for artificial joints.



Polymers for Artificial Joints 573

Figure 21.28 Comparison of abrasion properties between
UHMWPE and other materials.

croscopic wear is characterized by the formation of parti-
cles with diameters smaller than 1 micron. Macroscopic
polymer asperity wear processes are associated with stress
concentrations under the much larger peaks in the UHM-
WPE surface (amplitude less than 10 micrometers). Struc-
tural failure and fatigue is called delamination wear. This
failure is initiated by high stress at the subsurface of UHM-
WPE, followed by sudden explosive destruction and the
formation of particles with diameters greater than 0.5 mm.

Generally, microscopic wear corresponds to abrasive wear
and macroscopic wear corresponds to adhesive wear. UHM-
WPE shows high resistance against abrasive wear as shown
in Fig. 28, where the sand slurry abrasive wear test for various
materials was performed. The abrasion resistance of UHM-
WPE is the highest of the various materials (2,5). The abra-
sive wear resistance is seen to increase with linearly increas-
ing molecular weight as shown in Fig. 29. It is reported that
the abrasive wear rate for a variety of polymers increased
with the inverse of the product of the ultimate tensile strength
and the tensile elongation at break and toughness.

The mechanism for the macroscopic wear seen in the
body has not been clarified yet. UHMWPE and polytetra-
fluoroethylene demonstrated very low coefficients of friction
as shown in Table 3 (5). The low coefficient of friction can

Figure 21.29 Relationship between molecular weight of poly-
ethylene and abrasion weight loss.

be explained by transfer film lubrication: a very thin film of
polymer is transferred to the opposing surface and this leads
to the resultant coefficient of friction being very low. How-
ever, the formation of the transfer film cannot be observed in
the body or in wear testing using bovine serum as lubricant.

There has been no simple test device that would yield
wear rates and wear mechanisms similar to those found in
retrieved prosthetic joint components. The wear factors ob-
tained for UHMWPE against polished Co-Cr alloy in serum
are of the order of 10–8 mm3/Nm or almost negligible by
pin-on-disk testing in which a polymer pin slides against a
unidirectionally rotating or reciprocating plate. However,
the clinical wear factors measured from retrieved acetabular
cups of total hip prostheses are of the order of 10–6 mm3/
Nm or more. Some of the joint simulator testing yields wear
rates and mechanisms similar to those in clinical studies
but were expensive and had poor reproducability.

A simple testing method is required for wear and fric-
tion studies of prosthetic joint material. Recently, the effect

Table 21.3 Coefficient of Friction of
Various Polymers (ASTM1894)

Coefficient of
Polymer kinetic friction

Polycarbonate 0.36
Polypropylene 0.38
Polyamide 6 0.36
Polyacetal 0.18
HDPE 0.12
Polytetrafluoroethylene 0.04–0.10
UHMW-PE 0.10–0.22
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of multidirectional motion on the wear behavior of
UHMWPE has been reported by several groups. Besong
et al. reported that the number of wear particles produced
in multidirectional wear testing was 26 times higher than
that in unidirectional testing. Some of them advocated the
importance of molecular orientation at the surface layer.
Sambasivan et al. reported that unidirectionaly rubbed
UHMWPE shows higher average molecular orientation
than in cross-shearing rubbed UHWPE. Although the
mechanisms for the effect of multidirectional sliding have
not been clarified, multidirectional testing may open up a
road to evaluating wear performance in the body.

5. Fatigue Properties of UHMWPE

Flaking type wear, so-called delamination, is often ob-
served in polyethylene knee components as shown in Fig.
19. This wear can be classified as structural wear (32)
caused by structural failure and fatigue. This failure will be
initiated by high stress at the subsurface of the UHMWPE,
followed by sudden explosive destruction accompanying
the formation of particles with diameters greater than 0.5
mm as shown in Fig. 27. This destruction is thought to
occur due to crack or defect formation and propagation and
is accelerated by oxidation at the grain boundaries. How-
ever, this fatigue process has not yet been studied in detail,
because the UHMWPE components have a complicated
structure along with defects such as grain boundary and
crystalline amorphous phase interface as shown in Fig. 30.

Figure 21.30 Structure of UHMWPE.

Figure 21.31 Schematic illustration of the scanning acoustic
tomography (SAT) system 6.

Moreover, the methods available for fatigue study are quite
limited, and detailed investigation of subsurface crack for-
mation and propagation is obstructed by the difficulty of
cleanly cutting UHMWPE products to produce a specimen
suitable for outer surface and subsurface study. Scanning
acoustic tomography (SAT, Fig. 31) is one possible method
for estimating the crack or defect formation and propaga-
tion in UHMWPE (33–35). Figure 32 shows a photograph

Figure 21.32 Photograph (a) and SAT image (b) of retrieved
UHMWPE knee component.
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and SAT image of a tibial component that has neither ap-
parent severe wear nor flaking on the surface. However, it
is obvious that subsurface cracks or defects are represented
in the SAT image as dots at the loaded site. The accumu-
lated area of subsurface cracks or defects evaluated by SAT
is shown in Fig. 33, where the delamination destruction
was reproduced by sliding fatigue testing. Fatigue seems
to develop slowly during the early and middle stages after
implantation, followed by sudden explosive destruction. A
cross-sectional view of the UHMWPE sample showed
some amount of looseness at the grain boundary of UH-
MWPE.

Numerous studies have reported a significant influence
of gamma-irradiation on the UHMWPE delamination (36–
43). Sun et al. (44) found that the maximal subsurface oxi-
dation level of gamma-sterilized UHMWPE components
peaked at a depth ranging from 0.2 to 0.8 mm below the
surface. This depth is almost identical to where maximal
residual strain was stored, found by analysis using a consti-
tutive equation for cyclic plasticity (45,46). Probably, oxi-
dation caused by gamma-irradiation has accelerated the
fatigue process of polyethylene. Indeed, our study on ex-
plants revealed that flaking-like destruction or apparent
propagation of subsurface cracks occurred in UHMWPE
components sterilized by gamma-irradiation.

Figures 34–36 (47) shows results obtained by a two-
dimensional sliding fatigue testing machine, where UHM-
WPE specimens were fixed on a computer-controlled X–
Y table and loaded by a round rod. The end of the rod

Figure 21.33 Cracks observed in UHMWPE loaded with
Si3N4 balls (r � 5 mm) sliding on the specimen (load � 1000
N).

Figure 21.34 Cracks observed in UHMWPE loaded by a
rounded rod (r � 3 mm) moving two different locis.

was made into a half ball with a curvature radius of 3 mm
polished with cloth into a surface roughness value (Ra) of
0.3–0.4 µm. A pressure of 196 N was applied to the speci-
men through the rod. Twenty minutes was adapted as the
stationary period before the start of the sliding movement.
The end of the rod was sunk into the specimen during the
20-minute stationary period. Two simple patterns of slid-
ing movement were adopted; simple reciprocating (pattern
1) or switched reciprocating (pattern 2), movement which
consisted of two parallel lines at a distance of 1 mm and
was switched at every other cycle of the reciprocating
movement. Surrounding water in the chamber was main-
tained at 37°C, and the number of loadings in the observed
area was 200,000 cycles. Subsurface cracks that formed in
the middle portion of the loaded area were measured by
SAT.

Figure 34 clearly demonstrates that complicated sliding
motion (pattern 2) accelerates crack formation and/or
propagation below the surface. This result suggests that
the locus of the sliding movement is an important factor. It
is likely that multidirectional fatigue loading causes tensile
strain at grain boundaries to accelerate the fatigue process.
Gamma-irradiated UHMWPE specimens demonstrated
lower rates of crack formation than unirradiated specimens
under pattern 1 movement as shown in Fig. 35, whereas
flaking-like destruction was observed in the gamma-irradi-
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Figure 21.35 Cracks observed in UHMWPE loaded by a
rounded rod (r � 3 mm) moving on pattern 1 locus.

ated UHMWPE under pattern 2 movement as shown in
Fig. 36. One out of five gamma-irradiated UHMWPE spec-
imens exhibited relatively low crack area, suggesting that
the flaking-like destruction would occur suddenly from a
low-cracked state. These results suggest that the gamma

Figure 21.36 Cracks observed in UHMWPE loaded by a
rounded rod (r � 3 mm) moving on pattern 2 locus.

irradiation reduces crack formation but increases crack
propagation under multidirectional sliding.

6. New Processing of UHMWPE

The aim of many researchers in high performance implants
has been to alter the properties of UHMWPE by changing
its morphological characteristics by various manufacturing
processes. It is reported that crystallinity in polyethylene
can be increased without causing degradation by using
temperatures greater than 250°C and pressure greater than
2,800 atmospheres (8,31,49). It is also reported that UHM-
WPE with crystallinity over 80% can be prepared by re-
crystallization of solid UHMWPE with crystallinity of
50% without degradation of the original material.

a. Cross-Linking

UHMWPE is cross-linked by low-dose (2–5 Mrads) γ-ray
sterilization in a vacuum or inert gas and then stored in an
oxygen-free environment or heat-treated at a temperature
below the melting point in a vacuum or inert gas owing
to the inactivation of free radicals (50,51). UHMWPE ster-
ilized by this favorable cross-linking has a low density,
low crystallinity, and a higher insoluble fraction than UH-
MWPE that is γ-sterilized in air. It is reported that the in-
crease in the favorable cross-linking of UHMWPE results
in a significant improvement in wear resistance as com-
pared to both γ-ray sterilization in air and EtO sterilization;
hip simulator tests indicated a 49% decrease in wear rate
for the samples irradiated in a vacuum relative to samples
irradiated in air (Fig. 37), and a 36% decrease in wear rate

Figure 21.37 Direct compression molding in vacuum.
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for samples irradiated in a vacuum relative to samples ster-
ilized using EtO (52). The UHMWPE implants treated in
a vacuum have the greatest wear resistance, presumably
due to the increased cross-linking in the polyethylene.

UHMWPE is cross-linked by low-dose γ-ray irradiation
(�2.5 Mrad) in a vacuum and then directly compression-
molded into final inserts at a temperature of 200°C under
pressure of 20MPa owing to orientation of the polyethyl-
ene chains and inactivation of free radicals. The wear fac-
tor of the samples significantly decreased with an increase
in the degree of orientation of the UHMWPE (53). This
suggests that the wear resistance of implants is improved
by the cross-linked orientation of UHMWPE.

Many kinds of cross-linked UHMWPE have been de-
veloped and used in clinical applications (54–56).

b. Vitamin E Addition

The effect of vitamin E on crack formation and/or propa-
gation in UHMWPE was evaluated using two-dimensional
sliding fatigue testing and microindenter testing. Figure 38
(47) shows the effect of vitamin E on the delamination
destruction. All the irradiated vitamin E–containing speci-
mens did not demonstrate flaking-like destruction. Both
crack formation and flaking-like destruction were signifi-
cantly prevented by adding vitamin E. The amount of vita-

Figure 21.38 Cracks observed in vitamin E added UHMWPE
loaded by a rounded rod (r � 3 mm) moving on pattern 2 locus.

Figure 21.39 Dynamic hardness at the surface of a UHMWPE
specimen.

min E at 0.1 and 0.3% demonstrated no apparent difference
in this experiment. The effect of vitamin E on the delami-
nation destruction is thought to be caused by many factors.
However, it is possible that the presence of vitamin E pre-
vents crack propagation in part due to reduced hardness at
grain boundaries. Results of the microindentation testing
are shown in Fig. 39 (47), where dynamic hardness at the
grain boundary was higher than in the grain and was in-
creased by gamma-irradiation. This hardening at the grain
boundary was reduced by adding vitamin E in UHMWPE.
The gamma-irradiated vitamin E–containing UHMWPE is
a promising material to prevent flaking-like destruction of
polyethylene joint components.

II. BONE CEMENT

Surgeons must thoroughly understand the background of
self-curing acrylic cement to appreciate the mechanism of
fixation and the biological interaction between bone and
cement and to deal with problems arising from defective
fixation of a total hip prosthesis. Space limits a complete
account of self-curing cement; the reader is strongly urged
to review Charnley’s original report and the appropriate
references (57,58) at the end of this chapter. The goal of
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this chapter is to review the general aspect of the available
acrylic cements as well as modern cementing techniques.
Our new challenges of improving the bone cement and in-
tramedullary plug are also discussed.

A. History of Bone Cement

The successful use of acrylic cement for fixation of total
hip implants was one of Sir John Charnley’s major contri-
butions. At the suggestion of Dr. Dennis Smith of the mate-
rials laboratory of the Manchester University Dental
School, he began to work with polymethyl methacrylate
(PMMA), which was being used for the construction of
temporary dentures.

The industrial form of polymethyl methacrylate is fa-
miliar as Plexiglas or Lucite. The material was developed
in the years before and during World War II when it could
be substituted for glass as a clear material. It was originally
used as a denture base material in 1937 and it subsequently
found use in a wide variety of medical applications, espe-
cially for cranioplasties. In 1946, the Judet hip was intro-
duced with a heat-cured acrylic substitute for the femoral
head (59). Although a number of applications were found
in orthopedics, Charnley was the first to utilize the material
in a self-curing form for fixation of an intramedullary stem
in 1958 (60).

Our current understanding of acrylic bone cement stems
from much of the original investigative work done by
Charnley and other workers in the 1960s and 1970s when
bone cement was first introduced. Charnley (61) first iden-
tified such issues as the porosity of bone cement and the
effect of air and blood inclusions. Building on the exten-
sive experience with PMMA in dental biomaterials, the
essential properties and limitations of the material were
identified as applied to orthopedics. After over 40 years of
clinical use, acrylic cement is still the most frequently used
method and material for the fixation of total joint pros-
theses.

B. Chemical Composition

Polymethyl methacrylate is one of a group of widely
known polymers such as polyethylene, polyvinyl chloride
(PVC), and polystyrene. These are all repeating carbon-
based units of varying chain length. The methyl methacry-
late molecule, which has a molecular weight of 100, is seen
in Fig. 40. The polymer consists of repeating units of the
basic molecule with the double carbon bond broken and
replaced with single carbon bonds to the adjacent subunits.
The ultimate chain length of the polymer is dependent on
the manufacturing process as well as the initiators and acti-
vators that cause the reaction to occur when the mixture

Figure 21.40 Chemical formula of acrylic bone cement. (a)
methyl methacrylate, (b) bisphenol-A-glycidyl dimethacrylate
(bis-GMA), and (c) triethylene-glycol dimethacrylate
(TEGDMA).

is prepared in surgery. A longer ultimate chain length will
be reflected in a higher molecular weight and increased
material properties and will cause a greater degree of vis-
cosity during the mixing and curing process. While the
PMMA used in orthopedic surgery is an example of a sin-
gle-link polymer chain, much stronger materials are avail-
able in dentistry, such as bisphenol-A-glycidyl methacryl-
ate (BIS-GMA), where significant cross-linking occurs
between the subunits of different chains (62).

The cements used in orthopedic surgery rely on combin-
ing prepolymerized solid particles (powder) and the liquid
monomer (liquid). A process of suspension polymerization
that allows the manufacturer to control both particle size
and the molecular weight or mean polymer chain length
of the polymer produces the prepolymerized powder. The
powder particles are generally spheres from 30 to 150 µm
in diameter. There is a wide distribution of the molecular
weight in a range from 20,000 to 2 million with a mean
weight of 172,000 g/mol (63).

Whereas the methyl methacrylate monomer will poly-
merize on its own if exposed to light or heat, the self-curing
process relies on chemical agents for the polymerization.
The liquid monomer also generally contains the activator
N,N-dimethyl-p-toluidine (DMPT). For the reaction to oc-
cur, the powder component of prepolymerized PMMA
beads needs to contain an initiator, which is most com-
monly dibenzoyl peroxide (BP). To prevent the monomer
from polymerizing, the liquid generally contains an inhibi-
tor or retardant, hydroquinone, which functions by ab-
sorbing any free radicals that may occur and causing the
breakup of the double carbon bonds and initiating the poly-
merization.

When the liquid monomer and prepolymerized powder
are mixed together, a chemical reaction begins with the
activator (DMPT) and the initiator (BP) combining and
releasing a benzoyl peroxide free radical, which reacts with
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the methacrylate monomer molecule to begin the polymer-
ization process. Chains are then formed of repeating sub-
units in the range of 20–20,000 (63). As the chains form
with the double carbon bonds being converted to single
carbon bonds, heat is generated as an exotherm of 130
calories/g of liquid monomer, which further accelerates
the reaction as the cement cures into a hard mass.

In addition to these basic components, many of the ce-
ments also contain copolymers (polymers derived from
more than one type of monomer) that can influence the
mixing and handling characteristics of the cement. Sim-
plex P cement, for example, includes a styrene copolymer
in its composition. All of the cements also have an opaci-
fier, usually barium sulfate (BaSO4) or zirconium oxide
(ZrO2).

The exact composition and relative proportions of the
components of the individual orthopedic bone cements in-
fluence both the final physical properties and the handling
and flow characteristics of the cement during its prepara-
tion and application. Variations in the composition as well
as the mixing method will affect total set time, amount of
heat generated, expansion and shrinkage during the curing,
the flow characteristics over time (liquid phase through
dough phase), and the degree of polymerization or amount
of residual monomer that may be present after the reaction
has finished.

C. Problems of PMMA Bone Cement

Since the introduction of polymethylmethacrylate
(PMMA) bone cement (60), PMMA bone cement is con-
sidered to have become one of the most effective means for
the fixation of hip prostheses. Aseptic loosening, however,
remains the most serious long-term drawback on a multi-
factorial basis. Biochemical (64–66) and mechanical (67,
68) factors are considered to be responsible for the loosen-
ing of hip prostheses. In the acetabular component, particu-
late polyethylene may invade the interfacial membrane be-
tween the bone and the cement, where phagocytosis by
macrophages and foreign body giant cells leads to release
of bone resorbing factors, resulting in osteolysis (66). In
the femoral component, the mechanical (67,68) and bio-
chemical factors mentioned above are thought to be re-
sponsible.

D. Bioactive Filler–Impregnated Bis-GMA-
Based Resin

1. Introduction

To improve the mechanical properties of PMMA bone ce-
ment (69) and to avoid cement fracture, centrifugation (70)
and pressurization of the cement (71) are now used. To

improve the biochemical properties of PMMA bone ce-
ment, bioactive glass ceramic particles have been added
(72). However, the mechanical properties of these compos-
ites have been shown to be inferior to the mechanical prop-
erties of PMMA bone cement, resulting in failure. Taken
together, these problems warrant the development of a new
bioactive bone cement (BABC) that has better mechanical
and biochemical properties than those of PMMA bone ce-
ment. One important type of BABC is made by mixing
bioactive powder with resin (72–76).

The apatite and wollastonite-containing glass ceramic
(AW glass ceramic) developed at Kyoto University (77–
80) is one of the most promising bioactive glass ceramic
materials (81) and is now used clinically (82). The mother
glass of AW glass ceramic (83) before crystallization is
thought to have high bioactivity because of its glass phase.
In 1993, Kawanabe et al. reported on a BABC consisting
of CaO-SiO2-P2 O5-CaF2 glass powder and a bisphenol-
A-glycidyl dimethacrylate-based resin (Bis-GMA-based
resin) (84). This new BABC showed direct contact with
living bone through a calcium and phosphorous-rich layer
and a higher mechanical strength than PMMA bone ce-
ment. To achieve better clinical results for fixation of or-
thopaedic implants, we have developed new BABCs con-
sisting of CaO-MgO-SiO2-P2 O5-CaF2 glass or a glass
ceramic powder and Bis-GMA-based resin (85–88). These
cements also showed direct contact with living bone
through a calcium phosphorous rich layer and had im-
proved mechanical strength.

However, these BABCs may demonstrate different
characteristics when used for implant fixation and when
subjected to greater mechanical stress. Senaha et al. (89)
worked with dog femora and reported that a BABC con-
sisting of bioactive glass powder and a Bis-GMA-based
resin achieved good implant stability under weight-bearing
conditions. Matsuda et al. (90) reported that a BABC con-
sisting of bioactive glass powder and Bis-GMA-based
resin showed a higher bonding strength than PMMA bone
cement for up to 6 months after surgery when used for
canine total hip arthroplasty (THA).

To achieve a higher mechanical strength and better han-
dling properties, silica glass powder was added as a second
filler to a BABC consisting of bioactive glass ceramic pow-
der and Bis-GMA-based resin (91). We also reported that
BABC with the same components showed a greater intru-
sion volume in 5 mm holes than PMMA bone cement when
used for acetabular cup fixation in a simulated acetabular
cavity (92). In this study, we performed canine THA using
a BABC with the same components and followed up the
outcome to 2 years (93). The outcomes were compared
with the results of PMMA bone cement. Under load-bear-
ing conditions, we subsequently compared the bonding
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strength and histological findings at the bone–cement in-
terface produced by these two types of bone cement.

2. Materials and Methods

Total hip arthroplasties (THAs) were performed in beagle
dogs using a bioactive bone cement (BABC) consisting of
a silane-treated apatite and wollastonite-containing glass
ceramic (AW glass ceramic) powder and a silica glass
powder as the filling particles, and a bisphenol-A-glycidyl
dimethacrylate-based resin (bis-GMA-based resin) as the
organic matrix. Bis-GMA-based resin was prepared from
equal weights of bis-GMA and triethylene-glycol dimetha-
crylate (TEGDMA) (Fig. 40).

BABC is composed of two pastes, type B paste and type
T paste. Type B paste consists of fillers, bis-GMA-based
resin, and benzoyl peroxide (BP) in a proportion of 1.2%
per unit weight of the resin in type B paste. Type T paste
consists of fillers, bis-GMA-based resin, and N,N-di-
methyl-p-toluidine (DMPT) in the proportion of 1.1% per
unit weight of the resin in type T paste, and phenothiazine,
as an inhibitor of the polymerization reactions, at a propor-
tion of 300 ppm of the resin in type T paste. We prepared
two different compositions of BABC; the proportion by
weight of the powder mixed into the cement was 85% for
the acetabular side (dough type) and 79% for the femoral
side (injection type), because the contemporary cemented
THA uses the manual cementing technique for the acetabu-
lar side and the injection cementing technique for the fem-
oral side. The viscosity of the dough type is high, which
enables, manual handling of the cement, whereas that of
the injection type is low, which enables injection into the
femoral canal with a syringe. The two pastes (each weight
is 40 g, 80 g in total) were packed and sterilized separately
in ethylene oxide gas. In use, they were kneaded together
for about one minute using a high-vacuum mixing system,
Mixevac II (Stryker Co. Ltd., USA). Both cements poly-
merized within 8 minutes.

3. Results

The mechanical properties of the BABC were stronger
than those of PMMA bone cement. The compressive
strength of the two types of BABC was approximately 2.5
times stronger than the compressive strength of PMMA
bone cement. The bending strength and the fracture tough-
ness of both types of BABC were stronger than the bending
strength of PMMA bone cement. The elastic modulus of
the BABC was 3 to 5 times higher than the elastic modulus
of PMMA bone cement.

All dogs were able to bear their body weight within 1
week and walked without a limp by 3 weeks. There was
no postoperative hip dislocation. Two deep infections, one

Figure 21.41 Radiographs taken 24 months after implantation
using BABC. (A) Anteroposterior view; (B) lateral view of the
femur. The radiograph showed neither loosening of the hip pros-
thesis nor abnormal bone resorption around the cement mantle
of the femur.

in one dog in the BABC group and one in one dog in the
PMMA bone cement group, were shown on gross exami-
nation at the time of sacrifice at 24 months after implanta-
tion, so these two dogs were excluded from the present
study. In the other 30 dogs, neither infection nor abnormal
inflammatory reaction of the hip was shown on gross ex-
amination, and all the implants appeared to be fixed se-
curely to the skeletons. Radiographs for both groups
showed neither loosening of the hip prosthesis nor abnor-
mal bone resorption around the cement mantle of the femur
at 1 to 24 months (Fig. 41).

Histological examination showed direct bonding be-
tween the BABC and the femoral bone for up to 24 months
after implantation (Fig. 42A). However, with PMMA bone
cement, an intervening soft tissue layer was observed con-
sistently at the bone–cement interface (Fig. 42B). Direct
bonding at the interface between the BABC and the bone
through a calcium phosphorous layer, 30 µm thick, was re-
vealed by scanning electron microscopy (Fig. 43). Cement
fractures of the BABC were observed on the acetabular side
24 months after implantation. The bonding strength of the
BABC to bone in the dogs’ femora increased with time and
reached 3.7 MPa at 24 months after implantation, whereas
that of PMMA bone cement was 2.0 MPa (p � 0.05).

4. Discussion

It is well known that oxygen is responsible for the forma-
tion of an uncured layer on the surface of a resin that has
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Figure 21.42 Giemsa surface staining of the femur at the bone cement interface of the (A) BABC and (B) PMMA bone cement at
24 months after implantation. Original magnification, �100; scale � 100 µm. The star indicates the bone and the asterisk indicates the
cement. (A) Direct bonding between the BABC and the bone was observed at the bone–cement interface. (B) An intervening soft tissue
layer approximately 10 to 400 µm thick was consistently observed at the bone–cement interface.

been in contact with the atmosphere or with fluids, which
include oxygen (94). Oxygen consumes radicals produced
by benzoyl peroxide and N,N-dimethyl-p-toluidine and
stops the polymerization chain, which leads to the forma-
tion of an incompletely polymerized thin layer (an uncured
layer) on the surface of the resin.

Miyaji et al. reported that when a composite resin con-
taining bis-GMA and TEGDMA, with a bioactive filler,
was soaked in simulated body fluid (SBF) (95), incom-
pletely polymerized resin, mainly TEGDMA, dissolved
from the uncured layer into the solution within 1 hour, and

Figure 21.43 Back-scattered scanning electron micrograph of the femur at the bone–cement interface of the BABC group 24 months
after implantation (A); electron probe microanalysis (B and C). Original magnification, �300. The dotted line indicates 100 µm. B
indicates the bone and C indicates the cement. (A) BABC showed direct bonding to bone without any intervening soft tissue layer.
The surface of the cement was covered with a calcium phosphorus layer 30 µm thick, through which direct bonding between the cement
mantle and host bone was accomplished. (B) The calcium level did not change, and the phosphorus level increased slightly across the
bone–cement interface. (C) The silicon level decreased, and the magnesium level did not change across the bone cement–interface. A
calcium phosphorus layer approximately 30 µm thick was present on the surface of the BABC, and the cement bonded directly to the
host bone through this layer. No marked degradation of the fillers was observed in the cured region of the BABC.

glass grains exposed to SBF were converted into silica gel
(96). The silica gels then induce apatite nucleation between
the spaces of the grains, which induces the ability to bond
directly to living bone. Okada et al. reported that the un-
cured layer was completely filled with newly formed bone-
like tissue by their transmission electron microscopic
(TEM) study when BABC was implanted in rat tibiae (97).
They also revealed that this layer consisted of calcium,
phosphorus, and some silicon by energy-dispersive x-ray
microanalysis (EDX). In the scanning electron microscopy
of the present study, direct bonding between the cement
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and the host bone, both acetabular and femoral, was ob-
served through the calcium phosphorous layer formed on
the surface of the BABC.

Using a dog model, Pilliar et al. reported that bone in-
growth can occur in the presence of small movement (up
to 28 µm) (98). In the present study, BABC bonded di-
rectly to bone under load-bearing conditions for up to 6
months and maintained this bond for up to 24 months and
12 months on the femoral and acetabular sides, respec-
tively. This implies the high bioactivity of this material
and indicates that adequate initial fixation was performed.

The failure on the acetabulum side at 24 months can
be explained by several factors. Detachment between the
BABC and the acetabular component occurred at 12
months, followed by cement fracture at the edge of the
groove on the surface of the acetabular component. Al-
though the loading mechanism in the acetabulum is not
precisely known, it is believed to be a combination of com-
pression, shear, and torsion. As the acetabulum of beagle
dogs is shallow and the range of motion is wide, an exces-
sive force may have loaded on the acetabular component.
Moreover, the thickness of the acetabular component used
in this study was 3 mm. This thinness of polyethylene also
poses a concern in regard to creep of the cup, which can
affect stress in the cement and the bone. An excessive load
may have been applied to the bone–cement interface,
which could have led to the breakage of the bone–cement
interface. This breakage consistently occurred in the cal-
cium phosphorus layer. In addition, the evaluation of the
bone–cement interface after the push-out test demon-
strated that breakage consistently occurred in the calcium
phosphorus layer. Taken together, it has been revealed that
the mechanically weakest layer of the bone–cement inter-
face was the calcium phosphorus layer formed on the sur-
face of the BABC.

In general, it is assumed that biomaterials with higher
bioactivity tend to be more degradable and can show
marked degradation after long-term implantation in the hu-
man body. In this study, cement fractures were observed
on the acetabular side at 24 months after implantation, al-
though no apparent degradation of the BABC was ob-
served on the femoral side. The thin cement mantle of the
acetabular side may have accelerated the degradation of
the BABC.

BABCs are composite materials of glass ceramic and
polymers, with their elastic moduli (dough type 14.4 GPa,
and injection type 9.7 GPa) being lower than those of met-
als (stainless steel 193 GPa), higher than those of cancel-
lous bone (0.2 to 0.5 GPa) and UHMWPE (0.012 GPa),
and almost identical to those of cortical bone (10 to 20
GPa) (99). In the present study, the elastic moduli of the

BABCs were higher than those of PMMA bone cement,
which had an elastic modulus of 2.7 GPa due to the large
amount of filler, mixed with bis-GMA-based resin in the
BABCs.

On the acetabular side, bone cement lies between can-
cellous bone and UHMWPE. It is generally known that a
discrepancy in an elastic modulus leads to stress concentra-
tion at the interface. Hori and Lewis reported that an in-
tervening fibrous tissue layer is very compliant and de-
formable and can withstand large strains from a load
applied to the bone–cement interface (100). As BABC
bonds directly with bone, no shock absorber exists between
BABC and cancellous bone, which leads to breakage in-
side the calcium and phosphorous layer. On the other hand,
in the case of PMMA bone cement, an intervening soft
tissue layer lies consistently between PMMA bone cement
and the cancellous bone, which may act as a shock ab-
sorber.

On the femoral side, bone cement lies between the
stainless steel and the cortical bone. As BABC and cortical
bone have an almost identical elastic modulus, the bonding
between BABC and the bone could be maintained for 24
months. Moreover, the bonding strength between metals
and BABC or PMMA bone cement is stronger than the
bonding strength between UHMWPE and BABC or
PMMA bone cement (our unpublished data).

Wear debris is now considered to be one of the major
factors responsible for osteolysis, resulting in aseptic loos-
ening of the implant. Several attempts at resolving this
problem are currently in progress, one of which involves
improving the characteristics of the bone–cement interface
(74,76). The improvement of the characteristics at the
bone–cement interface can be achieved by using BABC,
which has an ability to bond directly with bone. In the
present study, the affinity indices of BABC for the femur
was higher than that of PMMA bone cement at 12 and 24
months after implantation. This may result in closer adhe-
sion and less micromotion at the bone–cement interface of
the BABC group compared with the PMMA bone–cement
group. The BABC used in the present study produced a
calcium phosphorous layer at the bone–cement interface,
and through this layer, direct bonding between the BABC
and the host bone was observed. Although the affinity indi-
ces of the BABC for the femur were approximately 40%
at 6, 12, and 24 months after implantation, the number of
cells that can phagocytise wear debris of polyethylene and/
or metal may be reduced at the bone–cement interface.

In the present study, the effectiveness of the BABC for
fixation of the hip prosthesis was examined. This cement
showed good bioactivity and bone-bonding ability on the
femoral side for up to 24 months after implantation. Com-
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bination of weak bonding between BABC and UHMWPE,
relatively high elastic characteristics of BABC, and weak-
ness of the calcium phosphorous layer formed on the sur-
face of this cement led to failure on the acetabular side at
24 months. We are now conducting a further fundamental
study to produce a cement with a thinner uncured layer to
strengthen further the bone–cement interface. Currently,
we are also conducting studies to modify the elastic charac-
teristics by changing the composition of the polymer. Fur-
ther investigations will be necessary before a BABC is fi-
nally developed that is suitable for human THA.

E. Cementing Technique

Since its introduction by Charnley (60) in 1960, poly-
methyl methacrylate (PMMA) bone cement has generally
been considered to be one of the most effective means for
fixing hip prostheses. However, aseptic loosening remains
a most serious long-term drawback. There have been a
number of advances in the methods of cement fixation of
the femoral component in total hip arthroplasty (THA), in-
cluding pulsatile lavage (101), intramedullary plugging
(102,103), vacuum mixing (104,105), retrograde insertion
by cement gun, and final compaction. These techniques
have been shown to enhance the fixation of cement to
bone, and superior clinical results have been documented
using them (106). An essential prerequisite to this proce-
dure is adequate plugging of the distal femoral canal.

F. Intramedullary Plug

Various methods for plugging the canal have been re-
ported, such as doughy acrylic cement (107), bone plugs
(108,109), polyethylene plugs (110), biodegradable co-
polymer (111,112), and hydroxyapatite (113). There are
advantages and disadvantages with each method. In gen-
eral, plugging converts the femoral canal into a closed
space, facilitates preparation of bone surfaces, prevents in-
troduction of cement into the distal canal, and may reduce
the potential hazard of embolization of canal contents into
the venous circulation (114,115).

Cancellous bone chips obtained from resected femoral
heads have generally been used in our institute for primary
THAs. However, when it is difficult to obtain bone chips,
as in revision surgery, porous apatite-wollastonite-con-
taining glass ceramic (AW-GC) has been used for intra-
medullary plugging.

Autografts have been used widely for repairing bone
defects. This technique has been successful, but the
amount of available bone is limited, and harvesting it ne-
cessitates two operations. Implantation of allografts and

xenografts does not require a second operation but does
cause problems of antigenicity. Therefore artificial bone
substitutes, such as alumina, hydroxyapatite, tricalcium
phosphate, BioglassR, and AW-GC (78) have been investi-
gated.

Dense AW-GC has been reported to have high mechani-
cal strength as well as the capacity to form strong chemical
bonds with bone tissue (80,81). Ijiri et al. (116) investi-
gated porous AW-GC, which induced ectopic bone forma-
tion combined with bone morphogenic protein (BMP) and
collagen.

The efficacy and biocompatibility of porous AW-GC as
an intramedullary plug in canine total hip arthroplasty
(THA) was evaluated for up to 2 years. Cylindrical porous
AW-GC rods (70% porosity, 200 µm mean pore size) were
prepared and provided by Nippon Electric Glass Co. Ltd.
(Otsu, Japan) (Fig. 44). The chemical composition of the
porous AW-GC was 4.6% MgO, 44.7% CaO, 34.0% SiO2,
16.2% P2 O5, and 0.5% CaF2, and the crystallized glass-
ceramic consisted of 28% residual glass, 38% apatite [Ca10

(PO4)6 (O, F2)], and 34% wollastonite (SiO2 ⋅ CaO), as de-
scribed previously (79), being the same as that of dense
AW-GC. Its compressive strength was 17.54 � 3.82 MPa
(mean � S.D.) (16), which is identical with that of cancel-
lous bone. Porous AW-GC has been used for bone defect
filler in Japan. Twenty-two adult beagle dogs underwent
unilateral THAs, and 4 dogs were sacrificed at 1, 3, 6, and
12 months each and 6 dogs at 24 months after implanta-
tion. Radiological evaluation confirmed the efficacy of po-

Figure 21.44 Scanning electron micrograph of the porous AW-
GC used in the present study. Original magnification, �50. The
dotted line indicates 600 µm.
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Figure 21.45 Back-scattered scanning electron micrograph of the femur at the bone–implant interface at (A) 1 month, (B) 6 months,
and (C) 24 months after implantation. Original magnification, �50; the dotted line indicates 600 µm. (A) Newly formed bone in the
pores of the porous AW-GC was observed at one month. (B) The amount of bone increased until 6 months. (C) At 24 months, the
walls of AW-GC pores were almost totally resorbed and replaced by newly formed bone.

rous AW-CG as an intramedullary plug. Histological eval-
uation showed osteoconduction at 1 month and resorption
of porous AW-GC, which was replaced by newly formed
bone, at 24 months (117) (Fig. 45).

There are various methods for plugging femoral canals,
each with advantages and disadvantages. PMMA plugs
have the disadvantage of a prolonged operation time plus
additional mass cement handling and instruments (107).
Also, the insertion of a cancellous bone plug taken from
the removed femoral head requires experience and special-
ized instruments (108,109). Moreover, the femoral head is
not always available, as in revision surgery. Polyethylene
plugs are easier to use but are deficient in achieving ade-
quate and consistent occlusion of the femoral canal be-
cause of its elliptical shape (103,111). Although cylindrical
porous AW-GC may be insufficient to occlude the ellip-
tical shape of the femoral canal, insertion of several spheri-
cal AW-GCs and compacting them is thought to achieve
complete plugging of the femoral canal without any migra-
tion or leakage.

Raut et al. reported excellent clinical results from one-
stage revision of an infected total hip arthroplasty with dis-
charging sinuses using antibiotic-soaked PMMA bone ce-
ment (118). Kawanabe et al. reported on the efficacy of
antibiotic-soaked AW-GC blocks as a new drug delivery
system (DDS) for osteomyelitis in vitro and in vivo (119).
They also showed in their pilot clinical study that antibi-
otic-soaked AW-GC blocks appeared to be useful for treat-
ing chronic osteomyelitis and infected arthroplasties with
bone defects. On the basis of these two reports, we con-

clude that porous AW-GC is suitable as a DDS and that
the combination of porous AW-GC plugs and antibiotics
will be effective for preventing and treating infections at
THA combined with antibiotic-impregnated PMMA bone
cement.

Neo et al. reported that particles (100 to 220 µm in di-
ameter) of AW-GC implanted in rat tibiae have not been
resorbed completely, even 96 weeks after implantation
(120). They reported that the resorbed or replaced width
of the surface of AW-GC was less than 50 µm per year.
In the present study, the thickness of the wall of porous
AW-GC was 10 to 30 µm, and it was reasonable that the
porous AW-GC was subtotally resorbed within 2 years
(117). At revision surgery, we always remove all re-
maining cement, including the plug, because of possible
infection. In many cases it is very difficult to remove the
plug through the medullary canal. Giardino et al. reported
that intramedullary plugs made of poly (d,l-lactic acid)
(PDLLA) completely disappeared in the femoral medul-
lary cavity of rabbits 26 weeks after implantation (112).
Although the resorption rate of porous AW-GC was lower
than bioresorbable materials including PDLLA, use of po-
rous AW-GC plugs will also overcome this problem be-
cause of their resorption within 2 years. We are currently
conducting clinical trials using porous AW-GC with a spe-
cial design and have met with good preliminary results.

We conclude that porous AW-GC is effective as an in-
tramedullary plug. AW-GC plugs appear to be promising
for clinical application, having good biocompatibility and
DDS capacity and showing resorption within 2 years.
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I. ARTIFICIAL HEART VALVE
PROSTHESES

Replacement of diseased human heart valves with prosthe-
ses has become a common treatment modality today. The
trileaflet aortic valve between the left ventricular outflow
tract and the aorta, as well as the bicuspid mitral valve
between the left atrium and the left ventricle, are subjected
to high pressure generated due to the contraction of the
heart. Valvular heart diseases and hence valve replacement
predominantly occur for these two valves (1,2). With the
advent of blood oxygenators and cold potassium cardio-
plegia to arrest the heart and perform open-heart surgery
about four decades ago, many different artificial valves
have been implanted. The valve prostheses commonly
available today for replacement can be broadly classified
into mechanical valves and biological tissue valves (1).

The biological tissue valves consist of either a porcine
aortic valve or a trileaflet valve made of bovine pericardial
tissue. The aortic valve of pigs, which has an anatomy
closely resembling the human aortic valve, is treated with
a preservative and mounted in flexible supporting struts for
implantation. Similarly, treated bovine pericardial tissue is
used to make a trileaflet valve and mounted in supporting
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struts for implantation. Tissue valves, being subjected to
relatively large stresses as they open and close, fail due to
fatigue stresses and need to be replaced about 10 to 12
years after implantation. Further, in patients below 40
years of age, tissue valves fail in 3 to 5 years due to calci-
fication of the leaflets. On the other hand, mechanical
valves made with high-strength biocompatible material are
durable and have a long-term functional capability. How-
ever, mechanical valves are subjected to thrombus deposi-
tion and subsequent complications resulting from emboli,
and patients with implanted mechanical valves need to be
in long-term anticoagulant therapy.

The designs of the early mechanical valves were of cen-
trally occluding caged ball or caged disc valves. In 1960,
Harken et al. reported the successful implantation of a
caged ball valve in the subcoronary position for severe aor-
tic insufficiency (3), while later that year Starr performed
the first long-term successful mitral valve replacement
with a caged ball valve (4). During the following five
years, thousands of Starr–Edwards mitral and aortic valves
made of a Stellite cage and a silicone rubber ball were
implanted throughout the world with good overall results.

Following the initial successes, reports of problems
with the caged ball design started. In some patients there
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was outflow tract obstruction, while in others there were
late deaths due to ventricular fibrillation induced by septal
irritation by the rubbing of the cage apex. Autopsy speci-
mens demonstrated bulky and oversized ball valves proj-
ecting into a contracted left ventricular cavity, proving this
point. This resulted in the search for a low-profile prosthe-
sis in the mid-1960s. Hufnagel and Conrad described a
polypropylene and silicone rubber caged disc valve. Many
others designed similar disc valves with polymeric disc oc-
cluders. The notable ones are the Cross–Jones, Kay–Shi-
ley, Harken–Cromie, Beall–Surgitool and Starr–Edwards
models (4).

The early clinical trials established the vulnerability of
the caged disc valves to catastrophic malfunction, high
pressure drops, and thrombus formation behind the disc.
The polymeric discs had a high propensity for degradation,
wear, and getting stuck due to small thrombi on the struts.
In this context, the Starr–Edwards group carried out ex-
tensive in vitro and in vivo testing to find a compatible
combination of cage and disc material. Testing of 14 dif-
ferent polymers to determine the best abrasion-resistant
material revealed ultra-high molecular weight polyethyl-
ene (UHMW PE, Hifax) and Delrin (acetal homopoly-
mer, Dupont) to be superior to the others in wear resis-
tance. Because of the possibility of water absorption by
Delrin, Hifax was chosen (4). However, due to poor he-
modynamics and a higher propensity for the disc to get
stuck, this model soon fell into disuse with the introduction
of tilting disc valves at the end of the 1960s.

Wada was the first to introduce clinically a tilting disc
design using a notched Teflon (polytetra fluoroethylene,
Dupont) disc, which engaged in an another pair of notches
in the cage (5). The stepped occluder with notches was not
free to rotate. This design permitted a large orifice diameter
to be used when compared to equal-sized caged ball or
disc valves, thus reducing the forward pressure drops con-
siderably. The quest for a valve with optimal hemodynam-
ics inspired Björk to analyze the cardiac catheterization
data on early caged ball and disc valves (6,7). He switched
over to the Wada–Cutter valve, impressed by its low pres-
sure drops. Clinical data during the next couple of years
indicated catastrophic thrombus formation around the
notches and wear of the Teflon disc leading to severe val-
vular regurgitation or fatal disc embolization (8). From
these studies, it became clear that any type of hinge created
an area of low flow and stasis, which led to thrombus for-
mation around it. Hence, the need was to do away with
the hinge and make the disc free floating.

The year 1969 saw the introduction of two truly hinge-
less free floating disc valves, the Björk–Shiley (9) and the
Lillehei–Kaster (10). The Björk-Shiley valve made use of
a depression in the disc and two welded wire struts in the

cage to retain the disc. This permitted the disc to tilt open
and close, while it was free to rotate around its center. The
Lillehei–Kaster valve used a pair of projecting arms on
the outlet side and a pair of stubs on the inlet side to retain
and allow the disc to tilt and rotate freely as well. The free
rotation of the disc distributed the wear on the complete
surface of the disc and allowed it to be washed well at the
same time, thus preventing thrombus buildup on it.

The main features of these tilting disc valves compared
to the caged ball and disc valves were

1. A large orifice diameter for a given tissue annulus
diameter, resulting in very low pressure drops.

2. With an opening angle of 60° or more, the flow was
more central.

3. The disc was free to rotate around its center, thus
preventing any buildup of thrombus.

The Björk–Shiley valve used a Stellite-21 welded cage,
a Delrin disc, and a Teflon sewing ring. The Lillehei–
Kaster valve consisted of a pivoting disc suspended in a
titanium housing encircled by a knitted Teflon fabric sew-
ing ring. The disc was flat and consisted of a graphite sub-
strate coated all around with a 250-micron-thick layer of
carbon–silicon alloy (Pyrolite) developed by Gulf Energy
and Environmental Systems. A couple of years later, the
disc material of the Björk–Shiley valve was also changed
to Pyrolite, as Delrin had a propensity to swell during
autoclaving (11,12).

Since its introduction, pyrolytic carbon has proven to
be a very durable and blood-compatible material for use
in prosthetic heart valves. Valve designs fabricated with
this material and with a single tilting disc or two leaflets
are the most popular mechanical valves in use today. The
notable ones are the Hall–Kaster tilting disc valve (pres-
ently called the Medtronic-Hall valve), the St. Jude Medi-
cal bileaflet valve, the Carbomedics, and the Sorin tilting
disc and bileaflet models. The bileaflet designs emerged
as having superior forward flow dynamics in comparison
to the tilting disc ones. However, clinical results indicate
only a marginal reduction in the complication rates with
the use of these models.

In spite of these many developments in prosthetic valve
design and materials, problems of thrombosis, thromboem-
bolism, and tissue overgrowth continue in all these valves.
The thromboembolic complications associated with me-
chanical valves have been correlated with the forward flow
dynamics (1,2). The flow characteristics suggested as fac-
tors causing thrombus deposition include turbulent stresses
on the downstream side with flow across a fully open
valve, and regions of relative stasis and flow separation.

Recently, a number of studies have associated thrombus
initiation in the mechanical valves with the stresses in-
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duced during valve closure. Almost all currently available
tilting disc and bileaflet mechanical valves have relatively
rigid pyrolytic carbon occluders. At the instant of the im-
pact of the occluder on the seat stop or the seating lip, the
occluder tip comes to a sudden stop, resulting in a water
hammer effect. Large positive pressure transients are in-
duced near the leaflet tip close to the valve on the down-
stream side of the valve. Similarly, large negative pressure
transients have been recorded on the upstream side of the
valve close to the leaflet tip. This water hammer effect can
be the source of several fluid dynamically induced stresses
that can initiate hemolysis and platelet activation. Further,
in many cases the negative pressure transients fall below
the vapor pressure of blood near the occluder edge on the
upstream side of the leaflet, leading to vapor phase cavita-
tion. Numerous in vitro studies have demonstrated the for-
mation of cavitation bubbles during valve closure (13–21).
The cavitation bubbles visualized near the leaflets for a
period of less than 1 ms in this region correspond to the
regions where the negative pressure transients have also
been recorded.

In recent in vivo studies, negative pressure transients
have been recorded in the atrial chamber very close to the
mitral valve in vivo and they were also remarkably similar
to those measured with a single closing event of the same
valve in vitro. Therefore it is clear that there is a potential
for cavitation to occur in vivo with implanted mechanical
valves. Even in the absence of cavitation bubbles, the nega-
tive pressure transients can result in the viscoelastic expan-
sion of the formed elements in blood, resulting in thrombus
initiation.

Similar valve closure studies were repeated with the
Chitra tilting disc valve with a relatively flexible UHMW
PE occluder, both in vitro and in vivo. Under the same
closing conditions, the amplitude of the pressure transients
with the Chitra valve was significantly smaller compared
to that with a rigid leaflet valve. Since the negative pres-
sures with the polyethylene leaflet valve never reached
magnitudes close to the vapor pressure for the blood analog
used in these studies, no cavitation bubbles were observed
with these valves. These studies suggest that during valve
closure with the flexible leaflets, the yielding of the flexible
leaflets absorbs part of the energy during impact. Thus the
fluid dynamically induced stresses in these regions during
closing can be anticipated to be significantly smaller than
those with the currently available mechanical valves.
Whether this will lead to reduced incidence of thrombosis
and embolism in the clinical situation needs to assessed by
well-controlled clinical studies.

In the light of these data, the development and evalua-
tion of the Chitra tilting disc valve prosthesis using
UHMW PE occluder is described in this chapter. The cur-

rent data available from a multicenter clinical study is pre-
sented. The closing mechanics of the valve is compared
with that of the other clinical models with rigid occluders,
which clearly brings out the advantage of a relatively flex-
ible occluder.

II. DESIGN OF THE TILTING DISC VALVE
WITH A ULTRA-HIGH MOLECULAR
WEIGHT POLYETHYLENE DISC
OCCLUDER

One major need for heart valve surgery in India and other
developing countries continues to be rheumatic valvular
disease. Most of these patients are from low socioeco-
nomic levels and suffer lack of access to diagnosis and
prophylaxis. In view of this, the need for valve replacement
continues to be large and insistent. The high cost of im-
ported valves was and continues to be one factor limiting
the number of replacements being performed. Therefore a
project was initiated in the late 1970s at the Sree Chitra
Tirunal Institute for Medical Sciences and Technology
(SCTIMST), India, for the development of an indigenous
heart valve prosthesis, at a time when very little expertise
and few facilities for biomedical research existed in the
country. As in other valve development programs, the road
was rough and had to go through a couple of failures.
These details have been presented earlier (22), and the
valve is now available under the name of TTK-Chitra Tilt-
ing Disc Heart valve prosthesis (manufactured by TTK
Pharma Ltd., Chennai, India). For convenience however,
the valve will continue to be referred here as the Chitra
heart valve (CHV).

A. Choice of Design and Materials

1. Choice of Valve Type

As per the 1981 census, there were 200 million children
in the age group of 5 to 15 years, and the Indian Council
for Medical Research has estimated that 6 out of 1000 chil-
dren in this age group were at risk of acquiring rheumatic
disease. Hence the average age of valve replacement pa-
tients was below 30 years, and this could well be expected
to continue for a few more decades. This ruled out the
choice of a bioprosthetic valve, despite its advantage of
not requiring long-term anticoagulant therapy. Further, the
beef and pork industries were so poorly organized and
emotionally charged that a manufacturing program based
on such tissue collection was impractical. Thus the choice
was limited to a mechanical model. In view of the lack of
experience in valve development, and to ensure a reason-
able chance of success, the choice was limited to the time-
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Figure 22.1 Photograph of a Chitra valve with a UHMW PE occluder.

tested ones, viz., the caged ball, the caged disc, and the
tilting disc designs. With the majority being mitral valve
replacements, the caged ball design with its high profile
and relatively higher pressure drops was discarded. Be-
tween the other two, the tilting disc with its superior hemo-
dynamics (lower pressure drops and more central flow)
was considered the best available choice.

B. Design Features

The Chitra valve in current clinical use is shown in Fig.
1. It has an ultra-high molecular weight polyethylene
(UHMW PE) disc, a Haynes-25 alloy (Haynes Interna-
tional, USA) cage, and a polyester suture ring. To start
with, some of the basic design features of the Chitra tilting
disc valve were drawn from the established designs, while
others were modified to suit the current situation. It fea-
tured:

Free floating disc able to rotate on its center to avoid
the problems of thrombosis around a hinge and to
distribute the wear over its surface.

Tilt axis at one-fourth of the disc diameter (i.e., at the
quarter chord point).

Cage entrance and exit curvature: bell mouthing of the
inlet and outlet edges of the cage to permit smooth
entrance and exit of blood.

Disc shape: A planoconvex disc with inlet side flat, in-
creasing the inflow area into the minor orifice and
making the fabrication of the cage and disc easier.

Opening angle: 70° opening angle for reduced pressure
drops.

Cage structure: The struts machined integral with the
ring from a solid block. The main feature of this de-
sign was that it enabled the cage to be machined with
the indigenous capability at that time without the
need for expensive CNC techniques.

C. Choice of Material

Four material combinations have been tried during this de-
velopmental program (Table 1). The first one, using a tita-
nium cage and a polyacetal disc, was given up, as this plas-
tic could swell and distort during steam sterilization (23).
The second model used a titanium nitride (TiN) coated
Haynes-25 alloy cage and a synthetic sapphire disc. This
model successfully completed the accelerated durability
test. In animal evaluation, the sapphire disc fractured in 5
out of 14 animal implants. In spite of this, sapphire proved
to be an excellent blood-compatible material (24).

With ceramic materials being subject to unpredictable
failures and LTI carbon being not available in the country,
the search for a new disc material from a range of engi-
neering plastics was initiated. Based on the need for low
wear, high fatigue resistance, high toughness, and known
biocompatibility, the choice of polymer for the disc was
headed by UHMW PE and followed by Delrin ST and
Delrin AF (Delrin super-tough and Delrin–PTFE mixture
of Dupont, USA) and EKONOL (composite of PTFE and
a high-temperature polyester, Carborundum, USA). These
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Table 1 Materials Used in the Different Models of the Chitra Valve

Cage Disc
Valve
model Material Fabrication Material Fabrication Sewing ring

1 Titanium Integral major strut; elec- Polyacetal (Delrin) Injection molded Polyester knitted
tron beam welded mi- fabric
nor strut

2 Haynes-25 alloy Integrally machined Single crystal synthetic Machined and polished Polyester knitted
with TiN coating struts sapphire fabric

3 Titanium Integrally machined UHMW PE Solid state polishing and Polyester knitted
struts cryomachining fabric

4 Haynes-25 alloy Integrally machined UHMW PE Solid state polishing and Polyester knitted
struts cryomachining fabric

four polymers were screened for their water absorption and
adhesive and abrasive wear resistance (25).

Water absorption was measured by soaking five speci-
mens 25 mm in diameter and 2 mm thick in distilled water
for periods of up to 15 days. The samples were carefully
dried and weighed at intervals of 24 hours, 96 hours, and
360 hours. Figure 2 shows that the water absorption of
UHMW PE was extremely low and was less than one-tenth
that of the Delrin-based polymers. The very low water ab-
sorption of UHMW PE ensured that the disc was unlikely
to swell and change shape like the Delrin disc occluder
of the first Bjork–Shiley model during steam sterilization
(23).

Adhesive and abrasive wear are the two main types of
wear occurring in conditions like those of artificial heart
valves. Adhesive wear is predominant when highly pol-
ished surfaces in contact articulate against each other (26).
Table 2 shows the data from these studies of the four poly-

Figure 22.2 Comparison of water absorption for the various
polymers evaluated as the occluder material.

mers and clearly indicates that UHMW PE had the lowest
wear rates.

The processing of UHMW PE for valve discs involves
many thermal cycling stages such as compression molding,
die polishing, annealing, and autoclaving of the valve for
sterilization. UHMW PE specimens were thermally cycled
as listed below and then tested for their wear resistance by
both the methods.

Autoclaved once
Autoclaved thrice
Heated to 135°C
Heated to 160°C

These results, given in Table 3, establish that any ther-
mal cycling of a material above 135°C can cause deteriora-
tion in its wear properties (the reported glass transition
temperature of UHMW PE is 136–138°C). These tests
showed that steam sterilization does not considerably in-
crease the wear properties of UHMW PE.

Prototype valves were fabricated and evaluated as per
the guidelines of the American National Standard for Car-
diac Valve Prosthesis, ANSI/AAMI CVP3-1981, initially
and later based on the guidelines of the International Stan-

Table 2 Results of Screening Wear Tests

Pin-on-wheel test Sand slurry test
(volume loss (volume loss

Disc material in microliters) in microliters)

UHMW PE 0.75 0.8
Delrin AF 5.68 4.1
Delrin ST 6.22 3.2
Delrin 500 23.18 6.3
Eknol PTFE 60.75 10.7
Mild steel — 5.7
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Table 3 Effect of Thermal Cycling of UHMW PE on Its
Wear

Pin-on-wheel test Sand slurry test
(volume loss (volume loss

Thermal cycle in microliters) in microliters)

Virgin 0.75 0.80
Steam autoclaved once 0.82 —
Steam autoclaved thrice 0.84 —
Heated to 135°C 1.26 0.82
Heated to 160°C 9.65 4.30
Delrin 500 (control) 23.2 6.35

dard—Cardiovascular implants—Cardiac valve prosthe-
ses, ISO: 5840: 1989. The studies covered in vitro evalua-
tion for hydraulic performance and accelerated durability
followed by in vivo evaluation in animals and clinical
trials.

III. IN VITRO FLOW DYNAMIC STUDIES

The hydraulic performance of the Chitra heart valve has
been evaluated under different flow conditions in 1:1
model test flow channels and its performance compared
with some of the standard models in current clinical use.

A. In Vitro Steady Flow Studies

The flow channels proximal and distal to the aortic and
mitral valves (Fig. 3) were patterned on published work
and provide cross-sectional areas analogous to the flow
tracts in the human heart (27,28). The pressure drop mea-

Figure 22.3 The aortic and mitral valve flow chambers used in
the in vitro experiments.

surements were made at tap P1 located one valve diameter
upstream and tap P2 four diameters downstream of the test
valve. This ensured that full pressure recovery had taken
place at the point of measurement (29).

The steady flow system (30) consisted of the mitral test
flow channel connected on its inlet side to a constant level
tank via a venturi flow probe and a 1.5-meter-long straight
entrance section. The outlet was connected to a flow con-
trol valve, which discharged into the main reservoir. The
pressure drops across the test valves (at wall taps P1 and
P2 as shown in Fig. 3) were measured using a signal condi-
tioned semiconductor differential pressure transducer. The
flow rate was accurately measured using a venturi tube,
which was designed as recommended by the American So-
ciety for Mechanical Engineers (31).

The hydraulic performance of the 27 mm Chitra mitral
valve (CHV) was compared with that of four popular
valves of the same size, the Björk–Shiley standard (BSS),
the Björk–Shiley monostrut (BSM), the Medtronic-Hall
valve (MHV), and the St. Jude Medical bileaflet valve
(SJM) under steady flow rates of 0 to 35 L/min.

Figure 4 shows the pressure drop of the 27 mm mitral
valves under steady flow. The Björk–Shiley standard valve
showed the highest pressure drop among the tilting disc
valves due to its lower opening angle of 60°. A mild flutter
was noticed at high flow rates, showing that for this disc
shape, the center of pressure is just at the pivot point at full
opening. The Medtronic-Hall valve also showed a similar
flutter at its opening angle of 70°, while the Björk–Shiley
monostrut with its convexoconcave disc did not show any.
Woo and Yoganathan (32) have reported a similar observa-
tion, that the occluder of the MHV was oscillating during

Figure 22.4 Comparison of steady flow pressure drop data for
the various mechanical valves. BSS, Björk–Shiley standard;
MHV, Medtronic-Hall; BSM, Björk–Shiley Monostrut; CHV,
Chitra; SJM, St. Jude Medical.
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diastole under pulsatile testing in the mitral position of a
pulse duplicator, and they indicate that the flow could be-
come nonstationary. The MHV is able to open to 70° in
spite of its more central pivot location and a flat disc shape
due to the presence of disc sliding. As shown by many work-
ers, the St. Jude valve exhibited the lowest pressure drop,
while the Chitra valve showed marginally higher magni-
tudes. The higher pressure drop of the BSM valve than the
Chitra valve is probably due to the use of thicker struts.

B. Relative Flow Between Major and Minor
Orifice Areas

The relative flow rates through the major and minor orifice
areas of tilting disc valves were measured under steady
flow rates of 15 to 25 L/min using the steady flow setup.
Pressure drops across the fully open test valves were care-
fully measured at three flow rates of 15, 20, and 25 L/min;
the flow rate being set using the venturi flow meter. Then
with the disc in the fully open position, the minor orifice
was blocked by sewing a piece of Teflon sheet over it and
then filling the well thus formed in the valve with RTV
silicone adhesive. In this state, the flow rate through the
major orifice was measured using the venturi meter at the
same pressure drop as measured first with the fully open
valve. This procedure was then repeated with the major
orifice similarly blocked. The percentage of the total flow
rate for each orifice was then calculated and averaged over
the three flow rates. The results are shown in Table 4.

The basic assumption in this technique is that the poten-
tial field across the valve is not significantly disturbed due
to the blocking of the major or the minor orifice and re-
mains nearly the same as when the valve is fully open.
This of course is not strictly true and hence results in some
error. Over this flow rate range, it can be seen that the
technique yields fairly good estimates of the relative flow
through the two orifices, and the effect of the differences
in design can be appreciated.

Table 4 Relative Flow in Major and Minor Orifices of
Tilting Disc Valves

Percent of total flow
through the valve

Major Minor
Valve model orifice orifice

Medtronic-Hall 69 29
Björk–Shiley monostrut 70 28
Björk–Shiley standard 80 19
Chitra heart valve 75 23

The present model of the Chitra valve exhibits a 4%
improvement over the BSS due to the use of the planocon-
vex disc. The good improvement of flow through the minor
orifices of the newer generation tilting disc valves, viz.,
Medtronic-Hall and Björk–Shiley Monostrut over the
Björk–Shiley standard design can also be seen. These im-
provements in the minor orifice flow for the BSM and
MHV have been documented by laser Doppler velocimetry
by a number of investigators (28,29,32–34). However,
there are no reports of such quantification of volumetric
flow rates, which could be more meaningful to the cardiac
surgeon.

C. In Vitro Pulsatile Flow Evaluation

Pulse duplicator setup. Many workers (35–39) have de-
scribed the requirements and concepts for the design of a
left heart pulse duplicator. The variety of systems that have
been used reflects the problems and constraints involved
in modeling the left ventricular dynamics and systemic cir-
culation (27,28,36–38,40–42). The test system used (22)
was an improvement of an earlier system developed here
(25). The mitral and aortic flow channels were the same
as those used in the steady flow test. The design of the
systemic impedance was based on earlier work and was
simulated by means of hydraulic elements consisting of
two capacitances and resistances (38,43).

The blood analog fluid was a 35% solution of glycerol
in water having a specific gravity of 1.06–1.08 at room
temperature (28–30°C). The test parameters were

Cycling rate: 70 per minute
Cycle time: 856 ms
Systolic duration: 300 ms
Mean aortic pressure: 100 � 2 mm Hg

The mean atrial pressure varied between 12 and 18 mm
Hg depending on the mean flow. Adjusting the variable
systemic resistance and controlling the pressure of the driv-
ing air set the mean aortic pressure at 100 mm Hg. Tests
were conducted at mean flow rates of 2.5, 3.0, 4.0, and
5.25 LPM. Signals were acquired at 1000 samples/s for
32 consecutive cycles. Two such ensembles of data were
acquired at each flow rate and averaged separately. The
closing volume, the mean diastolic pressure drop across the
valve, and the root mean square (RMS) diastolic flow rate
were all calculated from the ensemble averaged data.

The effective orifice area (EOA) at each test flow rate
for each valve was calculated using the well-known equa-
tion (28). The mean EOA for each valve and its standard
deviation were obtained from these calculated values.

EOA �
Q

51.6 √∆p
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where

Qrms � RMS systolic/diastolic flow rate or steady flow
rate in cm3/s and

∆p � mean pressure drop in mm Hg (systolic/diastolic
in pulsatile).

The EOAs under both steady and pulsatile flow are
given in Table 5. Among the mitral valves under steady
flow, the St. Jude had the maximum EOA. The Chitra
valve came a close second. Under pulsatile flow, all the
valves showed comparable EOAs.

D. Closing Volume Measurement

Willshaw et al. (44) have used an artificial heart and a
pneumotachograph to obtain more accurate measurements
of the closing volumes and leaks of tilting disc valves. In
this system, there is no dynamic pulsatile flow of the fluid
at a given mean flow rate. The system essentially works
with only the test valve, thus ensuring more controlled con-
ditions of measurement. The pulse duplicator setup was
modified. The ventricular pumping chamber and the mitral
flow channel were used. The aortic side of the pumping
chamber was sealed, and the valve under test was placed
in the mitral position in the conventional manner.

The system was filled with the test fluid to a level of 10
cm above the valve, leaving a column of air space above.
Inflating and deflating the rubber bag using compressed air
generated the pumping action. A pneumotachograph was
designed, fabricated, and calibrated (30). The device acts
like a resistance and produces a differential pressure pro-
portional to the rate of airflow through it. The principle of
measurement in this system is based on the fact that any
volume of water that passes through the valve under test
must displace an equal volume of air through the pneumo-
tachograph probe. As the differential pressure across the
probe is kept small by design, the volume change due to
the compressibility of air is negligible in comparison to
the total flow.

This setup functions well with valves whose occluders
are denser than the test fluid, like LTI carbon discs. In the

Table 5 Effective Orifice Area

Steady flow Pulsatile flow
Valve (cm2) (cm2)

St. Jude Medical 3.07 � 0.05 2.51 � 0.10
Medtronic-Hall 2.80 � 0.02 2.41 � 0.09
Björk–Shiley Monostrut 2.82 � 0.02 2.57 � 0.13
Björk–Shiley Standard 2.68 � 0.01 2.51 � 0.10
Chitra UHMW PE 2.98 � 0.02 2.47 � 0.14

case of the Chitra valve with its UHMW PE disc (specific
gravity of UHMW PE � 0.94), the disc opens down fully
at the start of forward flow. However, since the forward
flow is small (equal to the total regurgitant volume), the
flow rate falls to zero towards the end of the filling phase.
At this point, the disc floats up and is in a semi closed
position. At the start of the systole (bag inflation here), the
valves close rapidly, exhibiting a small closing volume.

In order to test the UHMW PE disc valves more fully,
the system was modified as shown in Fig. 5 with the disc
opening upwards. The UHMW PE discs float up to a fully
open position, while the denser discs tend to move down
to a small opening angle. In this mode, the pneumotacho-
graph probe was connected to a compliance chamber as
shown in the figure. This compliance could be pressurized
by pumping air into it. The valve mounting direction was
reversed to open upwards in a manner similar to the aortic
valve of the pulse duplicator. The mitral test chamber was
used for all the tests. During inflation, the fluid flows up,
displacing air into the compliance chamber. During defla-
tion of the bag, the air pressure in the compliance chamber

Figure 22.5 Schematic of the closing volume and impact force
experimental setup: valve opening upwards.
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forces the valve to close; the movement of air being equal
to the closing volume as before. The cycling rate, timings,
and data collection were all carried out as before

Figure 6 (top) shows typical ventricular pressure and
air flow rate ensemble averaged waveforms for the valve
opening downwards. In this figure, four phases can be
seen. Phase 1 consists of a delay between the starting pulse
from the computer (time zero) and the moment at which
fluid begins to flow through the valve (point a). The delay,
approximately 20 ms, was caused by the time required for
the solenoid valve actuation and the buildup of air pressure
in the ventricular bag. Phase 2 was the closing phase, dur-
ing which water accelerated rapidly through the valve,
reaching a peak flow rate that was abruptly terminated by
valve closure. This abrupt termination produces resonance
in the air space above the water column, which was phase
3. The start and finish of the closing phase was detected
by the change in sign of the values. The valve closure was
defined as the first zero crossing of the resonant phase
(point b in the figure).

Figure 6 (bottom) shows typical ensemble averaged
waveforms in the case of the valves opening upwards. As
before, phase 1 was the delay for the inflation of the bag

Figure 22.6 Ensemble averaged flow rate waveform: (top)
valve opening downwards; (bottom) valve opening upwards.

to start. Here phase 2 was the forward flow through the
valve, when the air above the valve was displaced into the
compliance chamber with consequent buildup of pressure
there. At the start of deflation, the forward flow was termi-
nated by the fall in ventricular pressure, resulting in valve
closure due to the higher pressure in the compliance cham-
ber—this was phase 3, the closing phase of the valve. The
end of valve closure (point b) was followed by phase 4,
when the air column resonates. The closing volume was
the area under the curve during the closing phase, i.e., be-
tween points a and b. The closing volume, (CV in mL) was
determined by integrating the flow signal from the start to
the finish points. The results are given in Table 6.

Closing volumes under dynamic pulsatile flow condi-
tions were obtained by integrating the area under the EM
flowmeter signal for the duration of the closure period as
defined in the international standard. The results are also
given in Table 6. The St. Jude valve with its minimal leaflet
travel shows the lowest closing volume, while that of the
Chitra valve was marginally higher. Other investigators
have shown that the closing volumes for the SJM are com-
parable to others like MHV and BSM (28,45). Knott et al.
indicate that closure volumes are mainly dependent on the
opening angles (42).

E. Closing Impact Force Measurements

For the efficient working of any prosthetic heart valves it
is necessary that the valve close quickly at the start of re-
verse flow. To achieve this quick closure, the occluder has
to accelerate from its fully open position to the closed posi-
tion and thereby impact with the cage mechanism before
coming to rest. This impact at closure results in an impact
force of short duration being transmitted through the cage,
sewing ring, and sutures to the heart muscle. Large impact
forces can naturally cause problems: suture dehiscence, fa-
tigue fracture, wear of components, and probably tissue
overgrowth due to chronic inflammatory response of the
host tissue.

Table 6 Closing Volume and Impact Force Results

Closing Dynamic
impact closing

Closing force volume
Valve model volume (mL) (newtons) (mL)

Björk–Shiley monostrut 6.4 67.5 6.7
Björk–Shiley standard 5.4 51.1 5.7
Medtronic-Hall 6.2 66.0 6.5
St. Jude Medical 3.6 50.6 4.8
Chitra heart valve 4.9 34.3 5.2
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The closing impact forces were measured in the same
setup as for the closing volume measurements. The air flow
probe was removed. Tests were conducted with the valves
opening down for the denser discs and opening up for
UHMW PE discs for the same reasons as before. The test
and data acquisition conditions were also similar. The test
valve was sutured to a force transducer plate. The trans-
ducer plate was a specially made stainless steel valve
holder with strain gauges mounted for measuring the
forces. The details of the design and calibration have been
described earlier (30).

In the case of valves opening downwards, the initial
force is zero with the valve open. At the onset of inflation,
the valve closes rapidly with an impact followed by a short
ringing. The force signal then settles at a high value due
to the ventricular pressure during systole. In the case of
valve opening upwards, the closure occurs at the start of
deflation.

The closing impact force was taken as the peak value
of the force waveform. The peak values were averaged
over the 64 cycles. Figure 7 shows typical ventricular pres-
sure and force waveforms for the two cases. The results

Figure 22.7 Closing impact force plots: (top) valve opening
downwards; (bottom) valve opening upwards.

of the closing impact force measurements are given in Ta-
ble 6. The BSM showed the maximum impact force, fol-
lowed by the MHV, BSS, and SJM. The Chitra valve
showed the lowest impact force. This is due to the use of
the soft UHMW PE occluder, which considerably absorbs
the shock of impact at closure. This data correlates well
with the closing mechanics for this model described in the
following section.

IV. FLEXIBLE (UHMW PE) LEAFLETS AND
VALVE CLOSING DYNAMICS

A. Mechanical Valve Closing Dynamics and
Induced Stresses

The thromboembolic complications associated with me-
chanical valve implants have been correlated with the for-
ward flow dynamics since the introduction of mechanical
valves (1,2). The flow characteristics suggested as factors
causing thrombus deposition include turbulent stresses on
the downstream side with flow across a fully open valve,
and regions of relative stasis and flow separation. In spite
of design improvements to reduce fluid induced stresses
in the mechanical valve function, thromboembolic compli-
cations continue to be significant with these implants. In
the last decade, problems associated with pitting and ero-
sion in mechanical valves implanted in the artificial heart
(46) as well as with a bileaflet valve implanted in animals
and patients (47) have been reported. Structural failure
with mechanical valves have included leaflet fracture (48)
and fracture of pivot components and housing (49–52).
Recently, a number of studies have associated thrombus
initiation in mechanical valves with the stresses induced
during valve closure. The occluder of a mechanical valve
moves towards the closing position due to the adverse pres-
sure gradient (larger pressure on the downstream side than
on the upstream side) during the valve closing phase. All
currently available tilting disc and bileaflet mechanical
valves have relatively rigid pyrolytic carbon occluders. At
the instant of impact of the occluder on the seat stop or
the seating lip, the occluder tip comes to a sudden stop,
resulting in a water hammer effect. Large positive pressure
transients are induced near the leaflet tip close to the valve
on the downstream side of the valve. Similarly, large nega-
tive pressure transients have been recorded on the up-
stream side of the valve close to the leaflet tip. This water
hammer effect can be the source of several fluid dynami-
cally induced stresses that can initiate hemolysis and plate-
let activation. The large pressure gradient induced across
the valve leaflet, even though for a fraction of a second,
can force blood through the clearance region between the
leaflet and the valve housing. Model studies have demon-
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strated that relatively large wall shear stresses and local
negative pressures can develop in this region at the instant
of valve closure (53–56). In the simulation performed by
Aluri (55,56), a simplified geometry of the leaflet and
valve housing was employed to study the stresses induced
by the flow through the clearance region during valve clo-
sure. In order to delineate the effect of leaflet motion dur-
ing the valve closure, the first simulation involved the
leaflet in the fully closed position with the ventricular pres-
sure rise. The second simulation started with the leaflet in
the open position and the leaflet moving towards the closed
position with the ventricular pressure rise. A moving
boundary for the rigid leaflet motion was included in the
computational analysis for the latter simulation. At the in-
stant of valve closure, the second simulation demonstrated
the presence of a large negative pressure on the down-
stream side of the leaflet. The computed wall shear stress
with the moving leaflet at the instant of valve closure was
about 4000 Pa compared to about 580 Pa when the leaflet
was held in the fully closed position. This study clearly
demonstrated that the moving leaflet and the sudden clo-
sure of the rigid leaflet induced wall shear stresses of an
order of magnitude larger than that when the leaflet was
held stationary in the closed position. The clearance region
between the leaflet and the valve housing in the periphery
is also the region in which relative stasis and flow separa-
tion are usually observed during the forward flow phase
of the cardiac cycle. Hence it is logical to assume that acti-
vated platelets subjected to relatively large shear stresses
during valve closure can induce thrombus deposition at
these sites in the subsequent forward flow phase.

The flow through the clearance region during valve clo-
sure has also been shown to induce regurgitant jets, re-
sulting in relatively large turbulent stresses near the edge
of the leaflet (57). The turbulent stresses measured in the
regurgitant jets were significantly larger than the magni-
tudes measured downstream to the valve during the for-
ward flow phase. Relative damage to blood during the for-
ward and reverse flow phases of the cardiac cycle were
studied in a steady flow system (58). In this study, damage
due to steady forward flow through a fully open mitral
valve was measured periodically at flow rates of 3 to 7 L/
min. The blood damage was assessed by the measurement
of plasma free hemoglobin in blood. Reversed flow across
a closed mitral valve was also assessed at flow rates of 0.1
to 0.2 L/min in the same steady flow set up (by reversing
the orientation of the valve). The levels of hemolysis ob-
served were the same for both the forward and reverse flow
phases, even though the flow rates in the reverse flow were
an order of magnitude smaller. Significantly higher levels
of hemolysis were also observed in pulsatile flow simula-
tion. Even though pulsatile flow studies could not delineate

the amount of blood damage between the forward and re-
verse flows through the valve, the significant increase in
blood damage during pulsatile flow can be attributed to the
valve closure induced stresses.

Cavitation is the rapid formation and collapse of vapor-
filled bubbles caused by a transient reduction in local pres-
sure to below the liquid vapor pressure. For glycerol solu-
tion, the vapor pressure is �743 mm Hg (59), and for
whole blood, the magnitude is �713 mm Hg. Should the
negative pressure transient (NPT) reach magnitudes below
the vapor pressure for blood for a sufficient duration, cavi-
tation bubble formation and collapse can result. The implo-
sion of the bubbles can damage the blood cells and activate
the platelets. The pitting and erosion observed on the oc-
cluder and housing surfaces with implanted mechanical
valves suggest cavitation damage (46,47). It is not surpris-
ing that the suggestion of cavitation damage on valve sur-
faces has resulted in numerous in vitro studies on the
visualization of cavitation bubbles during valve closure
(13–21), the measurement of negative pressure transients
at the instant of valve closure and cavitation initiation (13–
16,18–21), and the velocity of the occluder tip at the in-
stant of valve closure (14,60–64). These studies have dem-
onstrated the presence of negative pressure transients with
pressure below the vapor pressure of blood near the oc-
cluder edge on the upstream side of the leaflet. The cavita-
tion bubbles visualized near the leaflets for a period of less
than 1 ms in this region correspond to the regions where
the negative pressure transients have also been recorded.
Typical negative pressure transients recorded with tilting
disc and bileaflet mechanical valves at the instant of valve
closure, and the corresponding cavitation bubbles visual-
ized, are shown in Fig. 8. Mechanisms that have been sug-
gested to initiate cavitation bubbles during valve closure
include the water hammer effect and the presence of nega-
tive pressure transients (13–15), vortices generated at the
edge of the leaflet during valve closure (18), and the addi-
tional pressure drop induced by the velocity of fluid being
squeezed between the leaflet and the seat stop at the instant
of valve closure (16). In comparing the closure mechanics
with valves of the same geometry (e.g., tilting disc valves),
it was demonstrated that even with the presence of negative
pressure transients, initiation of cavitation bubbles was de-
pendent on the design of the valves. In valves where there
was an interaction between the occluder and a seat stop at
the instant of valve closure, bubbles were present, whereas
no bubbles were observed in valves without such interac-
tion (13,15). These studies suggest that the local flow dy-
namics in the vicinity of the leaflet edge and the squeeze
flow effect are important in cavitation initiation. Numerical
simulation of the squeeze flow effect has been reported
(65–67), and these studies suggest that the fluid velocity
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Figure 22.8 Negative pressure transients recorded in vitro with mechanical valve closure and the cavitation bubbles visualized in
vitro. The inserts on the photographs indicate the time in microseconds after the instant of valve closure when the bubbles were visualized.

induced by the squeeze flow effect are of the order of sev-
eral m/s and hence can induce additional local pressure
drop that may initiate cavitation bubbles. Simulations have
also suggested that the relatively rigid pyrolytic carbon
leaflets in the mechanical valves rebound after the initial
impact with the valve seat and hence induce additional
negative pressure transients as well.

Studies performed on cavitation bubble visualization in
pulse duplicators with the mechanical valve in the mitral
position have used the peak ventricular pressure rise (dp/
dtmax) as an index for the threshold for cavitation. However,
the motion of the leaflet during valve closure will be gov-
erned by the ventricular pressure rise during the valve clo-
sure (about 30 ms after the beginning of the ventricular
pressure rise), whereas the peak ventricular dp/dt occurs
after the valve is fully closed in the mitral position. Hence

the ventricular pressure rise rate during the leaflet closure,
dp/dtcl, has been suggested as the appropriate parameter to
compare the closure mechanics of the various valve designs
(13–17) and has been adopted by the FDA in mechanical
valve closure studies. These studies were performed with
controlled pressure rise rates during valve closure, and mea-
surements of pressure transients, valve leaflet velocity, and
bubble visualization were performed with a single closing
event of the valve rather than simulating the periodic clo-
sure that the normal valve undergoes. However, a compari-
son of the cavitation bubbles visualized, as well as the char-
acteristics of the pressure transients, in the studies with a
single closing event with those obtained in the pulse dupli-
cator have been observed to be similar.

The pressure transients in the above-referenced studies
were from in vitro studies, generally in rigid flow chambers
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with the valve rigidly mounted in the mitral position. The
effect of the flexibility of the mount (to simulate the valve
sutured in the mitral orifice in vivo) has been suggested as
important (64). However, studies with a single closing
event with rigid and flexible valve holders have shown that
this effect is not important. The water hammer effect and
the local flow dynamics inducing cavitation bubbles will
be due to the relative velocity between the valve housing
and the leaflet and hence should not be affected by the
relative rigidity of the valve holder (17).

Questions have also been raised about the presence of
such negative pressure transients with mechanical valves
implanted in vivo, since the in vitro studies do not simulate
the distensibility characteristics of the atrial chamber. The
only indirect evidence that cavitation is possible in vivo
with implanted valves is the pitting and erosion observed
in explanted valves that are characteristic of cavitation
damage. At present, there are no techniques to visualize
the presence of cavitation bubbles in vivo. However, if
negative pressure transients similar to those demonstrated
in the in vitro studies can be recorded with implanted me-
chanical valves in vivo, one can assert that at least a poten-
tial exists for cavitation to occur in vivo. Studies were per-
formed in an animal model in which mechanical valves
were implanted in the mitral position in sheep and a high-
fidelity transducer was positioned very close to the leaflet
in the closed position in the atrial chamber. The ventricular
pressure rise was also recorded for a range of ventricular
contractions with the aid of pharmacological interventions.
These studies demonstrated that the ventricular pressure
rise measured during mitral valve closure in vivo (68,69)
were in the same range as those that were used in the in
vitro studies earlier (13). Furthermore, negative pressure
transients were recorded in the atrial chamber very close
to the mitral valve in vivo, and they were also remarkably
similar to those measured with a single closing event of
the same valve in vitro. These studies further demonstrate
that there is a potential for cavitation to occur in vivo with
implanted mechanical valves. Typical negative pressure
transients measured in vivo with the mechanical valve im-
planted in the mitral position are compared with those ob-
tained in vitro with valves of the same design in Fig. 9. It
should also be pointed out that these studies have demon-
strated that the presence of negative pressure transients is
not the only necessary condition for cavitation to be initi-
ated; local fluid dynamics based on the valve designs play
an important role. Since structural failure with implanted
mechanical valves is not significant, one can assume that
cavitation damage occurred in a very small fraction of me-
chanical valves and is due to the local flow dynamics re-
lated to the interaction of the leaflets and the valve housing
in certain designs. Even in the absence of cavitation bub-

Figure 22.9 Comparison of negative pressure transients re-
corded during valve closure in vitro (top) with valve implanted
in the mitral position of an animal model to that recorded for the
same valve in vivo (bottom).

bles, the negative pressure transients can result in the vis-
coelastic expansion of the formed elements in blood, re-
sulting in thrombus initiation. All these fluid dynamically
induced stresses, including high shear stresses in the clear-
ance region in the vicinity of the leaflet edge and the hous-
ing, significant regurgitant jet turbulent stresses, stresses
induced by cavitation bubble collapse, and viscoelastic
expansion of formed elements in the negative pressure re-
gion, can result in the activation of platelets and thrombus
initiation. This region near the valve housing is also the
region of flow reversal and relative stasis in the subsequent
forward flow phase; hence induced thrombus will likely
deposit and grow in this region. Thus mechanical valve
closure and fluid dynamic stresses resulting during this
phase of the cardiac cycle may be the dominant factors in
thrombus deposition with implanted valves in the absence
of anticoagulation.
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B. Occluder Flexibility and Valve Closing
Dynamics

The studies described above have concentrated on the cur-
rently available mechanical valve prostheses with rela-
tively rigid pyrolytic carbon leaflets. As such a leaflet im-
pacts against the seat stop at the instant of valve closure,
the water hammer effect results, since the leaflet does not
yield significantly to the impact nor absorb part of the im-
pact energy. Studies have shown that the leaflets rebound
after impact and create additional negative pressures on
the upstream side of the leaflets. Polymeric valves have
flexible leaflets, which can absorb part of the energy during
impact, and hence one can expect that the negative pres-
sure transient amplitudes will be significantly smaller.
Studies were done with the Chitra valve (with its relatively
flexible UHMW PE leaflet) both in vitro and in vivo. Com-
parisons were made on the leaflet tip velocity at the instant
of valve closure, negative pressure transients, and presence
of cavitation bubbles in vitro under similar closing loads
between mechanical valves with rigid leaflets and the Chi-
tra valve (13–15). For a valve with the same design (e.g.,
tilting disc geometry) and the same size, the leaflet tip ve-
locity at the instant of valve closure was the same irrespec-
tive of the rigidity of the leaflet. However, under the same
closing conditions, the amplitude of the pressure transients
with the Chitra valve was significantly smaller than those
with a rigid leaflet valve. Since the negative pressures with
the polyethylene leaflet valve never reached magnitudes

Figure 22.10 Comparison of negative pressure transients with
a rigid leaflet mechanical valve with the flexible leaflet Chitra
valve from in vitro and in vivo experiments.

close to the vapor pressure for the blood analog used in
these studies, no cavitation bubbles were observed with
these valves. Similar results were obtained from the in vivo
studies as well. A comparison of the pressure transients of
mechanical valves with rigid leaflets with those of the Chi-
tra valve in vivo is shown in Fig. 10. These studies suggest
that during valve closure with flexible leaflets, the yielding
of the leaflets absorbs part of the energy during impact.
Thus the fluid dynamically induced stresses in these re-
gions during closing can be anticipated to be significantly
smaller than those with the currently available mechanical
valves. A controlled study on thrombus initiation with rigid
and flexible leaflet mechanical valves is necessary to
evaluate whether flexible leaflets will help minimize the
problem.

V. ACCELERATED DURABILITY TESTING
FOR WEAR AND FATIGUE
RESISTANCE

The mechanical durability of the heart valves in terms of
their wear resistance and fatigue properties was determined
by accelerated life cycling testing. The test protocol is
based on the guidelines of the ISO standard Cardiovascular
implants—Cardiac valve prostheses: ISO: 5840:1989.
Testing at normal heart rates in mechanical systems or ani-
mal models for over 10 years is unrealistic. Several meth-
ods of accelerated testing of prosthetic heart valves have
been tried and used (70). These include pneumatic cycling
and several variations and combinations of mechanical and
hydraulic cycling.

The test system in use for the past 20 years has been
described earlier (25,30). The hardware of the system pres-
ently in use is third generation, and many problems with
the reliability of the equipment have been minimized so
that the test results can be interpreted with reasonable accu-
racy. Five equally spaced valves are mounted on a station-
ary housing and covered with an acrylic chamber. The test
fluid (distilled water treated with trace amounts of copper
sulfate to control fungal growth) is supplied through the
center inlet of the test housing. A DC motor with a variable
speed control drives the rotor inside the housing. A rotor
sequentially actuates each of the five test valves and dis-
tributes the fluid at a pressure of 200 mm Hg (26.7 kPa).
The test valves are mounted with their sewing rings
stitched to silicone rubber supports to isolate and damp
their vibrations during cycling.

Two combinations of test valves (Haynes-25/UHMW
PE: three each of size 27 mm and 23 mm; Titanium/
UHMW PE: two of size 23 and one of size 27 mm) and
two 27 mm Björk–Shiley standard valves were tested in
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this system for over 350 million cycles each. The valves
were cycled at 800–840 times a minute, the rate being peri-
odically checked using a strobe. The valves were removed
after 1, 2, 5, 10, 20, and 40 million cycles and thereafter
at intervals of 40 million cycles. In these instances, the
assemblies were removed from their sewing ring holders,
cleaned, degreased, and dried before weighing.

Wear of the valve components was measured by
weighing them (or the cage/disc assembly during the test)
to an accuracy of � 0.1 mg in a single-pan electronic bal-
ance. The cage and disc were weighed separately before
assembly. Control weights of titanium (coated with tita-
nium nitride to prevent erosion) were used to monitor the
reliability and consistency of the weighing balance over
the prolonged period of the test.

The end of the cycling of any valve was determined
when

1. There was a failure of any its components.
2. Excessive wear was noticed and the valve was ex-

pected to fail very soon.
3. The valve reached 400 million cycles without

failure.

At the end of the test, the valves were dismantled and
the components weighed again. They were also inspected
for signs of wear and other degradation. The volume of
wear was calculated from the weight loss and the density
of the material. During cycling, since the cage and disc
cannot be weighed separately, the weight loss was attrib-
uted to the component that wears most. The error due to
this was found to be small as borne out by the final
weighing.

Figure 11 shows the results of these tests. The volume
of wear was calculated from the weight loss and the density
of material (UHMW PE � 0.94 and LTI carbon disc �
2.0 g/mL). The bulk of the wear was in the UHMW PE
disc. These rates are marginally higher than those of the
Björk-Shiley standard. No mechanical failure or signs of
excessive wear were encountered in any of the test valves.

The extrapolation of the wear data obtained from accel-
erated wear testing to predict actual implant durability de-
pends on the relation of the wear occurring in vivo to that
measured in the test system. To assess this factor, valves
implanted in sheep have been carefully monitored for
weight loss. The number of cycles that the valve has gone
through is estimated by assuming that on an average, the
heart of the animal beats at 70 per minute. Table 7 shows
the weight loss of valves recovered after implantation and
the corresponding weight loss interpolated from acceler-
ated wear data. The clinical valve was recovered at reoper-
ation for a thrombosed valve and cleaned well including
enzymatic treatment to remove adherent proteins. It should

Figure 22.11 Volume loss plots from the accelerated wear
tests.

be noted that the accuracy of the electronic balance over
such long periods of time is at best �0.2 mg, even with
the careful calibration that was followed. The data clearly
indicate that there are no signs of either excessive wear or
absorption of body fluids; the polymer seems to stabilize
inside the body as expected.

Accelerated testing inherently imposes unrealistically
severe conditions because of

1. The inability to achieve adequate system damping
2. Increased pressures that are required to achieve full

valve excursion
3. Inferior lubricating properties of the test fluid
4. High frequencies imposing stresses that are not

found at lower rates

Accurate prediction of device durability is of consider-
able importance in the development of life-saving devices
like prosthetic heart valves. The reliability and durability
of the test apparatus can be a significant problem, when
one considers that it must outlive a relatively simplistic
device designed to withstand an equivalent of 38 million
cycles per year for over 50 years or more. Hence the design
of the test system and the subsequent results obtained with
a certain model of valve need to be validated with data
from explanted devices, either animal or clinical.

The system used here has proved to be reliable in terms
of long-term performance. Table 7 shows that this system
gives a reasonably good 1:1 correspondence to the wear
rates obtained from explanted valves.

The Björk–Shiley standard valves have been in clinical
use since 1971 and have had an excellent record of durabil-
ity. Their durability based on wear rates was estimated to
be 400 years (70). The wear rate of UHMW PE disc valves
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Table 7 Explant Data from Animal Trials

Explant Accelerated
test

Implant Estimated Wt.
duration cycles loss Interpolated
(Days) (millions) (mg) Reasons for explantation wt. loss (mg)

Titanium cage—UHMW PE disc valve—animal explant

210 21 0.2 Elective terminated—good healing 0.42
220 22 0.5 Elective terminated—good healing 0.44
418 42 0.4 Animal died—tissue overgrowth at the inflow 0.70

side—valve disc got stuck
454 46 0.8 Elective sacrifice—excellent healing 0.75
498 50 0.3 Animal weak—terminated—evidence of myo- 0.81

cardial infarction

Haynes-25 cage—UHMW PE disc valve—animal explant

96 9.7 0.2 Elective sacrifice 0.17
175 18 0.2 Elective sacrifice—good healing 0.28

1457 148 0.9 Animal died—bronchopneumonia 1.30
2765 280 2.1 Animal died—viral infection 2.48
3213 322 2.2 Animal died—valve thrombosis 2.60

Haynes-25 cage—UHMW PE disc valve—clinical explant

758 76 0.3 Reoperation for thrombosed valve 0.78

is marginally higher than that of the Björk–Shiley valve.
The wear of the plastic disc gets distributed over its surface
as it rotates during working. Hence, for a given volume of
wear loss, the thickness of the component worn out is very
much smaller than it would be if the cage struts were to
wear. Clinical use of UHMW PE in artificial hip joints
over the last 35 years has shown this material to be ex-
tremely stable in the body environment. Considering all
this, valves with UHMW PE discs can be expected to last
for over 50 years of implant life at a minimum.

VI. IN VIVO EVALUATION

A. Animal Studies

Adult sheep in the weight range of 30 to 40 kg are the
animal model for this study. It was carried out with the
authorization and supervision of the Institute’s Animal
Care Committee. The International Guiding Principles for
Biomedical Research Involving Animals of the Council for
International Organization of Medical Sciences (CIOMS)
were strictly followed (71). Sheep were chosen as the
model for this trial for the following reasons:

1. Adult sheep in the weight range of 30 to 40 kg had
a heart size suitable for implantation of a 23 mm
valve in the mitral position.

2. Well-established procedures for the conditioning,
anesthesia, surgery, and postoperative care already
existed following the development of a bubble oxy-
genator.

3. Earlier experiments showed pigs, dogs, and calves
to be poor candidates for open-heart surgery in
comparison.

The details of these studies for the clinical model of the
Chitra valve have been published earlier (22). The mitral
valve of the sheep was replaced with the test valve (23
mm sewing diameter) using standard open-heart surgical
procedures.

Postoperatively, the animals were given antiplatelet
agents for the first 14 days to reduce platelet aggregation
and deposition. No anticoagulants were given. They were
closely watched for signs of ill health such as loss of
weight and appetite and general alertness. Valve sounds
were regularly auscultated.

All animals that either died or were electively termi-
nated were subjected to a detailed autopsy, covering the
following areas:

1. Cause of death
2. Inspection of the valve for thrombus/platelet-fibrin

deposit and tissue buildup
3. Evidence of thromboembolism by gross and histo-



Polymeric Occluders in Tilting Disc Heart Valve Prostheses 605

pathological examination of the brain, kidneys,
spleen, and liver

4. Explant analysis of the valve covering
5. Physical changes: Weight loss of the components

as a measure of wear

Five mitral valve replacements of each of the Ti/
UHMW PE and Haynes-25/UHMW PE models (all of 23
mm size) were carried out successfully. Three animals
from the Ti group at 7 months and two from the Haynes-
25 group at 3 and 6 months were electively terminated
(Table 7). In the titanium group one animal died at 1 year
and 2 months due to tissue overgrowth on the inflow side
of the valve, leading to immobilization of the disc. The last
animal became very weak and was electively terminated
at 1 year and 4 months. An autopsy revealed evidence of
myocardial infarction—the valve was clean, the sewing
ring was well healed, and the disc was moving freely.
Whether the infarction was due to a thromboembolism
from the valve could not be determined at autopsy.

In the Haynes-25 group, three animals died at various
periods as given in the Table 7. One died at 4 years due
to bronchopneumonia and the second at 7 years and 7
months due to a viral infection. In both the cases the sew-
ing ring was well healed all round and the disc was moving
freely. In the third animal, which survived for the longest
duration, 8 years and 9 months, a large thrombus was no-
ticed on the valve at autopsy, which effectively immobi-
lized the disc. It should be noted that except for the first
14 days following the valve implantation, the animals were
not given any antiplatelet or anticoagulant medication.

The pressure drop across the valve was measured by
transthoracic cannulation of the left atrium and the left ven-
tricle in three anaesthetized animals (two from the titanium
group and one from the Haynes group). The cannulae were
connected to a semiconductor differential transducer using
extension tubing and three-way stopcocks. ECG and the
differential pressure signals were digitized and acquired
using a data acquisition system. The end diastolic pressure
drop was read for 10 consecutive cycles and averaged. The
mean end diastolic pressure drop for the three animals was
3 mm Hg.

The hemolytic effect of the valve was determined by
measuring free hemoglobin in plasma, the reticulocyte
count, and the lactose dehydrogenase (LDH) before and
after surgery and then after the third month. Hemolysis due
to the valve could not be detected (22).

The explanted valves in general (except for the two
noted earlier) showed excellent healing of the suture ring.
No physical changes, including dimensional changes or
degradation of the polymer, were observed. Weight loss
of the cages was not measurable. The weight loss of the

discs is given in Table 7. The good correlation between
the weight loss in animals and the equivalent estimates in-
terpolated from the accelerated wear data even at 7 and 8
years clearly indicate the stability of the polymer and its
durability.

B. Clinical Studies

Based on engineering and animal data, it was clear that
both combinations, titanium/UHMW PE and Haynes-25/
UHMW PE, were equally good. Polishing of Haynes-25
with its high chromium content was found to be easier than
with titanium. Obtaining a consistently high quality of sur-
face finish with titanium alloys is more difficult than with
chromium-containing alloys like stainless steels and the
cobalt-chromium alloys. In view of this, it was decided to
use a Haynes-25 cage and a UHMW PE disc for further
clinical trials and commercial production.

On the basis of the engineering and in vivo animal data,
the Ethics Committee of the Sree Chitra Tirunal Institute
approved the evaluation of the Chitra valve in patients on
October 27, 1990. The study was based on a common pro-
tocol developed at a joint meeting of the investigators with
a senior statistician and approved by the institutional ethics
committees. In the first phase, from December 1990 to No-
vember 1991, forty valves were implanted at the Institute.
In the second phase, from January 1992 to January 1995,
five additional centers across the country were included in
the study. After a total of 306 valve replacements (101
aortic and 205 mitral), an analysis was carried out in Febru-
ary 1995 for the Monitoring Committee of the multicenter
study, and the results have been reported previously (22).

A detailed follow-up was carried out from September
1997 to September 1998 for this same group of patients.
This clinical data analyzed separately for aortic and mitral
valves as per the American Association for Thoracic Sur-
gery (AATS) guidelines of 1996 are being reported in de-
tail (72). The overall analysis of all the patients, which
brings out the clinical performance of this valve model, is
highlighted in this section.

1. Patients

As mentioned, between December 1990 and January 1995,
306 patients underwent isolated mitral (�205) and aortic
(�101) valve replacement. On discharge, written and ver-
bal instructions on anticoagulation were given to the pa-
tients and families. Anticoagulation was achieved by
Dicoumarol or Nicoumalone to maintain prothrombin time
at 11/2 to 2 times the control value.

The mean age was 28.9 years, the youngest being 6 and
the oldest 58 with a male-to-female ratio of 1.2:1. Over
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Table 8 Preoperative Clinical Profile

Population 306 patients

Age (years)
Mean 28.87
Range 6–58

Male/female ratio 1.20 (167/139)
NYHA class

II 99 (32.4%)
III 172 (56.2%)
IV 35 (11.4%)

Heart rhythm
Atrial fibrillation 88 (28.7%)
Sinus rhythm 211 (68.9%)
Unknown 7 (2.4%)

Valve lesions
Stenosis 71 (23.2)
Insufficiency 140 (45.8%)
Mixed 95 (31.0%)

History of CCF 85 (27.8%)
History of embolism 8 (2.6%)

two-thirds belonged to NYHA classes III and IV and
shared a poor socioeconomic background (Table 8). Sixty-
five percent of AVR patients had aortic insufficiency as
the main lesion, while insufficiency and mixed lesions
dominated (72%) the MVR group.

Early mortality (defined as death within 30 days of sur-
gery or before discharge from the hospital, whichever is
later) was 6.9 � 1.5% (21 patients). While one patient died
from anticoagulation related hemorrhage and another suc-
cumbed to infective endocarditis, four patients (two each
of AVR and MVR) died suddenly at home within a month
of the operation. Non-valve-related causes claimed 15 pa-
tients (4.9 � 1.3%).

2. Postoperative Valve Function

In the first phase unicentric trial, postoperative valve func-
tion was assessed by Doppler echocardiography before dis-
charge from the hospital. Eighteen aortic (all size 23 mm)
and 20 mitral (all size 25 mm) valves were studied. Sys-
tolic or diastolic pressure drop and valve orifice areas were
measured by the pressure half-time method. Regurgitation
was assessed qualitatively.

This assessment showed that the systolic pressure drops
were 8–26 mm Hg (mean 20) with the 23 mm aortic
valves. With the 25 mm mitral valves, the diastolic pres-
sure drops were 2–5 mm Hg (mean of 3) and the valve
areas ranged from 2 to 3.4 cm2 (mean 2.5). Doppler
showed mild intravalvular regurgitation in most aortic and
some mitral valves. This was acceptable and consistent
with the leak allowed by the nonseating disc.

3. Follow-Up

Two hundred eighty five patients were reviewed at their
respective institutions, initially at 1, 3, 6, and 12 months
and thereafter at approximately yearly intervals. Between
December 1997 and March 1998, 75 patients with no fol-
low-up prior to September 1997 were vigorously traced.
About 50% responded to direct letters and two-thirds of
the remaining recalcitrant patients could be traced by direct
house visits. At the end of the study period in September
1998, 13 patients remained lost to follow-up (defined as
not having a checkup or any other form of contact (if not
confirmed to have died) during the 12 months of the study
period. Thus the net follow-up was 272/285 or 95.4% in
terms of patients. The duration of follow-up ranged from 1
month to 7.5 years with a mean of 4.25 years; the minimum
follow-up for survivors was 3 years. Total follow-up years
actually observed was 1212 patient years.

4. Data Analysis

The linearized incidences and the actuarial probabilities of
survival were calculated according to the method of Grun-
kemeier and Starr (73) and Lefrak and Starr (74). Percent-
ages are expressed as percent � 1 standard error.

5. Late Mortality

Late deaths occurred in 52 patients (4.3 � 0.6% per patient
year), 12 due to known valve-related causes (Table 9) and
17 due to non-valve-related causes. Twenty-three patients
died at home between 2 months and 8 years after the opera-
tion, and the cause of death could not be determined. These
unknown deaths have been treated as valve-related in all
analyses.

6. Postoperative NYHA Status (Figure 12)

The majority of the operative survivors (258 of 285)
moved up to NYHA Class I following valve implantation

Table 9 Valve Related Late Events and Deaths

No. of %/patient No. of
Event patients year deaths

Valve thrombosis 11 (13)a 1.1 � 0.3 5
Systemic embolism 22 (22) 1.8 � 0.4 1
AC bleeding 3 (6) 0.5 � 0.2 3
Infective endocarditis 6 (6) 0.5 � 0.2 3
Unknown deaths 2.4 � 0.44 23
Total 35

a The figure in brackets gives the number of events in that category. AC �

anticoagulant related.
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Figure 22.12 Postoperative status of the patients implanted
with the Chitra valve.

and full recovery, while none remained in the preoperative
levels of cardiac dysfunction (NYHA III and IV).

7. Valve-Related Mortality and Late Events

Twelve patients died due to confirmed valve-related com-
plications (Table 9). To this figure was added the 23 un-
known deaths, which resulted in a linearized incidence of
2.9 � 0.5% per patient-year. Among late events during
follow-up (Table 9), 13 episodes of valve thrombosis oc-
curred in 11 patients (1.1 � 0.3% per patient-year). Ten of
these patients had discontinued anticoagulants for periods
ranging from a few days to 3 months. Five patients in this
group died before hospitalization became available to
them. Four responded well to thrombolytic therapy, and
the other two underwent successful valve re-replacement,
one with a Starr–Edwards valve and the other with a CHV.
Embolic episodes occurred in 22 patients (1.8 � 0.4% per
patient-year) of whom four had discontinued anticoagu-
lants. Twenty-one patients in this group made a full recov-
ery without residual neurological deficit, while one died.
Six patients had anticoagulant-related bleeding (0.5 �
0.2% per patient-year) of whom three succumbed to intra-
cerebral bleeding. Of six patients who developed infective
endocarditis (0.5 � 0.2% per patient-year), three died.

The long term actuarial survival rates for the 285 survi-
vors are shown in Fig. 13. At 5 years, the survival rate was
75.8 � 2.6%, and at 7 years it was 71.5 � 3.5%. Figure
13 also shows the actuarial data for thromboembolism free
survival, which includes both valve thrombosis and sys-
temic embolism. At 5 years, the freedom from thrombo-
embolism was 87.7 � 2.0%, and at 7 years it was 86.4 �
2.4%. The freedom from all valve related mortality and
morbidity was 76.3 � 2.6% at 5 years and 72.6 � 3.2%
at 7 years.

Figure 22.13 Long-term actuarial survival rates for the 285 sur-
vivors with Chitra valves.

There has so far been no report of mechanical failure,
either in this study or elsewhere. Interestingly, there has
been no incidence of paravalvular leak in this study. Also,
there have been no complaints of discomfort due to the
valve sounds. The closing sounds are soft and dull due to
use of the UHMW PE disc. Even in the generally young
and lean patients, the valve sounds are not easily heard
nearby.

The important features of this patient profile are ad-
vanced disability (68% in NYHA classes III and IV) and
poor socioeconomic background. The advanced preopera-
tive functional disability would adversely influence opera-
tive mortality and long-term survival. The poor socioeco-
nomic background is a major cause for late attendance at
the hospital and, above all, lack of compliance in taking
anticoagulants and other medications. It was not rare for
poor patients to skip medications for financial reasons or
because of nonavailability in a remote village. Nor was it
rare for patients with valve thrombosis to delay reporting
to the hospital in spite of progressive dyspnea, until they
were in the terminal stage of pulmonary edema. These
problems are encountered in varying degrees in third-
world populations (75).

The low incidence of anticoagulant related bleeding in
the present series probably reflects the less aggressive pol-
icy of physicians in the use of anticoagulants. The absence
of any report of paravalvular leak is noteworthy and could
be due to the low closing impact forces of this valve de-
sign. This needs further confirmation via larger and longer
follow-up of patients.

Table 10 shows a comparison of the valve related com-
plications, mortality rates, and actuarial estimates of the
present series with those reported by Antunes et al. (75)
with the use of the Medtronic-Hall valve in a third-world
population. The striking similarities in the complications
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Table 10 Comparison of Mortality, Complication, and
Actuarial Values

Incidence in %/patient-year
Mortality/complication/
actuarial value CHV Antunes et al.

1 Late mortality 4.3 � 0.6 6.3 � 0.5
2 Valve related mortality 2.9 � 0.5 2.9 � 0.3a

3 Thrombosis 1.1 � 0.3 1.2 � 0.2
4 Embolism 1.8 � 0.4 3.3 � 0.3
5 Paravalvular leak 0.0 2.2 � 0.2
6 Infective endocarditis 0.5 � 0.2 0.7 � 0.2
7 Anticoagulant related 0.5 � 0.2

hemorrhage 0.7 � 0.2
8 Freedom from thrombo- 87.7 � 2.0

embolism at 5 years 85 � 2.0
9 Freedom from all valve 76.3 � 2.6

related mortality and mor-
bidity at 5 years 75 � 3.0

10 Total survival at 5 years 75.8 � 2.6 75 � 2.0

a This excludes 41 of 64 cases of sudden or unknown death.

and survival rates highlight the comparable performance
of the CHV and the Medtronic-Hall valve.

Bain and Nashef (76), in their review of the perfor-
mance of different models of titling disc valves, have
quoted the incidence of bleeding at 0.3 to 1.1% per patient-
year, paravalvular leak at 0.7 to 2.0% per patient-year, and
infective endocarditis of 0.8% per patient-year. They have
also quoted the following figures for valve thrombosis and
embolism for Bjõrk–Shiley valves (all models): Embolism
for aortic valves at 0.4 to 1.6% per patient-year and for
mitral valves at 1.5 to 3.0% per patient-year; thrombosis
varies between 0.9 to 1.1% per patient-year. The data in
this study are comparable to these. This study confirms
the earlier observation (22) that the CHV is mechanically
sound, structurally reliable, and hemodynamically and
clinically comparable to other tilting disc valves of similar
design.

SUMMARY AND CONCLUSIONS

In this chapter, the concept, design, development, and eval-
uation of a mechanical valve with a flexible polymeric oc-
cluder has been described. The development of a UHMW
PE occluder enabled the technology to be indigenous to
countries like India and proved to be cost-effective in treat-
ing a significant percentage of patients who cannot afford
implantation of imported valve prostheses. The in vitro and
accelerated wear evaluation assured that the prototype
valve will have performance characteristics comparable to
the currently available mechanical valve prostheses in the

United States. Careful analysis of the valve closing dynam-
ics and the stresses induced in this phase of the cardiac
cycle suggests that valves with flexible occluders have sig-
nificantly less fluid dynamic stresses, which may prove to
be advantageous. The in vivo evaluation both in the animal
model and in implants in patients proves to be promising.
A carefully controlled study comparing the implant experi-
ence with the Chitra valve and the presently available me-
chanical valves with the pyrolytic carbon occluders is nec-
essary for further investigation.
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Blood-Contacting Polymers
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I. INTRODUCTION

When a foreign body is brought into contact with blood,
it is confronted with two complex biological systems, co-
agulation and immunity. Although these protective mecha-
nisms are essential in man, they create problems when a
foreign body is intentionally brought into contact with
blood for medical purposes. However, since the early
1950s, polymers have been widely used for a large range
of medical applications, from long-term implants to short-
term dressings, in all fields of medicine and surgery. Exam-
ples of practical devices that implicate blood contact poly-
mers are (1):

Extracorporal blood-circulating devices
Catheters
Blood bags and tubing used for blood transfusion
Membranes, hollow fibers, and tubing used for dialysis

devices, plasmapheresis and plasma detoxification,
and oxygenators

Cardiac valves and blood vessel replacement such as
aortic bypasses

Drug delivery systems
Plasma expanders and blood substitutes
Contrast agents
Embolization agents

The medical use of such devices has increased during
the second half of the 20th century due to improvements
in the quality of the devices and that of the polymers used
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to produce them. These polymers are increasingly pre-
scribed for use in cardiac surgery and in the treatment of
renal and cardiovascular disease. Without the use of poly-
mers, some of the major improvements made in the past
decades, in medical and surgical practice, would have been
impossible.

The global market for medical devices was approxi-
mately $120 billion in 1995. The market of blood-con-
tacting polymers is relatively large and has an annual in-
crease of approximately 5% (2). Synthetic materials are
used in contact with blood in millions of medical devices
and diagnostic systems. The number of devices used
worldwide each year is impressive: 100,000 heart valves,
500,000 vascular grafts, �250,000 stents, 200,000 pace-
makers, 200,000 blood oxygenators, 50,000,000 blood
bags, and millions of catheters (3).

The polymers commonly used to produce blood-con-
tacting devices are essentially either classical synthetic
polymers or natural polymers (1) (Table 1) (Fig. 1). Poly
(vinyl chloride) (PVC) is the most extensively used poly-
mer for all short-term devices, such as extracorporal blood-
circulating devices, catheters, and blood bags. Silicone
rubber and polyethylene present alternative materials for
these devices. Cellulose and cellulose derivatives, poly-
amides, polypropylene, polyacrylonitrile, polysulfone, and
polyesters are the basic materials for membranes and hol-
low fibers for dialysis. Commercially available vascular
grafts and cardiac valves are essentially made from polyes-
ters, mainly poly(ethylene terephthalate) (Dacron) and
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Table 23.1 Main Blood-Contacting Polymers

Polymer Device

Cellulose and derivatives Membranes for dialysis
Cross-linked collagen Heart valves
Dextran Plasma expanders
Human albumin Plasma expanders
Polyacetal Heart valves
Polyacrylonitrile Membranes for dialysis
Polyamides Catheters, heart valves, mem-

branes for dialysis
Polycarbonates Syringes, catheters, heart valves
Poly(ethylene terephthal- Vascular prostheses

ate)
Polypropylene Syringes, catheters
Polysulfones Membranes for dialysis
Poly(tetrafluoroethylene) Vascular prostheses, artificial

hearts, catheters
Polyurethanes Vascular prostheses, artificial

hearts, catheters
Poly(vinyl chloride) Blood bags, catheters
Silicones Catheters, artificial hearts

poly(tetrafluoro ethylene) (Teflon). Finally, polyure-
thanes and related polymers such as poly(ether-urethane)
have also been developed as biomaterials (4,5). Biopoly-
mers have been developed simultaneously, mainly for
cardiovascular prosthetic devices. These materials are es-
sentially collagen derivatives from animals, highly cross-
linked by glutaraldehyde or other agents. Cross-linking
improves the mechanical properties of the material and de-
presses its immunogenicity, which is important as collagen
degradation products are known to be inflammatory (6–8).

The major improvement of the past decade, in this field,
is the use of so-called medical grade polymers, i.e., poly-
meric compounds that release neither toxic nor carcino-
genic products into the bloodstream. Moreover, the degra-

Figure 23.1 Weight distribution for blood contacting polymers.
(From Ref. 357.)

dation products of such materials are nontoxic and
noncarcinogenic and do not accumulate in the body (9–
12).

A further improvement has been achieved through the
modification of the processing technique employed to pro-
duce the polymers. The following desirable properties
have been attained (13):

Increased permeability and mechanical strength of the
membranes and hollow fibers used in dialysis.

Increased mechanical strength and relative porosity in
vascular grafts. The porosity of the wall allows the
healing process to occur within the walls of the vas-
cular graft.

Despite their extensive use, the polymers available are
essentially unsatisfactory, because of the undesirable
events produced when blood comes into contact with the
polymer. The first problem is the rapid adsorption of pro-
tein (14), which is the trigger for blood coagulation and
leads to platelet adhesion. The second problem arises from
the large difference between the mechanical compliance
of the polymers and that of the natural blood vessel wall
(15). Turbulence in the bloodstream results from the de-
scribed variation, which in turn induces hemolysis, platelet
activation, and aggregation (16–18). Moreover, the rugos-
ity of the surface in contact with the blood may also pro-
duce similar undesirable effects (19). It should be noted
that for long-term uses the loss of the mechanical strength
of mobile devices (e.g., artificial heart membranes) might
be a cause of failure of the device itself. It appears that
these events are related to calcification processes occurring
within the polymer matrix, after several months of expo-
sure to blood (20). The third problem is created when the
compounded polymer releases some of the adjuvant, stabi-
lizers, and plasticizers into the bloodstream. This may in-
duce blood damage (21). A literature survey carried out
the early 1970s examined commercially available PVCs.
These polymers, even when of medical grade, exhibit dif-
ferent blood compatibilities with respect to their ability to
induce the blood coagulation process. This can be attrib-
uted to the release of plasticizers or stabilizers. The fourth
undesirable event is produced by the degradation of the
material. This may result from the long-term exposure of
the polymers to blood. In this case nontoxic and noncarcin-
ogenic products are released, which induce blood coagula-
tion. This degradation effect is not necessarily related to
the mechanical failures previously described. Finally, the
exposure of polymers to blood may promote both a cellular
and a humoral immune response, and may also carry a risk
of bacterial infection. All these events can be catastrophic,
and they sometimes require surgical intervention to replace
the implanted device. This is the case for biovalves made
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of cross-linked collagen, which have a replacement rate of
25% after 10 years in the body (22).

In order to overcome the thrombotic problems encoun-
tered when using blood-contacting polymers, the medical
professional can utilize an anticoagulant long-term adju-
vant therapy, based on heparin and a vitamin K antagonist
(coumarin, etc.). However, this type of therapy may induce
some undesirable side effects.

The grafting of prostheses, made of synthetic materials,
is adequate for the treatment of large arteries. However,
the low hemocompatibility of these prostheses in small-
diameter blood vessels does not allow their use in coronary
or below-the-knee arterial replacement. The absence of an
endothelium, in conjunction with the thrombogenic prop-
erties of the synthetic material, results in a high percentage
of thrombosis when synthetic prostheses are grafted at
these anatomic sites. To overcome this problem, it is possi-
ble to seed endothelial cells on expensed PTFE and then
implant the endothelialized prosthesis. Although this tech-
nique is time-consuming, requiring approximately one
month between the sampling of the autologous cell and the
grafting, it leads to excellent results (23). Superior results
are achieved with total vessel rebuilding (24). The latter
technique is highly complex.

A considerable amount of research, during the past de-
cades, has been devoted to the synthesis and tailoring of
new biomaterials suitable for use as blood-contacting poly-
mers. These new materials should not induce either the
coagulation of blood or the immune response. Further-
more, they should not allow bacterial adhesion. With the
availability of new materials, considerable progress in the
field of blood-contacting artificial devices is expected in
the near future.

In this chapter the following subjects will be reviewed:

The physiological aspects of hemostasis.
The events that occur when blood contacts a polymer,

with particular attention to the coagulation of blood
and the immune response. As a result, the blood
compatibility of polymers will be defined.

The factors that may affect the blood compatibility of
polymers and their relevance to experimental data.
In addition, the suitability of both commercial and
noncommercial blood-compatible polymers for the
manufacture of blood-contacting devices will be
considered.

The new concept of ‘‘bioactive biomaterials.’’

The response of blood to the artificial surfaces of poly-
mers is inevitable, and it is possible to list the different
interactions as follows: protein adsorption, platelet reac-
tion, intrinsic coagulation, fibrinolytic activity, comple-
ment activation, and interaction with circulating cells.

II. BLOOD COAGULATION

Normal coagulation, or hemostasis, prevents vital internal
fluids leaking, but pathological and inappropriate coagula-
tion results in thrombosis. The hemostatic mechanism ap-
peared at a very early stage of evolution (25,26), even be-
fore the formation of the vascular system (27,28).

Coagulation enables man to survive hemorrhaging fol-
lowing a trauma. It has to occur in a restricted area around
the cut to avoid disturbing the general circulation of the
blood. When the vascular breach is repaired, the blood clot
will dissolve so that the circulation of the blood in the pre-
viously damaged vessel can resume: this is fibrinolysis
(29). This mechanism prevents the permanent obstruction
of damaged vessels. Thrombosis, which is the obstruction
of undamaged vessels, is also avoided by fibrinolysis.

Coagulation represents the transformation of soluble
fibrinogen into an insoluble fibrin network under the in-
fluence of thrombin, the key enzyme. It is a complex phe-
nomenon and involves several enzymes, cofactors, and
phospholipidic surfaces. All these elements are termed co-
agulation factors. The latter circulate as inactive precur-
sors, of which some are zymogens and others are cofactors.
Each zymogen is converted to an active form (a serine pro-
tease), which in turn activates the next coagulation factor
in the sequence. However, this coagulation ‘‘cascade’’ is
not a linear process; it implies intricate positive and nega-
tive feedback, in which thrombin affects its own formation
and its own breakdown. Numerous steps in the hemostasis
process are heterogeneous catalysis implying calcium ions
and negatively charged phospholipids. Comprehension of
the physiological nature of the coagulation is essential in
order to elaborate a blood-compatible polymer.

Initiation of blood coagulation has been divided into
two pathways (Fig. 2), the intrinsic and the extrinsic. Both
pathways culminate in the generation of thrombin. The in-
trinsic cascade is initiated when blood comes into contact
with an anionic surface and as only dependant on factors
intrinsic to the flowing blood. The extrinsic pathway is ini-
tiated by tissue factor (TF or thromboplastin or factor III).
This protein only becomes exposed to the bloodstream
when a vascular wall is damaged (30).

A. Extrinsic Pathway and Primary Hemostasis

Primary hemostasis is a physiological process necessary
to preserve homeostasis, as well as being the first step of
the process of tissue repair. Primary hemostasis involves
all of the complex interactions between the vascular walls,
platelets, and coagulation factors described above, as well
as hemorheological factors such as blood viscosity and
flow.
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Figure 23.2 Overview of blood coagulation. The coagulation factors are designated with roman numerals, and the suffix a indicates
a proteolytically activated factor.

Primary hemostasis in small blood vessels is deter-
mined by the standardized measurement of bleeding time.
In man, the bleeding of sectioned small blood vessels stops
after approximately four minutes. This process takes place
in several stages. Cutting the vascular wall causes it to con-
tract, which then modifies the local hemodynamic condi-
tions and exposes the subendothelial conjunctive tissue.
The surface of the endothelial cells is thromboresistant,
whereas the collagen-rich subendothelium is thrombo-
genic. The platelets adhere to the subendothelium when
submitted to hemodynamic forces and in the presence of
the von Willebrand factor (factor VIII). This is the first
stage of hemostasis. Both the coagulation pathways are ac-
tivated, in conjunction with the activation of platelets.
Upon vascular injury, the thromboplastin is exposed to
blood and readily forms a one-to-one stoichiometric com-
plex with the circulating factor VII (convertin). Complex
formation with thromboplastin has two functions. It aug-
ments the activation of the factor VII to VIIa, and it en-
hances the proteolytic activity of factor VIIa with respect

to its substrates. The factor VIIa/TF complex, then, initi-
ates blood coagulation by proteolytically activating its sub-
strates, factors IX and X, leading to the rapid formation of
factor IIa (thrombin) (31). The subendothelium collagen
activates the factor XII (Hageman factor) and leads to the
slower, intrinsic formation of thrombin.

B. Intrinsic Pathway and the Contact System

The initiation of the intrinsic pathway involves four pro-
teins forming a system termed a ‘‘contact system’’ (32).
This pathway is triggered when factor XII (Hageman fac-
tor) comes into contact with collagen present in the ex-
posed subendothelium. The activated factor XII (factor
XIIa) then activates factor XI, which, in the presence of
calcium ions, cleaves a peptide from factor IX. The latter
reaction produces the activated form, factor Xa, in the pres-
ence of the phospholipids of the platelet membrane, factor
VIII, and calcium ions. The activated factor X together
with factor V bind to the platelet phospholipids in the pres-
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ence of calcium. This complex, referred to as prothrombi-
nase, catalyses the conversion of prothrombin (factor II)
to thrombin (factor IIa). The effect of cofactors V and VIII
is greatly enhanced by positive feedback created by the
action of the thrombin.

C. Platelet Activation

In case of endothelium damage, the procoagulant subendo-
thelium is exposed to the circulating platelets. Platelets,
which are small nonnucleated cells, are very important for
blood coagulation, because they provide procoagulant
phospholipids and factor V.

The platelets are activated by the subendothelium, to
which they adhere, and by the localized formation of trace
thrombin. Platelets adhere to the subendothelium through
their surface receptor (glycoprotein GP Ib-V-IX) via the
von Willebrand factor (a polymer of factor VIII) and are
activated to change shape and spread, undergo the release
reaction, and stimulate the arachidonate pathway. Released
adenosyl diphosphate (ADP) and thromboxane A2 (TxA2)
cause the circulating platelets to change shape, express the
fibrinogen receptor (glycoprotein GP IIb-IIIa), and stick to
other platelets. Simultaneously, the platelets rearrange
their phospholipidic membrane in such a way that the pro-
coagulant lipids such as phosphatidyl serine, that normally
remain inside the membrane, appear on its outer surface.
Thus the growth of the thrombus is initiated. In addition,
thrombin generated at the site of vascular injury causes
further release and aggregation of platelets and transforms
fibrinogen into fibrin, thereby contributing to the growth
of the thrombus and its stabilization with a fibrin mesh
(33). The surface of this thrombus exhibits a phospholipo-
protein (designated platelet factor 3 or PF3). The latter pro-
motes and accelerates the generation of the factor X (Stuart
factor) and thrombin at the surface. It also enables these
elements to be protected from the inhibiting action of anti-
thrombin (AT). Furthermore, the platelet factor 4 (PF4),
which has a great affinity for heparin, is released by acti-
vated platelets (see below). Therefore PF4 inactivates hep-
arin, rendering it unavailable to catalyze the inhibition of
thrombin by antithrombin (34).

D. Thrombin and Clot Formation

When materials are in contact with blood, the cascade of
enzymatic reactions described above leads to the formation
of thrombin, which plays numerous important roles in the
coagulation of blood (35). Thrombin is able to induce both
platelet aggregation and release. This enzyme has the pos-
sibility of catalyzing its own formation. Thus when small

amounts of thrombin become available, increasing quanti-
ties of the enzyme will be readily formed. Thrombin is able
to activate fibrinogen in a hydrolysis reaction that produces
fibrinopeptides A and B and the soluble fibrin polymer
(36). The cross-linking of the soluble fibrin is catalyzed
by factor XIII (37), and this results in the formation of
the insoluble fibrin clot. It should be noted that aggregated
platelets, other blood cells, and plasma proteins are en-
trapped in the cross-linked fibrin network.

E. The Fibrinolytic System

Fibrinolysis is a physiological phenomenon that results in
the enzymatic destruction of the thrombus (29,36). This
process involves plasmin, which is a serine protease pro-
duced from an inactive precursor: the plasminogen. All the
physiological activators of fibrinolysis are all serine prote-
ases. The latter are formed from zymogens by limited pro-
teolysis after clotting or by the formation of a thrombus,
which can occur in two different ways (Fig. 3). The activa-
tion of fibrinogen is dependent on the contact system, co-
agulation, circulating activators, and the endothelium of
the vessel. The intrinsic pathway is initiated when the fac-
tor XII is activated to XIIa by interaction with a negatively
charged foreign surface in the presence of high molecular
weight kininogen and prekallikrein. The extrinsic pathway,
however, seems to be more relevant to the physiological
changes in fibrinolysis. There are two kinds of physiologi-
cal activators, one of which is the tissue plasminogen
activator (t-PA) synthesized within and released from the
endothelial cell. The tissue plasminogen activator is pre-
dominately responsible for the lysis of clots in the vessels.
The other type of activator is the urinary plasminogen acti-
vator (u-PA), which was initially identified in human urine
and was later found in plasma (29). It should be noted that
some foreign proteins, for example streptokinase and sta-
phylokinase, and proteins from bacteria, have an enzy-
matic ability to form a complex with plasminogen and to
promote plasmin formation (38).

The powerful inhibitor alpha-2-antiplasmin immedi-
ately inhibits any plasmin that may appear in the blood. It
can be concluded that fibrinolysis is a localized phenome-
non occurring at the surface of the thrombus or blood clot
when it is confined in a closed cavity. In reality, plasmin
is only observed in circulating blood during thrombolytic
treatment using streptokinase.

Plasmin degrades the fibrous network of cross-linked
fibrin as well as the fibrinogen. The products of this enzy-
matic digestion are called the fibrin degradation products
(FDP). The quantity of the latter is an indirect measure of
the action of the plasmin.
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Figure 23.3 Schematic diagram showing the activation pathways of the fibrinolytic system.

F. Coagulation Control

From the discussion of the whole coagulation process, it
would appear that the formation of the clot should occur
when blood contacts any surface, including the normal ves-
sel endothelium. However, this would result in the general
thrombosis of the blood circulation system. As this is not
the case in reality, it is obvious that other control systems
are involved. Moreover, the normal healthy vessel endo-
thelium is able to control the coagulation cascade. Thus
blood coagulation is carefully controlled in vivo by several
anticoagulant mechanisms, which ensure that clot propaga-
tion does not lead to occlusion of the vascular system
(39,40).

1. Circulating Coagulation Inhibitors

Thrombin plays a central role in hemostasis, so there must
be enough to ensure hemostasis but not so much as to cause
thrombosis. As in all the important biological systems,
thrombin generation is ensured by a delicate system of pos-
itive and negative feedback, in which thrombin influences
both its own formation and its own breakdown. There are
three types of coagulation inhibitors: the ‘‘enzyme kidnap-
pers’’ (such as alpha-2-macroglobulin), the inhibitors that
block active sites (such as antithrombin), and the serine
proteases (such as alpha-1-antitrypsin) Table 2. These in-
hibitors are generally able to form complexes with several
proteases, at variable rates. For instance, alpha-2-macro-
globulin reacts readily with kallikrein but slowly with

thrombin. In plasma, about 70% of the thrombin generated
is inhibited by antithrombin, 20% by alpha-2-macro-
glubulin, and the rest by other inhibitors such as alpha-1-
antitrypsin.

The most potent plasma inhibitor is antithrombin,
which is able to form inactive stable complexes with serine
proteases including factors Ila, IXa, Xa, XIa, and kalli-
krein. The reactions are irreversible and slow. They sug-
gest the formation of a chemical bond between the serin
active site of the protease and an arginyl residue of the
inhibitor (41). These reactions are more or less subject to
be catalyzed by heparin and heparin analogs that might be
present in some subendothelial or endothelial tissue (42).

Another thrombin inhibitor, the second heparin cofactor
(HC II), is also able irreversibly to form a stable complex
with thrombin (43–45). However, unlike antithrombin,

Table 23.2 Coagulation Inhibitors in Human
Plasma

Concentration in
Inhibitor plasma (g/L)

Alpha-1-antitrypsin 2–4
Alpha-2-antiplasmine 0.085
C1 inactivator 0.25
Alpha-1-antichymotrypsin 0.48
Alpha-2-macroglobulin 3
Antithrombin 0.15–0.25
Heparin cofactor II 0.079
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this inhibitor is not able to react with other proteases in-
volved in the coagulation cascade. In this case, the most
effective catalysts appear to be dermatan sulfate and pento-
san polysulfate rather than heparin (46–48).

2. Endothelial Cell Control

The endothelial cells associated with thrombin employ
several different pathways to achieve the control of hemo-
stasis.

Welsler et al. (49) showed that thrombin stimulates the
endothelial cells to secrete prostacycline (PGI2), a prosta-
glandin that is a very potent inhibitor of platelet aggrega-
tion and hence restricts the growth of the thrombus.

Intact endothelial cell membranes contain a receptor
called thrombomodulin. In the presence of the latter,
thrombin loses its procoagulant properties and catalyzes
the hydrolysis of protein C (50–52). The resulting acti-
vated protein C (aPC) is able to bond to platelet mem-
branes. It has been suggested that activated protein C is
able to catalyze the hydrolysis of factors Va (53) and VIIIa
(54) when fixed onto the platelet membrane. As a result,
the rate of activation of the factors X and II is decreased
in the vicinity of the endothelial cells. During this process,
the protein S also plays a role. Activated protein C, to-
gether with protein S, inactivates both tenase (a complex of
factor Ixa, factor VIIIa, and calcium ions on phospholipid,
activating the factor X) and prothrombinase, hence stop-
ping the formation of thrombin. Activated protein C is also
a profibrinolytic (55).

Thrombin also stimulates the production of the plasmin-
ogen activator by the endothelial cells, which initiates the
fibrinolytic degradation of thrombi (56). Other mecha-
nisms are also involved in the control of thrombosis by
endothelial cells. For example, endothelial cells can syn-
thesize and release nitric oxide (NO), which is a potent
vasodilator and also an inhibitor of platelet aggregation
(57).

All of these preceding pathways, and probably others,
are involved in the control of clot formation (58,59). Their

Figure 23.4 Pentasaccharide corresponding to the minimal sequence in heparin for binding to antithrombin.

failure may contribute to atherothrombosis and therefore
appears to be one possible manner by which general throm-
boses occur as a consequence of this disease. Other plas-
matic control systems are involved in the prevention of
general thrombosis.

3. Glycosaminoglycans

The ability of certain sulfated polysaccharides (such as
glycosaminoglycans, the best known of which is heparin)
to interfere with blood coagulation is well known (60,61).
More than 80 years after its discovery, heparin remains an
important antithrombotic agent in clinical use. The main
effect of heparin (and heparan sulfate) is to accelerate the
inactivation of coagulation enzymes by antithrombin, the
most potent serine protease inhibitor (serpin) (42,62). An-
other serpin, the heparin cofactor II, which is activated by
heparin and also by another glycosaminoglycan, derman-
tan sulfate, selectively inactivates thrombin (47,63). Con-
trol of blood coagulation is via the protein C pathway and
involves a glycosaminoglycan-containing molecular spe-
cies as the protein C activator thrombomodulin, which is
a proteoglycan. The exact chemical nature of the catalytic
site on heparin was a matter of controversy until Choay et
al. (64,65) proved that a synthesized pentasaccharide was
a replica of the catalytic site (Fig. 4). The conformational
change of antithrombin bonded to the heparin is now well
described (66).

The endothelial cells of blood vessels synthesize a mi-
nor subpopulation of proteoglycans, which exhibit heparan
sulfate with the appropriate pentasaccharide to bind anti-
thrombin (67–71). This interaction serves as the basis of
the natural anticoagulant mechanism of the vascular sys-
tem (72).

G. Procoagulant Regulation

It is important to ensure a fast initial thrombus formation
and stabilization to prevent bleeding. Thus, in plasma, a
specific inhibitor inhibits the anticoagulant properties of
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the activated protein C: the protein C inhibitor (PCI). PCI
is a member of the serine protease inhibitor family (serpin)
(73). The reaction rate between aPC and its inhibitor is
increased in the presence of heparin or dextran sulfate (74).
The fibrinolytic system is controlled by two proteins: plas-
minogen activator inhibitors 1 and 2 (PAI-1 and PAI-2),
which are also serine protease inhibitors (75,76).

The complement inhibitor S protein, which is identical
to the adhesive protein vitronectin, functions as a heparin
neutralizing factor by protecting thrombin and activated
factor X against rapid inactivation by antithrombin. The
vitronectin counteracts the anticoagulant activity of hepa-
rin and pentosan polysulfate but not that of dermatan sul-
fate (77). Vitronectin also plays another role in hemostasis,
as it can strongly bond with a high affinity to PAI-1. The
formation of the complex with vitronectin not only in-
creases the half-life of PAI-1 in circulation but also enables
the active inhibitor to be stabilized at sites of vascular in-
jury and initial platelet plug formation (78).

H. Conclusion

Clot formation appears to be the normal consequence of
the contact between blood and polymers, unless the latter
have been specifically designed and tailored to prevent this
catastrophic event. Clots initiated by contact may develop
in different ways depending on the nature of the surface.
The final result is always thrombin formation. The latter
may well be the pivotal event in coagulation. Pro- and anti-
coagulant mechanisms generally favor anticoagulation un-
der physiological conditions. However, the anticoagulant
system is restrained, and procoagulant forces predominate
at sites of vascular injury.

Blood and the natural endothelium of the vessel wall
are able to control the coagulation process. One of the most
potent control systems available is the heparin-catalyzed
formation of the antithrombin–serine protease complex.

It must be emphasized that the coagulation of blood is
a complicated process. Its kinetics cannot be completely
described by the schematic models given above, as the for-
mation of a clot is a complex combination of each of the
reactions involved. Moreover, these kinetics are dependent
on the flow rate of the circulating blood. This adds one
further parameter to the multiparameter system controlling
the coagulation of blood.

III. BLOOD COAGULATION ON FOREIGN
SURFACES

It has been known for a long time that prothrombin time
(a coagulation test) is shorter in glass than in plastic. This
is a consequence of a relationship between the contact sys-

tem and extrinsic coagulation: factor VII can be activated
by factor XIIa. This is an indication of the importance of
the surface composition in the coagulation process. The
blood reaction to a foreign surface is driven by interfacial
phenomena that are determined by the surface properties
of the material (79) and blood flow characteristics (80).

A. Role of the Adsorption of Protein

As a result of different interactive forces (Tables 3 and
4), a competitive adsorption of proteins and glycoproteins
occurs at the polymer surface, and they form a complex
protein coating (81). Some of these adsorption processes
are partially or completely reversible (82,83). Depending
on the nature of the surface, some of the deposited proteins
may initiate coagulation. Therefore in order to improve the
blood compatibility of insoluble polymers, it is necessary
to understand the phenomena that govern the adsorption
of the proteins. The latter is the first essential step to trig-
gering coagulation or to promoting complement activation
by a foreign surface.

When a foreign surface (solid, liquid, or gas) is brought
into contact with a protein solution like blood, a certain

Table 23.3 Fundamental Interaction Forces Between
Materials and Blood Components

Interaction forces Description

van-der-Waals forces in- Attractive dipole–dipole inter-
cluding action considerably weaker

than ionic or covalent
bonds. These forces de-
crease rapidly with the dis-
tance (by the factor 1/d7

for London forces and by
the factor 1/d4 for others).

Keesom forces (between
two permanent dipoles)

Debye forces (between per-
manent dipole and in-
duced dipole)

London forces (between in- The typical energy is about 2
stantaneous dipole and kJ ⋅ mol�1

induced (dipole)
Hydrogen bonds Attractive, a special case of

very strong dipole–dipole
interaction. Typical energy
is about 20 kJ ⋅ mol�1

Ionic interactions Attractive or repulsive, these
forces decrease by the fac-
tor 1/d2. Typical energy is
about 250 kJ ⋅ mol�1
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Table 23.4 Resultant Interaction Forces Between Materials
and Blood Components

Interaction forces Description

Electrostatic double layer Attractive or repulsive long-range
forces forces, depending on the electro-

lyte content of the medium
Hydration forces Repulsive
Hydrophobic interactions Attractive long-range forces
Polymer-induced forces Sterical repulsion or bridging at-

traction
Specific forces Attractive short-range (e.g., acid–

base, Ca2� bridges

Source: Adapted from Ref. 357.

amount of the dissolved protein will be adsorbed on the
surface. The amount of protein adsorbed and the composi-
tion of this protein layer depend mainly on the nature of
the foreign surface. To a great extent, the biological prop-
erties of the surface depend on the adsorbed protein. Un-
fortunately, the hemocompatibility is difficult to predict
from the characteristics of the surface.

During the last 30 years, it has been established that the
first event to occur when blood contacts a foreign body is
the adsorption of plasma proteins to the surface. Vroman
(84,85) has shown that a protein layer is formed on the
surface within a few seconds of being in contact with
blood. In the same period, Dutton et al. (86) showed that
there is a protein layer between the substrate and the ad-
hered platelets or thrombi. Hence the comprehension of
the protein adsorption mechanism is essential in order to
understand polymer/blood compatibility. The composition
of the adsorbed layer is dependent on the chemical nature
of the surface of the material (87,88). Furthermore, the
conformation adopted by the adsorbed proteins plays an
important role in the biological behavior of the surface
(89,90).

Protein molecules in aqueous solutions are compact
structures with hydrophilic amino acids at the surface,
whereas hydrophobic ones are inside. In contact with a
polymeric surface, hydrogen bonds, hydrophobic interac-
tions, and ionic and polar forces can induce a conforma-
tional change of the adsorbed protein, sometimes leading
to the unfolding of the macromolecular chain (91,92).

Prevention of protein adsorption is crucial for blood-
contacting devices, including catheters, dialyzers, vascular
grafts, blood containers, and oxygenators. When a material
surface is brought into contact with blood, the initial stage
of the adsorption of serum proteins successively triggers
the thrombogenesis and then enhances the complement ac-
tivation via the classical pathway (Sec. IV.A).

Experimental evidence shows that surface grafting can
minimize both protein adsorption and thrombogenesis. The
grafting effect lasts for approximately a month, which is
sufficiently long for the specific purpose of the devices,
such as dialysis and oxygenation, to be accomplished.
However, the long-term durability of the grafting effect is
still under examination (93). Permanent implants, such as
vascular grafts and catheters for blood access, require a
nonfouling effect over a long period of time.

Various water-soluble polymers have been used for sur-
face grafting to create nonfouling surfaces. They include
nonionic hydrophilic polymers such as polyacrylamide
(PAAm), poly(N,N-dimethylacrylamide) (PDMAAm),
poly(ethylene glycol) (PEG), ethylene–vinyl alcohol co-
polymer (EVA), and poly(2-hydroxyethyl methacrylate)
(PHEMA). A polymer containing phosphorylcholine, a
cell membrane containing zwitterions, has also been em-
ployed. Grafting of these polymers can be achieved by sur-
face graft polymerization following a low-temperature
plasma treatment (94,95), or with a coupling reaction (96–
99).

Fujimoto et al. demonstrated, with an ex vivo adsorp-
tion experiment using radio-labeled immunoglobuline G
(IgG), that IgG adsorption onto a PU film was considerably
reduced by grafting of PAAm to the surface, employing a
glow discharge treatment (100) and ozone oxidation (101).
Interaction between the PU surface and the platelets was
greatly reduced by this modification. The latter was as-
sessed with an ex vivo arteriovenous shunt experiment in
rabbits (100,101). Ruckert and Geuskens (102) reported
that surface graft polymerization of PVP effectively re-
duced the adsorption of fibronectin onto a styrene-(ethyl-
ene-co-butene)-styrene triblock copolymer film. They also
reported that the surface of PU catheters with tethered
PDMAAm chains remained unfouled even 3 weeks after
implantation in the inferior vena cava of a rabbit (103).
Recently, Kishida et al. (104) used a reverse transcription-
polymerase chain reaction (RT-PCR) to examine the ex-
pression of interleukine-1 beta mRNA secreted by macro-
phage-like cells (HL-60). The latter were cultured on a
grafted PE surface as an index of inflammatory stimula-
tion. They observed that the cells cultured on the PAAm-
grafted surface had a low level of IL-1beta mRNA, indicat-
ing the nonfouling capacity of the grafted surface.

The prevention of protein adsorption to the outermost
grafted surface is attributed to a steric hinderance effect
created by the tethered chains. A grafted surface in contact
with an aqueous medium, which is a good solvent of
chains, exhibits a diffuse structure (105). The reversible
deformation of the tethered chains, due to the invasion of
mobile protein molecules into this layer, produces a repul-
sive force. This force is governed by the equilibrium be-
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tween the entropic elasticity of the chains and the osmotic
pressure resulting from a rise in the concentration of seg-
ment. The repulsive force prevents direct contact between
the protein molecules and the substrate surface. It is inter-
esting to note that the extent of protein repulsion is related
to the polymer graft density (100).

1. Role of Platelets and Rheology

As previously described, a clot is generally produced when
blood comes into contact with polymers. The clot is a con-
sequence of the induction of the coagulation cascade. The
mechanism is initiated by

1. The polymer/blood contact.
2. The products released in the bloodstream.
3. The platelet activation and hemolysis produced by

turbulence in the bloodstream. This is the result of
the poor mechanical compliance of the prosthesis.

The interaction of platelets with various stimuli both
soluble and surface bound leads to activation with shape
change from disc to sphere with pseudopodia. Activated
platelets spread on the surface and aggregate with other
platelets (33). Initially, the von Willebrand factor (a poly-
mer of factor VIII) controls the bonding of platelets to the
surface. Some of the internal constituents are then released
from the aggregated platelets, into the plasma. These trans-
formations, which are controlled by prostaglandins, cal-
cium ions, cyclic adenyl monophosphate, and the concen-
tration of adenyl diphosphate, are essential as they make
both specific proteins and platelet membrane phospholip-
ids available. The latter elements are of prime importance
for the acceleration and control of the coagulation process.
Thrombin adenyl diphosphate and other reactants also ini-
tiate platelet activation. It can also be produced by turbu-
lence in the blood flow and is a function of the flow rate
(106–110).

2. Conclusion

Coagulation on artificial surfaces is a complex phenome-
non involving several systems: the intrinsic pathway of the
coagulation cascade, triggered by the contact phase and
controlled by antithrombin; the adhesion and activation of
the platelets; and finally the fibrinolytic system. Therefore
there are different methods for obtaining a hemocompati-
ble polymer:

To stimulate the catalytic inhibition of the thrombin by
the antithrombin. This is the case of heparin-bearing
or heparinlike polymers (108,111–114).

To avoid the adhesion of proteins and platelets. This is
the case for nonfouling materials, which can be, for

instance, produced by grafting a hydrophilic polymer
with a large hydrodynamic volume onto a polymeric
substrate (20,98,99,115).

To stimulate fibrinolysis. This is the case for plasmino-
gen-bearing materials (116).

All of these possibilities are currently being explored.

B. Contact System and the Intrinsic Pathway

When artificial surfaces are placed in contact with blood,
the activation of the coagulation process is induced by the
activation of the contact phase. This process involves four
proteins: high molecular weight kininogen (HMWK),
prekallikrein/kallikrein (Fletcher factor), factor XII (Hage-
man factor), and factor XI [plasma thromboplastin ante-
cedent (PTA)], and their complexes. The proteins are
bound to the surface in a cascade of enzymatic reactions,
which result in increasing amounts of factor XIa attached
to the surface.

In the intrinsic pathway, thrombin (factor IIa) formation
results from the enzyme activation cascade triggered by
the contact between factor XII (Hageman factor) and an
electronegative surface. This intrinsic pathway is self-ac-
celerated as the formation of the enzymes subsequently ac-
tivates the zymogens. In a purified medium, the rate of the
latter reactions is slow and calcium dependent. In contrast,
these reactions are accelerated when platelet factor 3
(PF3), from the platelet membranes, and cofactors VIIIa
and Va are present.

Nowadays, coagulation is divided into two stages rather
than two pathways: an ‘‘initiation’’ stage, which is con-
trolled by the tissue factor–dependent pathway, and an
‘‘augmentation’’ stage, which is controlled by components
of the intrinsic pathway (30). Both pathways are able to
generate fibrin, but the tissue factor stage is impeded by
the tissue factor pathway inhibitor-1 (TFPI-1) soon after
its initiation.

IV. THE INFLAMMATORY RESPONSE

Polymers promote an inflammatory response when placed
in contact with living systems. This response can be acute
and/or chronic. These responses may be both beneficial
and deleterious to the host (9,10,12). For example, in-
flammation is a major protection mechanism for the host,
which uses it to rid itself of foreign materials. However,
when a host is seriously impaired, the inflammatory re-
sponse becomes a risk of infection. The acute inflamma-
tory response appears to increase the rate of reaction,
whereas the chronic inflammatory response may increase
the infection rate (12).
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The inflammatory response is a series of complex reac-
tions involving various types of cells whose functions are
controlled by various endogenous and exogenous media-
tors. The first phase of the acute inflammatory response is
initiated when the formation of a blood clot occurs in the
space around the biomaterial, after the latter has been ex-
posed to the living system. This process is initiated by
changes in the permeability in the adjacent vessel, which,
in turn, are controlled by the intrinsic and extrinsic coagu-
lation systems, the complement system, the fibrinolytic
system, the kinin-generating system, and the platelets. It
has been established that leukocytes have receptors for P-
selectin, an alpha-granule membrane protein, expressed on
the surface of the activated platelets (117,118).

Following these events there is preferential migration
of the neutrophils towards the site of bonding. The differ-
entiation of these cells into macrophages is therefore the
first step of normal wound healing. This is then followed
by the proliferation of the fibroblast, the deposition of col-
lagen, and the capillary endothelial cell proliferation.

Various agents control monocyte and macrophage
movement towards the site of injury within the tissue. This
movement is defined as either chemotaxis or chemo-
kinesis.

1. The Complement System

The complement system is one of the most important
agents controlling chemotaxis. Like the coagulation sys-
tem, the complement system consists of a series of plasma
glycoproteins and inhibitors. Its activation can be initiated
by antigen–antibody complexes, bacterial polysaccha-
rides, viruses, endotoxins, and synthetic polymers. Once
initiated, activation proceeds along one of two pathways,
classical or alternative (Fig. 5). The cascades of enzymatic
events generate components that produce an inflammatory
or immune response.

To summarize, the contact between living systems and
polymers induces a blood-controlled inflammatory re-
sponse that may result in

1. Increased ability to resist infections
2. The isolation of the implant by fibrous tissue, re-

sulting in the rejection of the implants
3. Acute inflammatory response with a hypersensitiv-

ity reaction

The activation of the complement system is one of the
major agents controlling the inflammatory response. It
consists of more than twenty components and plasma pro-
teins, which are involved in the recognition of foreign sub-
stances and in both specific (immune) and natural (nonim-
mune) host defense (119). It appears necessary to control

Figure 23.5 Pathways of complement activation.

this inflammatory response, and this can be achieved
through the control of the complement system (120–122).

Both classical and alternative pathways of the activation
of the complement system involve the formation of potent
C3-convertases. These convertases catalyze the activation
of zymogen C, a plasma protein, into a potent enzyme.
This enzyme then mediates the formation of the C5–C9
complex, which is the final step of the activation of the
complement system. Both alternative and classical C3-
convertases can be inhibited by natural plasma inhibitors
like H and I proteins (123).

This inhibition effect is promoted by heparin (124)
either in solution or when bound to activating polymeric
surfaces such as Zymosan or Cuprophan (125), a potent
complement-activating polysaccharide. This control mech-
anism of the complement system, which includes the
action of a potent plasma inhibitor called C1 inhibitor
(C1inh), has already been employed to control both the in-
flammatory response and particularly the hypersensitivity
reactions induced by dextrans, as described in this chapter.

The small fragments generated by the cleavage of the
proteins C3 and C5 are the anaphylatoxins C3a and C5a.
These anaphylatoxins induce smooth muscle cell contrac-
tion, the enhancement of the vascular permeability, and the
release of histamine. The C5a is also a potent chemotactic
factor for neutrophils. The activities of C3a and C5a char-
acterize the common postcoagulative reactions associated
with tissue injury. The larger portions of the activated com-
plement factors C3 and C5 (C3b and C5b) participate in
the amplification phase of the humoral immune system,
serving as enzyme modulators, opsonins, and effectors of
cellular recognition.

The first phase described above is followed by the pro-
duction of small molecules such as cytokines. The latter
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modulate the inflammatory response by playing the role of
a mediator between the cells of the immune system and
those of the vascular system.

V. INFECTION

In spite of good hemocompatibility, a polymeric prosthesis
may fail because of bacterial contamination. Most prosthe-
sis-related infections are initiated during the surgical pro-
cedure, when bacteria-carrying particles from the air con-
taminate the host. Bacterial colonization is promoted by
high hydrophobicity and the irregularity of the surface of
the biomaterial surfaces (126). Glycocalyx, a slime layer
produced by the bacteria, represents a factor of adhesion
and plays an important role in the pathogenesis of the in-
fection (127). Increased exopolysaccharide production
produces a biofilm that protects the bacteria from leuko-
cytes, antibodies, and the action of antibiotics (128,129).

As a result of the immune response, infection in the
vicinity of the implanted material may occur, which results
in the failure of the device. It has been demonstrated that
106 organisms cause infection in normal human skin,
whereas only 102 organisms are necessary to produce the
same effect when a suture is present (12).

One of the features of deep-tissue implants, in neurosur-
gical, cardiovascular, orthopaedic, and ophthalmic pa-
tients, is delayed infection. It develops 6 months or a year
after surgery in patients who show successful rehabilita-
tion. This delayed infection at the implant site is often
caused by organisms of low virulence and is observed in
total joint infections, sternal osteomyelitis, and heart valve
infections as well as at the site of urinary catheters (12).

The mechanism by which the implanted materials alter
the ability of the host to resist infection is not well under-
stood. It has been suggested that the inflammatory response
developed by the host as a protective mechanism increases
the risk of infection. The acute inflammatory response ap-
pears to reduce the infection rate, whereas the chronic in-
flammatory response may increase the rate of infection
(12).

Intravascular catheters are frequently used in hospitals.
Several studies have demonstrated that catheter-associated
infections are a significant source of nosocomial morbidity
and mortality (130). The data reported in the literature indi-
cates the complexity of biomaterial-associated infections.
It appears increasingly probable that there is not one simple
explanation for the latter. A series of events occur at the
time of implantation. Bacterial adherence to the biomate-
rial occurs initially, followed by the colonization and the
formation of an adherent biofilm. The biofilm then im-

plants the bacteria onto the surface of the material, render-
ing any antibiotic treatment and host defense mechanism
ineffective (131,132). Therefore this zone can be assumed
to be a site of continuous infection.

There is no correlation between the physical properties
(e.g., hydrophilicity, zeta potential, surface charge, rugos-
ity) of the surface of the biomaterial and the bacterial at-
tachment. Hence more specific interactions between the
chemical groups, on both the surface of the bacteria and
the biomaterials, need to be considered (133).

VI. FATE OF SYNTHETIC POLYMERS IN
THE BODY

A. Insoluble Polymers

Living tissues present a very aggressive environment.
Polymers, which appear to be very stable in vitro, can be
dramatically degraded in vivo. The in vivo failure of poly-
meric cardiovascular devices has been attributed to calci-
fication, hydrolysis, oxidation, and environmental stress
cracking (ESC) (134).

1. Calcification

Deposition of calcium containing apatite mineral has been
associated with the implantation of cardiovascular medical
devices, such as bioprosthetic heart valves, aortic homo-
grafts, and trileaflet polymeric valve prostheses (8,135).
Calcification causes the failure of bioprosthetic (136) and
polymeric materials (137). Several methods to reduce cal-
cification have been explored, namely, heparin coupling
on glutaraldehyde-treated porcine pericardium (138,139)
and the chemical modification (phosphonatation) of poly-
urethane (140).

2. Biodegradation

Biodegradation, including hydrolysis and oxidation, has
been extensively studied for polyurethanes and their deriv-
atives (141–144). The oxidation of polyurethane is cata-
lyzed by the presence of metallic ions, especially cobalt,
which is utilized in numerous biomedical devices (145).
In vivo polymer degradation results mainly from the syner-
gistic action of enzymatic components in the body fluids,
oxidative agents, and stress (146). Alpha-2-macroglobulin
(147), cholesterol esterase (148), phospholipase A2 (149),
proteinase K (150), and cathepsin B (151) are all enzymes
that promote the biodegradation of polyurethane.

To prevent oxidation, it is possible to employ a syn-
thetic antioxidant such as Santowhite or Irganox. How-
ever, particularly for biomedical applications, it is more
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appropriate to use a natural antioxidant such as vitamin E
(152,153). The oxidation of a polymeric biomaterial can
also be prevented by avoiding the presence of unsaturated
bonds and ether groups. Coury was one of the first re-
searchers to develop an aliphatic polyurethane with a poly-
mer backbone free of ether (154). This polymer, although
biodurable, proved too stiff for medical application.
Szycher used these fundamental studies to develop a novel
aliphatic ether-free polyurethane using a polycarbonate-
based macroglycol (155). This polyurethane was shown to
be resistant to environmental stress cracking both in vitro
(156) and in vivo (157).

B. Soluble Polymers

Any substance introduced into the body must be consid-
ered a foreign body. The interaction of the latter with the
components of the biological environment determines its
rate of elimination or storage. Sufficient understanding of
its behavior and its fate in the organism is therefore neces-
sary for a reliable evaluation of the benefits and the risks
of employing the material.

In pharmacokinetics, it is useful to represent the body
as a system of compartments (Fig. 6) (158). Polymers en-
tering into the organism cannot move randomly, as ana-
tomical and physiological barriers control their movement.

Figure 23.6 Multicompartment model of organism. Areas depict the body compartments. The dashed lines symbolize the restricted
transfers between compartments. (Adapted from Ref. 158.)

Radioactive labeling is a very sensitive method for follow-
ing the progression of the polymer and its possible metabo-
lites in the bulk of the biological material. Most of the
data on the fate of soluble polymers in the living body was
obtained after their direct intravascular administration. An
injected polymer is rapidly (within a few minutes) distrib-
uted to all vascularized parts of the body, and its transport
to other compartments of the body starts immediately
(158). A polymer introduced into the bloodstream circu-
lates in a closed system of blood vessels. It can be cleared
from this compartment either by the endocytic activity of
specialized cells (cells of the reticuloendothelial system)
or by passage through the endothelial wall, particularly at
capillary level. The cells of the reticuloendothelial system
(RES) are the cells of the kidney tubular epithelium and
the liver hepatocytes. Generally, nonbiodegradable poly-
mers of high molecular weight present a risk of accumula-
tion in the RES (159). Mehvar et al. demonstrated that the
disposition of dextran in serum and tissues is molecular
weight dependent (160). The low molecular weight dex-
trans (4 kD) are rapidly excreted into urine with negligible
accumulation in the liver, but the larger (150 kD) are
mainly accumulated in the liver (161–163). The collection
of nonbiodegradable polymers in the body suggests the up-
take of the polymer by pinocytosis and its storage in lyso-
somes. The excessive storage of polymers may provoke an
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adverse reaction. Therefore biodegradability becomes an
imperative criterion for the polymer intended for use as
plasma expanders or for other purposes, when large and
repeated doses must be employed.

VII. USE OF BLOOD-CONTACTING
POLYMERS

Polymers are not only used in insoluble forms such as
tubes or containers, they also have a large array of applica-
tions in soluble forms, mainly for therapeutic aims. Poly-
mers can also be employed in coating, for example to
improve the hemocompatibility of intravascular grafts
(164,165). The following section briefly presents a few ap-
plications in this field.

A. Drug Targeting and Drug Delivery

An important approach to increasing the therapeutic effi-
ciency of bioactive agents while decreasing their toxicity
has involved chemically bonding these agents to either
synthetic or naturally occurring macromolecules. The ra-
tionale behind this approach was to design systems that
would undergo hydrolysis or enzyme-catalyzed cleavage
when placed in the body, in order to release the agent at
a predetermined rate.

Synthetic polymers are widely used as drug delivery
vehicles because of the diversity of their composition and
their good biocompatibility. Water-soluble polymers are of
particular interest as drug carriers, as the polymer dissolves
when the drug is released. For example, Kopecek have syn-
thesized and extensively investigated poly(hydroxypropyl
methacrylamide) (PHPMA) as a drug carrier (166). Kim
and his colleagues examined soluble pH- and temperature-
sensitive linear polymers for protein and peptide delivery
(167). Xu and Lee also investigated soluble polymers as
drug delivery vehicles (168).

Mononuclear phagocytes play a central role in the de-
fense of the human body against important pathologies,
particularly infections. However, some of the agents of
infection may survive phagocytosis, thus producing in-
tracellular infection. The low permeability of cell mem-
branes to several classes of antibiotics results in drug resis-
tance. Temporary binding of a drug to a macromolecular
carrier of natural or synthetic origin was suggested
many years ago as a method to overcome the membrane
barrier. However, a macromolecule–drug conjugate
cannot reach its target unless there is target recognition.
This is achieved through specific interactions with a mem-
brane receptor. The conjugate must then be internalized by

endocytosis. The use of mannosyl ligands covalently
bound to a hydrosoluble bioresorbable drug carrier
‘poly(l-lysine citramide imide) has been proposed (169).
This conjugate targets drugs towards macrophages via the
lectin-type specific receptor present on the macrophage
membrane.

B. Polymers with Antitumor Activity

Most of the drugs currently used in conventional cancer
chemotherapy do not intrinsically select towards tumor
cells and are therefore toxic for normal tissues. Many natu-
ral products (e.g., anthracyclins, vinca alkaloids, taxanes,
adriamycin) are utilized clinically as anticancer agents.
However, their use is frequently restricted by dose-limiting
toxicity, poor water solubility, or fast elimination due to
metabolism or excretion. The conjugation of an active drug
with a polymeric carrier through a biodegradable spacer
yields a ‘‘polymer therapeutic.’’ This represents a new
class of antitumor compounds (170,171). Two factors un-
derlie the improved therapeutic index of such macromolec-
ular prodrugs. First, many solid tumors possess vasculature
that is hyperpermeable to macromolecules, and they usu-
ally lack effective lymphatic drainage, so they selectively
accumulate circulating macromolecules (172). The second
improvement is attained with the use of a polymer–drug
linker that is stable in circulation but is degradable intracel-
lularly by tumor-enhanced enzymes (173) or by acidic hy-
drolysis in a lysosomal compartment (67).

5-Fluorouracil (5-FU) is a phase-specific antimetabo-
lite; it is commonly used in cancer chemotherapy to treat
solid tumors, particularly those of a gastrointestinal origin.
However, this treatment is often accompanied by adverse
reactions that limit the dosage and hence the efficiency of
the drug. Various macromolecular prodrugs of 5-FU have
been proposed to reduce these side effects (174–176). In
vitro and in vivo studies performed with these derivatives
have shown that 5-FU is slowly released by nonspecific
chemical hydrolysis. Schacht et al. have synthesized a
macromolecular prodrug of 5-FU by covalent bonding to
a polymeric carrier such as PEG or dextran. The in vitro
hydrolysis study has shown that these derivatives are stable
in the presence of serum peptidases but can be selectively
activated by tumor-associated enzymes such as collage-
nase type IV or cathepsin B, to free 5-FU at the tumor site
(175). The free radical polymerization of various types of
5-fluorouracil (5-FU) vinyl derivatives has also been stud-
ied by Akashi et al. (174).

Other polymers that are not prodrugs can be endowed
with anticancer activity in vitro (177–179) and in vivo
(180). This is the case for a dextran derivative that prevents



Blood-Contacting Polymers 625

tumor growth and tumor angiogenesis (181,182). The
mode of action of these polysaccharides having carboxylic
and benzylamide chemical functions is still under investi-
gation. But it appears that these bioactive polymers exert
an inhibitory effect on the growth of tumoral cell lines by
interfering with specific autocrine and paracrine growth
factors (181–183).

C. Immunoadjuvant

The interest in polyphosphazenes for biomedical uses, es-
pecially for exploitation in drug delivery and controlled
release technology, has increased dramatically in recent
years (184). Poly[di(carboxylatophenoxy)phosphazene]
(PCPP) appears to be of particular interest as a biomaterial
primarily because of its powerful immunoadjuvant proper-
ties but also due to its ability to form hydrogel microcap-
sules under physiological conditions. Polyphosphazene
with its carboxylic and ester alkyl functions stimulates the
immune response of mice infected by influenza virus
(185).

D. Polymer Conjugates as Contrast Agents

Contrast agents may be categorized as nonspecific or spe-
cific. Nonspecific agents diffuse freely in the extracellular
and extravascular compartments with the exception of the
brain, where the contrast agent can only pass through brain
barrier lesions. In the specific agent group, a new class of
products has been developed. These are blood pool con-
trast agents, which are distributed throughout the whole
intravascular volume and are slowly cleared from the
blood. Diffusion through the healthy capillary wall is lim-
ited and depends on both the pathological state of the endo-
thelial permeability tissue of the organ examined and on
the characteristics of the contrast agent (size, charge, and
molecular shape, etc.). The diagnostic efficacy of perfusion
imaging, including cerebral perfusion, is modulated by the
pharmacokinetic profile of the blood pool contrast agent.
One way to improve the vascular residence time consists
in bonding a vector, such as a synthetic polymer or a bio-
logical macromolecule, and a metal ion like Mn2�, Gd3�,
or Dy3� (186–189).

Organometallic compounds of gadolinium are used in
medical imaging, but the macromolecular compounds
(molecular weight 30,000 daltons) are more advantageous
than those with a low molecular weight (550 daltons). Dy-
namic magnetic resonance imaging of breast neoplasms
using a polymeric agent may help to differentiate better
between benign and malignant lesions as it highlights the

enlarged interstitial space and the increased capillary per-
meability in carcinomas (190).

E. Thrombogenic Blood-Contacting Polymers

Hemocompatibility of the polymers used in contact with
blood is not always required. In one case, the coagulation
of blood is desirable. Thus polymer beads are utilized to
embolize the blood vessels above a solid tumor in order
to asphyxiate the latter (191–193). Various polymeric em-
bolic materials are currently in clinical use, such as ethyl-
ene–vinyl alcohol copolymer mixtures, poly(vinyl ace-
tate), cellulose acetate polymer, and poly(vinyl alcohol)
(194).

VIII. MODIFICATION OF THE POLYMER
SURFACE

A. Chemical Modification of Polymers

The dextran molecule is a polymer formed by glycosidic
bonds linking the number 1 and 6 carbon atoms of consec-
utive α-d-glucopyranose rings. This polysaccharide is rela-
tively rigid. This property increases with the number of
substituents with bonds axial to the glycosidic oxygen and
in the presence of bulky equatorial groups adjacent to the
linkage (195). The pyranose ring structure of the dextran
chain is elastic. It is has been suggested that this elasticity
plays an important role in accommodating mechanical
stresses and modulating ligand bonding in biological sys-
tems (196).

Biospecific molecular recognition in living systems is
known to be based on the lock and key principle as pro-
posed by Emil Fischer. Based on this concept, Jozefonvicz
and Jozefowicz (197) postulated that biospecificity can be
achieved by random substitution of a preformed polymer
with suitable chemical groups or random copolymerization
of suitable functional monomers. Such polymers contain
arrangements of the chemical functions, which mimic nat-
ural biospecific sites, and the probability of occurrence of
such arrangements will depend on the average composition
of the polymer. According to this principle, they have de-
veloped several functional random copolymer systems that
possess a variety of biological properties depending on the
type of chemical function. Examples are polymers possess-
ing anticoagulant properties similar to those of heparin
(198–202) and polymers that interact specifically with
components of the immune system (203–207). These ran-
domly functionalized polymers belong to the new concept
of ‘‘bioactive polymers’’ possessing bioactivity through
biological recognition (208,209).
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B. Modification of the Surface of Polymers by
Grafting

The modification of the surface of polymers can be
achieved by grafting (210). Most of the untreated surfaces
of polymers used in industry are hydrophobic. Polymer
surfaces generally adsorb proteins when brought into direct
contact with blood. The attachment of protein to the sur-
face triggers a subsequent series of mostly adverse biologi-
cal reactions with respect to the polymeric materials.
Therefore the technologies for surface modification of
polymers or regulation of the polymer surface interaction
with other substances have been of prime importance in
biomedical polymer applications (93,211). Theoretically,
there is a large difference in the properties of the surface
and the bulk of the material. Generally, only the outermost
surface needs to be taken into consideration. However, this
is not the case for polymer surfaces, as the physical struc-
ture of the outermost polymer surface changes continu-
ously with time due to the microscopic Brownian motion
of polymer segments. The polymer surface generally has
high segmental mobility even at room temperature, in con-
trast to the rigid surfaces of metals and ceramics. There
are two methods for producing grafted surfaces: direct cou-
pling of existing polymer molecules to the surface and
graft polymerization of monomers to the surface.

1. Polymer Coupling

There are two theories behind the grafting of a polymer to a
surface: the first conjecture is to separate the blood proteins
from the surface by grafting a hydrophilic polymer with
a high hydrodynamic volume (for example poly(ethylene
glycol)); the second hypothesis is to confer the biological
properties of the grafted macromolecule (for example hep-
arin) to the surface.

Kishida et al. directly immobilized poly(ethylene gly-
col) (PEG) chains onto a cellulose surface through esteri-
fication (96). Prior to the coupling reaction, they deriva-
tized the terminal hydroxyl group of PEG molecules to
carboxylic acid using succinic anhydride. This PEG mole-
cule with terminal carboxylic acid was then chemically
immobilized to the hydroxyl group on the surface using
carbodiimide in nonaqueous media like toluene. The mo-
lecular weight of the grafted polymer has a significant
influence on the blood compatibility. Desay and Hubbell
(212) have covalently grafted poly(ethylene oxide) (PEO)
of molecular weights between 5,000 and 100,000 g/mol
on polyethylene terephthalate (PET) films. It was con-
cluded that PEO of molecular weights of 18,500 g/mol
and above was effective in reducing protein adsorption and
cellular interactions on the surface. Saito et al. have grafted

photoreactive α-propylsulfate-poly(ethylene oxide) (PEO-
SO3), one end of which was capped with an azidophenyl
group, onto polyurethane surfaces employing a photo-
chemical technique (115).

Han et al. (213) have studied the adsorption of fibrino-
gen, albumin, and gamma globulin from plasma onto sur-
face-modified polyurethanes [polyurethane grafted with
poly(ethylene oxide) (PU-PEO)], sulfonated polyurethane
(PU-SO3), and polyurethane grafted with sulfonated poly
(ethylene oxide) (PU-PEO-SO3). Adsorbed fibrinogen at
steady state decreased in the order PU-SO3 � PU � PU-
PEO-SO3 � PU-PEO, suggesting that sulfonate groups
have a specific high affinity to fibrinogen. The intermediate
fibrinogen adsorption on PU-PEO-SO3 can be explained by
the compensatory effect between the low protein binding
affinity of the PEO chain and the high fibrinogen binding
affinity of the sulfonate group. In addition, PU-PEO-SO3

showed a very fast fibrinogen adsorption due to the high
accessibility of the sulfonate group to fibrinogen by the
poly(ethylene oxide) spacer. The kinetic profiles of their
surfaces showed that as the adsorption time increases, fi-
brinogen initially adsorbed was decreased and a plateau
reached, demonstrating that all the surfaces exhibited the
Vroman effect. PU-PEO showed the least fibrinogen and
albumin adsorption among polyurethanes, confirming the
known nonadhesive property of PEO chains. It is very in-
teresting that PU-PEO-SO3 exhibited the highest adsorp-
tion of albumin and the lowest adsorption of IgG. The au-
thors conclude that such adsorption behaviors of proteins
to PU-PEO-SO3 contribute to improved blood compatibil-
ity (213).

2. Graft Polymerization

This type of modification involves the radical polymeriza-
tion of acrylic or vinylic monomers onto the polymeric
surface, the latter having previously been oxidized to pro-
duce peroxides. A variety of methods for graft polymeriza-
tion onto different substrate surfaces are available. They
include direct chemical modification (214), ozone
(215,216), gamma rays (217), electron beams (218), glow
discharge (�low temperature plasma) (92,219,220), co-
rona discharge (105,221), and UV irradiation (94).

Both glow and corona discharges are currently used for
the modification of the surface of polymeric materials. The
corona discharge treatment is far simpler than the glow
discharge treatment, as the former technique does not re-
quire the evacuation of the discharge system. However,
the corona treatment can result in greater damage of the
substrate polymers, and the discharge conditions are more
difficult to control than those of the plasma treatment. The
latter treatment is generally carried out under reduced gas
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pressure. UV irradiation appears to be an excellent method
for the surface grafting of polymers because it is both sim-
ple and clean.

IX. HEMOCOMPATIBILITY OF POLYMERS

When a polymer comes into contact with blood, it appears
that

1. The polymeric compound may release components
into the bloodstream that may be toxic, carcino-
genic, blood coagulation–activating, and/or in-
flammatory response–promoting (222–226).

2. The polymeric compound may degrade into com-
ponents that may induce blood coagulation, the in-
flammatory response, carcinogenesis, and the toxic
response (149,150,227,228).

3. The polymers may not have the desired mechanical
compliance, which may promote turbulence in the
blood flow. As a consequence, hemolysis, platelet
activation, and the inflammatory response may oc-
cur, all of which are undesirable effects (101,229–
231). Long-term implantation provokes calcifica-
tion, which leads to the mechanical failures of the
devices (20,232,233).

4. The polymeric compound itself may induce the ac-
tivation of the blood coagulation system. As a con-
sequence, thrombosis on the site of implantation or
thromboembolism may occur.

5. The presence of the polymeric compound may pro-
mote an inflammatory response (21,234–236), the
effects of which can be either beneficial or prejudi-
cial to the host as previously discussed.

6. The polymer may promote an infection in the host
either alone or when mediated by the inflammatory
response (237,238). Similarly, it may also induce
tumorigenesis (10), although this phenomenon has
never been accurately described.

The ideal blood-compatible polymer must not exhibit
these undesirable properties, though in the case of heart
valves and vascular grafts, the occurrence of failure is still
high. Morbidity and mortality due to valve-related causes
are around 25% of cases within 10 years. The thrombotic
occlusion, especially in small diameter synthetic grafts, re-
mains a serious problem, where 36–54% are occluded at
1 year and 50–62% are occluded by 5 years (22). Recently,
significant improvement has been achieved with a Dacron

prosthesis coated with nonthrombogenic polymeric materi-
als (239). There is a large array of laboratory tests used
by hematologists to explore virtually each step of the coag-
ulation system (240). Most of the tests are only applicable

for the study of the hemocompatibility of soluble poly-
mers, but some techniques are available to test the blood
compatibility of insoluble materials (241).

It appears that blood compatibility is a multiparametric
function of the characteristics of the polymeric compound.
At the present time, only polymers that partially fill blood
compatibility requirements are available. However, by em-
ploying medical grade polymers, nontoxicity of the re-
leased components and the degradation products has been
achieved.

The noncarcinogenicity of the materials, their released
adjuvants, and the degradation products remains contro-
versial. Large-scale epidemiological studies are needed in
order to determine whether the long-term systemic effects
of the polymeric implants provoke carcinogenesis (9,10).

The mechanical compliance of the polymer is generally
believed to be critical, and considerable efforts have been
made to improve this characteristic. As a result, it appears
that vascular grafts with improved mechanical properties
are now commercially available. These grafts are made
from polyesters (polyethyleneterephthalate, commercial-
ized under the name Dacron), expanded polytetrafluoro-
ethylene (commercialized by Gore Tex), and polyure-
thanes (242–244). These materials, for various structural
reasons, match the mechanical compliance of the vessel
wall.

The physical characteristics of the surface also appear
to be critical. Various hypotheses have been proposed. One
theory claims that the ideal surface is perfectly smooth and
is best achieved by polyurethane grafting. Another widely
used method employs either knitted or woven grafts of Da-
cron or porous grafts of Teflon. In the latter case, it has
been proved that the ingrowth of tissue and the subsequent
encapsulation of the implant by fibrous healing tissue pro-
vides a suitable smooth blood-compatible surface (245,
246).

The design of the device also affects the overall blood
compatibility of the polymeric compound, as it is one of
the parameters that controls the hemodynamic characteris-
tics (1). The importance of this parameter is highlighted
by the considerable research currently devoted to the im-
provement of the design of cardiac valves (247,248). Nu-
merous types of cardiac valves are available that differ not
only in their design and also in the chemical nature of the
polymers used in their manufacture. The remarkable re-
sults obtained with biovalves may also result from their
superior design. This is also illustrated by the fact that aor-
tic vascular grafts of large diameter are currently success-
ful, whereas small-diameter vascular grafts (of less than 4
mm diameter) fail. Aortic grafts are successful because the
blood flow is high. Therefore the blood–polymer surface
contact time is restricted, resulting in minimal activation
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of the coagulation of blood. Hence, only microthrombi of
low adherence are formed and embolyzed. Therefore fi-
brinolysis is rapid, as the rate of fibrinolysis at a surface
is inversely proportional to the diameter of the thrombus.
This reasoning can also be applied to explain the failure
of small-diameter vascular grafts, which have a lower
blood flow rate. The other parameters that control the coag-
ulation process at the blood/polymer interface must also
be considered. These parameters include the relationship
between the chemical nature of the polymer and that of
the blood, and its influence on the formation of a clot at
the interface. The inflammatory process can also be consid-
ered as a function of the chemical nature of the polymers.

A. Blood Compatibility and Chemical Physics
of Polymeric Surfaces

The coagulation process, which is initiated at the blood/
polymer interface, has been considered in relationship to
the chemical structure of the polymer. Originally it was
assumed that the formation of a clot was controlled by the
physical properties of the surface, such as hydrophilicity
or electrical potential. These properties are dependent on
the chemical structure of the polymers.

Initially, it was postulated that hydrophilic polymers
would be suitable blood-compatible materials, i.e., they
should not induce the coagulation process. This assump-
tion originated from the hypothesis that the blood compati-
bility of the natural vascular wall was a result of its ability
either to bind water or to be hydrophobic.

Numerous studies have been devoted to the assessment
of this assumption, which remains a matter of controversy.
However, no clear correlation has been established experi-
mentally between the affinity of water to the polymers and
their blood compatibility. The various testing methods em-
ployed to determine blood compatibility are briefly dis-
cussed in this chapter.

Another hypothesis suggested that the electrical prop-
erties of the surface of polymers, as measured by polariz-
ability, net surface electrical charge, or overall surface po-
tential, control their blood compatibility (249,250). Again
the numerous attempts made to check the validity of this
hypothesis failed to establish any general correlation.
Moreover, in 1977, Boffa et al. (251) studied the blood
compatibility of polytetrafluoroethylene-polyvinylpyrroli-
done copolymers of various chemical compositions and
hydrophilicity. They showed that the ability to induce the
formation of a clot of blood plasma is independent of the
composition of the copolymers. In order to confirm this
observation, the same authors checked the blood compati-
bility of various purified polymers including polystyrene,
polytetrafluoroethylene, silicone, polyvinylchloride, poly-
methyl methacrylate, etc., either in powder or in film form.

The authors concluded that the blood compatibility of the
polymer, as assessed by the in vitro tests, did not vary
greatly although their hydrophilicity and the polarizability
of the monomeric units were markedly different.

In the early 1980s (252–255) it was postulated that the
regular stretching of the hydrophilic and hydrophobic
zones on the polymer surface would confer blood compati-
bility to the material if the distribution of the zones was
appropriate. It was claimed that a distribution of hydro-
philic zones of 5 µm diameter in a hydrophobic matrix
would prevent the activation and aggregation of the plate-
lets. Despite the considerable research, the theory that the
blood compatibility of polymers is related to the physical
properties of the surfaces has not been proved.

B. Blood Compatibility and Protein Adsorption

When a material is exposed to blood or blood plasma, ad-
sorption of proteins occurs. This results in the formation
of a complex protein layer at the interface which is strongly
bonded to the surface.

Extensive studies of this process have been used to de-
termine the blood compatibility of polymeric materials. It
has been postulated, from the first results obtained, that the
materials with an affinity for human serum albumin (HSA)
should be blood-compatible, whereas the polymers with a
high affinity for fibrinogen (Fg) should be thrombogenic
(250,256,257).

However, studies of the adsorption of these proteins
from purified protein plasma solution and whole blood, un-
der either static or dynamic conditions (250,256,258–263),
demonstrated that the process is not as simple as was ini-
tially suggested. The results of these studies can be sum-
marized as follows:

1. Adsorption of proteins is a rapid process that may
initially be reversible. This phase is followed by an
irreversible adsorption process (258).

2. Competitive adsorption of the proteins occurs,
which result from the reaction of numerous param-
eters such as the composition of the protein and the
flow rate (256,264).

3. Blood cells, such as red blood cells, platelets, and
white blood cells, influence the adsorption of HSA
and Fg and their relative quantities in the blood
layer (265).

4. Transient adsorption processes are observed with
HSA, Fg, and immunoglobulins (266).

Therefore it can be concluded that it is not possible to
assign a given value for the affinity of a polymeric material
for HSA and Fg; hence these affinities cannot be employed
as a control parameter of blood compatibility. Moreover,
by considering these results, Vroman et al. (258) were able
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to show that the adsorption of traces of high molecular
weight kininogen (HMWK), and other proteins that play
a major role in the coagulation process, may be the deter-
minant phenomenon in the blood compatibility of poly-
meric surfaces. Furthermore, Brash (256) observed that
when a polymer is exposed to blood, the protein layer ad-
sorbed onto its surface is complex. It includes the proteins
HSA and Fg, which are always present, but also other pro-
teins including low molecular weight peptides, which may
control the coagulation process induced at the blood–mate-
rial interface.

C. Antithrombogenic Materials

From the above data it would appear that there are two
concepts on which the tailoring of blood-compatible poly-
mers should be based. First, the designed biomaterial
should not activate the coagulation process. Unfortunately,
as previously described, the theories proposed to guide the
tailoring of blood-compatible polymers have not resulted
in completely successful biomaterials. Moreover, the vas-
cular endothelium itself may activate the coagulation cas-
cade. Second, the surface of the biomaterial is a blood co-
agulation activator, as is the case with all known surfaces.
In order to prevent thrombus formation at the blood–mate-
rial interface, the polymer should be able to inhibit the co-
agulation process.

Moreover, biomaterials should not act as inhibitors. If
this were the case, the biomaterial would act as a reagent
in an irreversible inhibition reaction, which would then in-
duce the irreversible transformation of the surface of the
biomaterial. This reaction would provoke the loss of the
inhibiting properties of the biomaterials. Therefore a suit-
able anticoagulant biomaterial should act as a catalyst of
the inhibition reactions of the coagulation process. The sur-
face of such a material should catalyze some of the control
mechanisms of the coagulation of the blood.

Several possibilities exist for the design of such bioma-
terials, and each one has been the basis of active research
and development during the past two decades. Historically,
the first attempt to produce antithrombogenic materials in-
volved the ionic bonding of heparin onto a polymeric sur-
face by Gott (267). The resulting material enabled the anti-
coagulant drug to be released slowly into the bloodstream.
Since then, the same strategy has been applied in numerous
studies but with different potent anticoagulant drugs.

D. Anticoagulant Drug-Releasing Materials

The Gott strategy has been applied to biomaterials that re-
lease prostacyclin (PGI2) entrapped in a macromolecular
network (268–270). When placed in contact with blood,
these biomaterials prevent the aggregation and release of

platelets, thus controlling the coagulation process. Such
materials are potent while they are able to release PGI2.
Unfortunately, PGI2 is an expensive product and moreover
is unstable (its lifetime, after hydrolysis under biological
conditions, is less than 1 minute). Therefore this type of
biomaterial has no practical uses at present. Other platelet
antiaggregating surfaces, based on the incorporation of
antiaggregating drugs, such as dipyridamole, in polymers,
such as cellulose, cellulose triacetate, nylon, N-vinylpyr-
rolidone, and polyethyleneterephthalate, have been pre-
pared (271–275). The resulting materials are claimed to be
potent antithrombogenic materials even when implanted in
dogs.

The strong anionic character of heparin enables it to
bond ionically to cationic surfaces. This phenomenon
has been widely researched. In each case, polycationic
polymers have been prepared from polystyrene and its de-
rivatives, cellulose, silicone rubber, epoxy resins, polyure-
thanes, and from copolymers, such as styrene or acryloni-
trile and acrylate derivatives; these polycationic polymers
were treated with heparin in various ways. Heparin has
been also incorporated into cross-linked collagen. An alter-
native route was to incorporate heparin and prostaglandins
simultaneously, in order to combine the respective throm-
bin and platelet aggregation-inhibiting effects of the re-
leased drugs.

Whatever the technique used, the resulting biomaterials
have been proved potent if they release the ionically
bonded heparin into the bloodstream. During this release
process, the concentration of heparin near the surface is
sufficiently high to prevent the formation of a thrombus
for several days. Unfortunately, after this period of time,
the release rate decreases. Therefore these biomaterials are
only suitable for use in short-term devices, examples of
which are extracorporal circulation and catheters (276–
278). They were developed for temporary use by Japanese,
American, Swedish, and French manufacturers for the pro-
duction of catheters and peritoneovenous shunts.

An alternative approach to the ionic coating of heparin
onto materials, to produce antithrombogenic surfaces, in-
volves the synthesis of polymeric gels, which contain hep-
arin. This can be achieved either by ionically bonding the
heparin to the polymer, followed by the chemical or radia-
tion-induced cross-linking of the resulting network, or by
trapping heparin in a preformed hydrogel (251,279–282).
The latter procedure has been employed for polymeric gels
prepared using radiation processing treatments involving
vinyl alcohol or vinyl acetate and N-vinyl-2-pyrrolidone
monomers. Cobalt-60 γ rays were employed to graft chlo-
romethylstyrene onto polysilicone samples followed by
quaternization with pyridine. As in the preceding case, the
uptake of heparin from the solutions occurs by exposure
of the polymeric gel.
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All these gel procedures have been proved to be effec-
tive, i.e., they have allowed the preparation of antithrom-
bogenic biomaterials. When compared to previous proce-
dures, the heparin release level was reduced but was
adequate to prevent blood clotting in ex vivo assays. How-
ever, the potency of the devices is still insufficient to allow
their use as permanent implants (283).

E. Covalent Binding of Anticoagulant Drugs to
Polymers

Various physiologically active substances have been im-
mobilized onto polymeric surfaces in order to confer blood
compatibility (284–286). The use of fibrinolysis to control
the thrombogenicity of biomaterials has been studied. Sug-
itachi et al. (287) attached urokinase or streptokinase onto
polyvinylchloride and silicone rubber tubes. Kishida et al.
have immobilized recombinant human thrombomodulin
onto a polyurethane surface; the resulting polymer exhibits
a very good anticoagulant activity (288,289). These sur-
face treatments significantly improve the blood compati-
bility properties. Unfortunately, cleavage of the fixed en-
zyme may occur when the surface is exposed to blood,
preventing the long-term use of the biomaterials. However,
short-term use is possible.

Since platelet activation is a crucial step in the hemosta-
sis, some authors have immobilized an inhibitor of platelet
activation, the dipyridamole, onto a medical grade polyure-
thane. These experiments revealed that the clotting time
was substantially prolonged (290). Other authors have co-
valently bonded a peptidic thrombin inhibitor extracted
from leeches, the hirudin (291), on degradable polymer
(292).

Although a heparinized surface, because of its dense
negative charge, can initiate the intrinsic pathway of blood
coagulation (293), an extensively explored way to obtain
antithrombogenic biomaterials is the covalent binding of
heparin onto polymeric materials. In principle, these bio-
materials will not release their heparin content when ex-
posed to the bloodstream. If the covalently bonded heparin
remains active, the biomaterials will remain potent longer
than those with ionically bonded heparin. The covalent
bonding of heparin onto surfaces has been extensively
studied during the past decade.

Covalent bonding of heparin onto polymers can be
achieved in different ways. Heparin has been coupled to
preformed hydrogels by employing various classical acti-
vation techniques. Hydrogels, derived from polyvinyl alco-
hol onto which heparin was fixed employing acetal links,
were prepared (294). Alternatively, heparin has been
bonded to agarose and Sepharose using cyanogen bromide
or carbodiimide activation (295). The same coupling re-

agents has been utilized to bond heparin covalently either
onto radiation-grafted hydrogels derived from hydroxy-
ethyl methacrylate and methacrylic acid or onto the same
hydrogels radiation-grafted onto the surface of a silicone
rubber (296,297).

In a second general procedure, a polymer is chemically
or radiochemically activated and then allowed to react
chemically with heparin. This procedure was developed to
fix isocyanate groups onto polystyrene and then produce
a reaction between the resulting polymer and heparin. Mu-
copolysaccharide was also bonded to silicone in a two-step
procedure. Analogous techniques have been developed to
bond heparin onto modified polyvinyl alcohol hydrogels,
elastomers, polyhydroxyethyl methacrylate-glycidyl meth-
acrylate copolymers, or cellulosic membranes. Alterna-
tively, heparin may be bonded to suitably prepared sub-
strates to produce thromboresistant materials. This
approach has been utilized by Goosen and Sefton (298)
to develop a high-strength styrene-butadiene-styrene block
copolymers. The same approach has been used by Larsson
et al. (299), who adsorbed colloidal particles composed of
heparin and acetylamine hydrochloride onto sulfated poly-
ethylene and then reacted the mixture with glutaraldehyde.
The authors claimed that in the resulting biomaterial hepa-
rin was covalently bonded, and the biomaterial was
thromboresistant.

In a third general procedure, chemical or radiochemical
treatment of heparin induces the formation of a macroradi-
cal. The latter then induces the polymerization of a mono-
mer producing a copolymer with a heparin moiety cova-
lently bonded to a synthetic polymeric sequence. This
procedure was first carried out by Labarre et al. (300) using
the cerium (IV) peroxidation of heparin, followed by a re-
action with acrylic and methacrylic monomers (300,301).
Baquey et al. (302,303) described a similar method, using
the radicals resulting from the γ-ray irradiation of heparin
instead of cerium (IV) oxidation. An end point immobiliza-
tion of heparin can be achieved by partial depolymeriza-
tion of heparin, followed by bonding on a cold plasma
treated surface.

The heparin immobilization can also be achieved
through hydrophilic spacer (304), and in a defined orienta-
tion by coupling through its reducing end. This is expected
to mimic the attachment of heparin to the protein core in
the naturally occurring proteoglycan and impart better li-
gand binding efficiency by exposing all the binding sites
available in the naturally occurring heparin. The coupling
chemistry was accomplished by modifying heparin at its
reducing end to introduce reactive functionality that can
react with appropriately functionalized supports (305).
Partially nitrite-degraded heparin allows an end point at-
tachment on the substrate (108,306). When the polymeric
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substrate is devoid of chemically reactive groups, it is use-
ful to activate the former by radio-frequency plasma (307).
Heparin has also been immobilized on polylactide for ap-
plication to degradable biomaterials in contact with blood
(308). Kim et al. (276,309) have compared heparin immo-
bilized on polyurethane surfaces with heparin adsorbed on
polyurethane. Immobilized heparin retained its ability to
bind and inactivate thrombin and Factor Xa. Immobilized
heparin–polyurethane catheters implanted in canine femo-
ral and jugular veins for 1-hour periods exhibited signifi-
cant reduction in thrombus formation compared with un-
treated polyurethane contralateral controls. The heparin
releasing polyurethane provided even greater improvement
in antithrombogenicity.

The properties and antithrombogenic activity of the
covalently bonded heparin surfaces have been proved
(300,310) to be similar to those of soluble heparin. An al-
ternate method of achieving this consists of modifying the
heparin so that it can polymerize or copolymerize. These
biomaterials have been shown to be anticoagulant.

The above methods (311) have allowed the preparation
of biomaterials with heparin covalently bonded to the sur-
face. However, the anticoagulant heparinlike capacity of
these materials depends on the method employed to fix the
heparin to the polymer matrix. The activation of the plate-
lets occurs when the surfaces to which the heparin is cova-
lently bonded are exposed to blood or a platelet suspen-
sion. However, the preincubation of these surfaces with
either aqueous solution of antithrombin or plasma passi-
vates the surface with respect to platelet activation.

In conclusion it has been suggested that the thrombo-
resistance of biomaterials to which heparin is covalently
bonded might be due to their heparinlike anticoagulant ac-
tivity and/or their ability to be passive to platelet activation
by the bonding of antithrombin. Nevertheless, the use of
such biomaterials is restricted for two reasons. The first of
these is economic; the second results from the degradation
of heparin by heparinases when exposed to blood. If this
is the case, the use of such biomaterials as long-term im-
plants may never be possible. This probably explains the
current interest in the synthesis of anticoagulant and hepa-
rinlike materials.

F. Heparinlike Materials

As early as 1951, Lovelock and Porterfield (312) described
the anticoagulant properties of polystyrenesulfonates, pro-
duced from a reaction of polystyrene tubing with sulfuric
acid. The anticoagulant properties of sulfonated soluble
polymers, and particularly polystyrene and polyethylene
sulfonates, have since been described by Gregor (313).
Furthermore, Machovich and Horvath (314) have shown

that polymethacrylic acid exhibits an anticoagulant activity
in aqueous solutions.

It has been shown that sulfonate and sulfamate chemical
groups are essentials for the anticoagulant activity of the
heparin (315–317). Thus it is not surprising to notice that
many heparinlike polymers are bearing sulfate groups.
Anticoagulant materials have been obtained by reacting
N-chlorosulfonylisocyanate with an unsaturated polymer,
followed by a suitable basic hydrolysis resulting in the for-
mation of a water-soluble polyelectrolyte with N-sulfate
and carboxylate groups. For example, a soluble polyelec-
trolyte derived from 1,4-cis-polyisoprene was shown to
possess 10% of the anticoagulant activity of heparin
(318,319). The anticoagulant activity of the latter polymer,
just as with heparin, is related to molecular weight and N-
sulfate content (320). Akashi et al. have synthesized a
poly(glucosyloxyethyl methacrylate) sulfate [poly(GEMA)
sulfate] that contains sulfated glucoside residues (321).
The total human blood clotting time in the presence of po-
ly(GEMA) sulfate is prolonged by increasing the dose or
the sulfate content of the polymer (322). Other heparinlike
polymers were obtained with bonding sulfate derived
groups on various substrates such as polyurethane (323–
326), polyethylene (327), hyaluronic acid (328,329), and
vinylic polymers (330). Jozefowicz et al. (331–339) have
obtained resins with significant antithrombogenic activity
by bonding sulfonate, carboxylic, amino acid sulfamide,
or amide groups onto cross-linked polystyrene, polysac-
charides, or polystyrene–polyethylene graft copolymers.
The dextran derivatives bearing carboxymethyl, benzylam-
ide, and sulfonate chemical groups (CMDBS family) (Fig.
7) have been extensively studied (200,201,340). They have
proved that this activity was antithrombic and anti-Xa, and
that it involved plasmatic components (antithrombin and
heparin cofactor II), by utilizing tests performed on plate-
let-poor plasma suspensions of the polymers.

This activity has been established to be on the surface
of the polymers. Direct kinetic studies, performed on sus-
pensions of the polymers in aqueous solutions of anti-
thrombin and proteases, were able to show that the anti-
coagulant activity is heparinlike, i.e., the polymers act as
a heterogeneous catalyst with respect to the antithrombin/
protease-inhibiting reaction. Thermodynamic studies of
the adsorption of proteins on the surface of the resins al-
lowed the authors to propose a mechanism for these cata-
lytic reactions (333–335).

The anticoagulant activities of the materials are strongly
dependent on the content and the nature of the substituting
groups, which can have either a cooperative or an additive
effect. From these observations, a correlation between the
anticoagulant activities and the compositions of the hepa-
rinlike resins has been established, as shown in Table 5.
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Figure 23.7 Schematic structure of the derivatized dextrans.
Hydroxyl units of α-D-glucose are either unsubstituted or ran-
domly substituted with carboxymethyl, carboxymethyl benzyl-
amide, carboxymethyl benzylamide sulfonate, and sulfate groups.

Table 23.5 Activity Coefficient of Substituents Linked to
Polystyrene Resins

Activity coefficient (meq�1)
Substituent for 1 NIH thrombin unit

SO3
� 50–70

SO2NH butyl 0
SO2 11-aminoundecanoic 40–80

acid
SO2 alanine 60–80
SO2 glycine 100–120
SO2 hydroxyproline 120–150
SO2 proline 120–150
SO2 methionine 120–150
SO2 threonine 120–150
SO2 N-benzyloxycarbon- 120–150

yllysine
SO2 α-alanine 140–200
SO2 β-aminocaproic acid 300–350
SO2 glutamic acid 350–400
SO2 δ-aminovaleric acid 400–450
SO2 γ-aminobutyric acid 500–600
SO2 aspartic acid 500–600

Based on these results, it has been suggested that it is
the isolated functional groups of the polysaccharide chain
of heparin that are responsible for its interaction with the
antithrombin or the protease rather than the secondary or
tertiary structure of this mucopolysaccharide. The compar-
ison and discussion of the estimated activity parameters
substantiate the hypothesis that carboxylic functions are
essential for heparinlike activity.

Ex vivo animal experiments have been performed on
surface-treated small-diameter tubing made of polysty-
rene–polyethylene copolymers. No significant platelet ad-
hesion or aggregation was observed on the wall of the
tubing, after it had been pretreated with plasma or anti-
thrombin.

G. Polymers and the Immune Response

The formation of thrombin that is initiated when polymers
contact blood is the most extensively studied phenomenon
in the blood–polymer contact field. The inflammatory re-
sponse induced by the contact of materials with blood has
only recently been studied, and consequently the compre-
hension of this response is limited.

As with the blood coagulation process, the inflamma-
tory response depends on the mechanical features and the
shape of the implanted devices. Many polymers will wear
when implanted, and there is evidence of giant cell reaction
to the wear products. The inflammatory response also de-
pends on the chemical nature of the polymers (12). Little
is known about the relation between this characteristic and
the immune response.

The complement system is an effective mechanism of
the immune system and accomplishes many tasks. The
tasks include recognition of infectious agents and foreign
surfaces in the tissues, targeting of an object to enhance
leukocyte migration and activation processes (e.g., phago-
cytosis and degranulation), and finally induction of cytoly-
sis. The complement activation process includes an enzy-
matic cascade, which involves approximately 20 different
proteins. The activation of the complement cascade is usu-
ally considered a characteristic of the hemocompatibility
of the material in direct contact with blood.

Several enzyme immunoassay kits are available to in-
vestigate the various levels of complement activation.
Thus it is possible to evaluate the production of C4d, Bd,
iC3b, and SC5b-9 (341). C4b is a marker for the activation
of the classical pathway, Bb for the alternative pathway,
and iC3b and SC5b-9 for the final lytic pathway. A radio-
immune assay for C3a explores the early steps of comple-
ment activation in both classical and alternative pathways.
It allows us to monitor the newly formed C3a when C3 is
cleaved (342). It should be noticed that measuring only
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C3a remaining in the fluid phase leads to a wrong value
of complement activation, since a part of the C3a may be
absorbed on the polymer surface (343).

Zymosan, a polysaccharide, has been reported to be a
complement activator. Cellulose and cellulose derivatives
have been demonstrated to be responsible for the activation
of both pathways of the complement system, in human pa-
tients treated by dialysis for renal diseases. In the latter
case, cellulose and cellulose derivative membranes and
hollow fibres were employed (344–346).

Moreover, soluble polysaccharides and polysaccharide
derivatives are activators of the complement system. Dex-
tran induced hypersensitivity reactions in over 40,000
cases when used as a plasma expander in humans. Glycos-
aminoglycans, such as heparin, may inhibit the comple-
ment activation either in solution or when bonded to zymo-
san. This activity is independent of the anticoagulant one
(346).

Kazatchkine, Jozefowicz et al. (347) showed that Seph-
adex is able to activate both the classical and the alternative
pathways of the complement system, upon exposure to hu-
man blood serum. On the other hand, the same research
teams (348,349) showed that the substituted soluble dex-
trans have the ability to inhibit the formation of the alterna-
tive pathway C3 convertase. They demonstrated that a
family of dextran derivatives, the carboxymethyl benzyl-
amide sulfonate dextrans (CMDBS) (340), has a high
anticomplement activity, which is dependent on the car-
boxylic and sulfonate group content of the polymer (343,
350,351). Thus these authors were able to synthesize dex-
tran derivatives with high anticomplement and low anti-
coagulant activities, as shown in Fig. 8. Therefore, these
soluble biomaterials are promising candidates for plasma

Figure 23.8 Relationship between anticomplementary activity
and anticoagulant activity of the modified dextran.

expanders, as they are expected to prevent hypersensi-
tivity reactions. The insoluble analogs of CMDBS are
substituted Sephadex bearing carboxymethyl (CM), CM-
benzylamide (CMB),andCMB-sulphonate (CMBS) groups.
CM substitution decreases and can suppress the comple-
ment activation of Sephadex. Low CMB substitution also
decreases the complement activation, whereas high CMB
substitutions increase it again after a minimum (352).

In the case of blood substitutes, the infusion of large
amounts of modified hemoglobin can potentially result
in hypersensitivity and anaphylactic reactions (353,354).
The same phenomenon is observed for the perfluoro-
carbon (PFC) emulsions usually called ‘‘artificial blood’’
(355).

X. CONCLUSION

Blood-contacting polymers have often been chosen by em-
pirical observation. Nonetheless, cardiovascular devices
are now in common use and represent an ever-increasing
market. Still, there are limitations to the use of polymers.
At the beginning of the 1970s, these limits appeared to be
the blood coagulation process. More recently, the immune
response of the host to the implants, and its consequence
on long-term uses, i.e., delayed infection and calcification
of the prosthetic devices, have been examined. Immediate
hypersensitivity reactions to blood-contacting polymers
were also observed in some patients. At present, nearly all
the commercially available blood-contacting polymers are
employed in conjunction with a permanent adjuvant anti-
coagulant therapy, which in turn leads to long-term medi-
cal complications.

Therefore considerable research has been devoted to
understanding the scientific basis of these limitations. The
data available for blood–polymer interactions show that
the limitations lie in the fact that any surface, natural (in-
cluding the healthy blood vessel endothelium) or artificial,
probably activates the blood coagulation cascade by con-
tact.

Improved knowledge of the parameters controlling this
phenomenon has lead to improvements in the design of
the artificial devices. It has permitted also the design and
tailoring of antithrombogenic polymers, for example hepa-
rinlike polymers, which may be suitable for the production
of cardiovascular devices in the near future.

Discussion of the available data suggests that funda-
mental studies of blood–material interfacial reactions are
necessary in order to ascertain the structure of the materi-
als, the coagulation factors, and the adsorption relation-
ships responsible for the observed overall thrombogeni-
city. As a result, the tailoring of new polymers that are
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able to control the coagulation process initiated at the inter-
face may be possible (356).

It can be concluded from observations made that the
immune response may be a controlling parameter in the
overall biocompatibility of blood-contacting polymers. At
present it is not possible to describe completely the conse-
quences of the host immune response on an implant, but
from the available data it appears that two complications
are of concern:

In the long term, it appears that the presence of an im-
plant increases the risk of infection.

Blood-contacting polymers may induce sensitivity and
short-term reactions.

Recent advances show that significant improvements in
the tailoring of polymers enable the immune response to
be controlled, and undoubtedly similar results will be ob-
tained if sufficient research is devoted to the field of blood-
contacting polymers. An example of significant advance
in this field is the synthesis of substituted dextrans that
control the activation of the complement system, which
renders them promising candidates as plasma expanders.
New methodologies for the modification and characteriza-
tion of the biomaterial surfaces have been developed. In
order to improve the biocompatibility of biomaterials, new
bioactive biomaterials have been produced based on the
principles of biological recognition in order to regulate
biological pathways. Such biomaterials can be designed
using approaches based on the lock and key concept pro-
posed by Emil Fischer a hundred years ago. Oligopeptides
such as the Arg-Gly-Asp (RGD) sequence, which are capa-
ble of being a binding domain with high specific affinity
for cells, have been grafted to polymers. Other bioactive
polymers have been developed based on the incorporation
of growth factors. The delivery of the growth factors de-
pends on the chemical and physical characteristics of the
polymeric carrier. Some polymers also play the role of pro-
tecting agents when they are in contact with a living sys-
tem. Based on Emil Fischer’s concept, bioactive polymers
have been synthesized by attaching biospecific ‘‘keys’’
along the polymer chain. It has been shown that the random
attachment of functional groups, which are analogous to
the active groups in the natural messenger molecule (such
as heparin), results in materials endowed with biological
specificity. Extensive work has been performed to prepare
functionalized polymers capable of mimicking some of the
actions of heparin. The latter are able to stimulate the heal-
ing of a wound in various in vivo models. These polymers
may also constitute a family of tissue repair agents because
of their protecting and potentiating effects with heparin
binding growth factors. These polymers generally affect
both cell proliferation and metabolism.

A large amount of work has been also devoted to the
development of new methodologies for the characteriza-
tion and modification of the biomaterial surface. For exam-
ple, a chemical characterization of the surface is often per-
formed with electron spectroscopy for chemical analysis
(ESCA). Modification of the biomaterial surface can be
achieved by the use of a gas plasma discharge. This method
creates reactive chemical groups onto the surface capable
of binding bioactive molecules.

Blood-contacting polymers play an important role in the
current market for biomaterial engineering. However, the
period of time between the concept and the clinical appli-
cation is long. It is evident that the penetration of new
products onto the market depends on the high cost of de-
velopment, the extended length of time needed for the ap-
proval of the new product, and the collaboration between
manufacturers and physicians and surgeons. The latter are
often hesitant to try new products with which they are un-
familiar. However, there is no doubt that the market will
expand rapidly in the next 10 years if the safety and func-
tionality of new blood contacting polymers compensates
for the high cost of their development. Blood-contacting
polymers have been widely employed, and their use will
continue to extend for the benefit of man.
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I. INTRODUCTION

Medium (6–8 mm) and small (�5 mm) internal diameter
(I.D.) prosthetic arterial grafts continue to have unaccept-
ably high failure rates when used in the clinical setting.
The two major complications associated with these grafts
are acute thromboses and incomplete, unregulated cellu-
lar healing. Currently available biomaterials for vascular
grafts do not emulate the multitude of biological and repar-
ative processes that occur in a normal pulsatile arterial
wall. There have been exhaustive studies aimed at creating
a novel biomaterial surface by nonspecific binding of a
biologically active agent, covalent linkage of an agent with
a broad spectrum of activity, or altering the biomaterial
surface. Thus far, none of these technologies has resulted
in a clinically used prosthetic vascular graft. Based on our
clinical and research observations, our hypothesis is that
the ultimate prosthetic graft will have to possess multiple
structural and biological properties that mimic those pro-
cesses inherent to the native vessel. The structure of the
prosthetic graft will have to possess long-term biodurabil-
ity (strength over the lifetime of the implant), porosity
(permits cellular ingrowth in order to promote complete
healing), and excellent handling characteristics (ease of su-
turing). Biologically, the surface will have to possess both
localized antithrombin activity at the blood/graft interface
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and specific endothelial cell growth promoting factors (to
increase transwall and translumen cellular growth). This
chapter will examine the use of polyester (Dacron) as a
prosthetic vascular graft, complications associated with
graft implantation, our clinical and research observations,
previous efforts to develop a novel biocompatible material
surface, and our preliminary studies developing technol-
ogy for covalent linkage of antithrombin and mitogenic
proteins onto a Dacron surface.

II. POLYESTER (DACRON):
CHARACTERISTICS
AND APPLICATIONS

Polyester (chemical nomenclature—polyethylene tereph-
thalate) fibers were first characterized in 1941 and have
become the most widely produced synthetic fibers in the
world. They are most familiarly known by the DuPont
commercial name Dacron. The polymer is synthesized by
a condensation reaction of derivatives of ethylene glycol
and terephthalic acid, resulting in molecules that contain
80 to 100 repeat units (1). These molecules are then ex-
truded through a plurality of holes (a spinneret) to produce
multifilament yarns. Dacron yarns are further processed
into various structures such as warp-knit, weft-knit, and
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woven fabrics (2) and have excellent resiliency as well as
resistance to a wide range of chemical and biological chal-
lenges.

Dacron is utilized in items ranging from clothing to
medical implants. Dacron yarn was first sewn into a tubular
form and utilized as a large-diameter vascular graft in the
mid-1950s (3). Since that point, Dacron has been incorpo-
rated into both large- and medium-bore vascular grafts in
knitted and woven form. These grafts have shown excel-
lent long-term biodurability, handling characteristics, and
capsular tissue incorporation (4).

III. COMPLICATIONS ASSOCIATED WITH
PROSTHETIC ARTERIAL GRAFTING

Failure of all prosthetic arterial grafts including Dacron
can be grouped into three periods: acute, delayed, and late.
Acute thrombosis (hours to days) is the result of low blood
flow through the graft permitting activation of the coagula-
tion cascade at the blood/graft interface with subsequent
occlusive thrombus formation. Delayed failure (weeks to
months) is the result of an incomplete cellular lining of
the luminal graft surface (failure of complete neointimal
formation) and associated unregulated smooth muscle cell
proliferation at the anastomotic sites causing focal steno-
sis, decreased blood flow through the graft, and secondary
occlusive thrombus formation. Late graft failure (years) is
infrequent and most often due to progression of atheroscle-
rosis in the inflow or outflow vessels.

In order to examine these phenomena, an understanding
of how humans incorporate and/or heal prosthetic vascular
grafts is essential. The capsular surface (non–blood flow)
is immediately identified by the host immune system as
foreign, thereby eliciting a mixed inflammatory response
with ultimate foreign body giant cell reaction. This is sub-
sequently reinforced by collagen-rich tissue, forming what
is essentially a scar. Whether the result of inflammatory
cytokines, growth inhibitors from the forming luminal
pseudointima, or physical factors, cellular growth through
the graft interstices from the host tissues does not occur
in humans.

The luminal surface (blood flow surface) of all bare
prosthetic conduits is inherently thrombogenic, resulting
in the formation of a controlled mural thrombus when ex-
posed to flowing blood. The thickness and composition of
this mural thrombus is initially a function of biomaterial
composition and design, with the final thickness/composi-
tion ultimately determined by blood flow velocity through
the graft and the thrombogenic potential of the blood. This
thrombotic acellular layer has been termed the pseudoin-
tima. The body under normal circumstances recognizes

thrombus and organizes the coagulum by proliferation of
the underlying blood vessel endothelium and smooth mus-
cle cells. In the case of prosthetic grafts, this recanalization
is not possible, since the underlying structure is synthetic
and not biological. Recent studies have also determined
that the pseudointimal lining itself contains growth-inhib-
iting compounds, further impeding the development of a
cellular neointima (5). While several strategies to diminish
or circumvent this incomplete healing response have been
investigated (6,7), none has resulted in clinical success.

Thus all prosthetic conduits are lined by highly reactive
pseudointima. This surface has the ability to activate plate-
lets and provides for continuous low-level thrombotic
events, generating biologically active molecules such as
thrombin within the pseudointimal matrix, thereby promot-
ing additional fibrin and platelet recruitment. This healing
pattern is unique to humans and canines.

The final site to consider in graft healing is the anasto-
motic region. Both endothelial and smooth muscle cells
from the host artery proliferate into the graft. The stimulus
for this cellular migration has yet to be completely defined,
but it is related both to the acute injury to the arterial wall
at the time of surgery and subsequently to the deposition
of pseudointima on the graft surface. Thrombin embedded
within the pseudointima is a powerful smooth muscle and
endothelial cell mitogen, providing one of the many stim-
uli for organizing in vivo arterial thrombi (8). The organi-
zation of perianastomotic pseudointima with subsequent
cellular proliferation occurs approximately 1 cm into the
graft and abruptly stops. Cellular ingrowth at an anastomo-
sis, or pannus ingrowth, is no more than approximately 1
cm into the graft body regardless of how long a graft is
implanted.

Following this initial proliferative cycle, a period of ma-
trix production ensues creating a localized lesion (stenosis)
at the anastomotic site. This lesion impacts blood flow
through the graft, further enhancing the blood/pseudoin-
tima interaction. The observed healing responses of these
three domains (capsule, luminal surface, anastomotic re-
gion) on graft incorporation is unique to human beings.
The only animal model that mimics this healing response
is the canine model (9).

IV. CLINICAL AND RESEARCH
OBSERVATIONS: BASIS
FOR RESEARCH

In previous studies from our clinical and laboratory experi-
ence, mechanisms of prosthetic arterial graft failure have
been evaluated. Observations from these studies, which di-
rect our research, are as follows:
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Prosthetic arterial grafts, regardless of the material com-
position, fail to develop a functional cellular neointima
within the mid-portion of the graft (incomplete healing).
A relatively thrombogenic pseudointima composed of
thrombin, platelets, fibrin, and serum proteins forms the
majority of the flow surface to which the circulating blood
is exposed for the duration of graft patency (Fig. 1) (10).

Pseudointima formation results in low-level chronic
activation of platelets and proteins of the coagulation cas-
cade and to some extent cellular and humoral aspects of
the complement system (11). The only available cellular
source that can respond to this activation is the distal anas-
tomotic site and the adjacent arterial segment (12).

Unregulated smooth muscle cell proliferation and gene
expression at the anastomosis results in focal stenosis.
Anastomotic stenosis with subsequent lowering of blood
flow through the graft amplifies the blood/graft/pseudoin-
tima contact time and potentiates the activation of platelets
and the coagulation cascade (13). This results in increased
pseudointima formation, which is essentially a controlled
mural thrombosis or, in severe cases, occlusive graft
thrombosis.

Providing a cellular source via increasing graft inter-
stices (porosity) and direct luminal seeding with endothe-
lial cells have been ineffective in forming a stable func-
tional cellular neointima, which is necessary to modulate
the blood/materials interaction.

Figure 24.1 A longitudinal cross-section of a Dacron vascular
graft after 30-day explantation from a canine carotid. A neointima
composed of endothelial and smooth muscle cells proliferates
into the graft and abruptly ends 1 cm from each anastomosis.
A pseudointima composed of platelets, thrombin, fibrinogen, red
blood cells, and serum proteins occupies the mid portion of the
graft.

Systemic antiplatelet, anti-inflammatory, and anti-
thrombin agents alone do not affect the onset of intimal
hyperplasia or the long-term patency of the graft.

All biomaterials are excluded from direct blood interac-
tion within minutes of establishing blood flow by an amor-
phous pseudointima composed of platelets, fibrin, fibrino-
gen, and serum proteins. Thus a biomaterial surface must
be developed that will alter pseudointima composition and
formation.

Studies evaluating the effects of circumferential com-
pliance alone on graft healing/patency have not yielded
conclusive findings.

V. HISTORICAL APPROACH
TO SURFACE MODIFICATION

A. Prevention of Surface Thrombus Formation

A complication of all implantable biomaterials is incom-
patibility between blood and the biomaterial surface. The
initial interaction of blood and the foreign surface results
in a myriad of responses: platelet activation and adhesion
(13,14), activation of the intrinsic pathway of the coagula-
tion cascade, resulting in formation of active thrombin
(15), leukocyte activation (14), and the release of comple-
ment and kallikrein (15,16). If unregulated, these re-
sponses lead to surface thrombus formation with subse-
quent failure of the implanted biomaterial.

Numerous attempts have been made to create a more
biocompatible surface by establishing a new biologic lin-
ing on the luminal surface that would ‘‘passivate’’ this
acute initial reaction. These efforts have ranged from non-
specifically binding albumin to the surface followed by
heat denaturation (17) to nonspecifically cross-linking
gelatin (18–20) and collagen (21–23). Covalent or ionic
binding of the anticoagulant heparin albumin (14,24,25),
alone (26–34), in conjunction with other biologic com-
pounds (35–40), or with spacer moieties (41–43), as well
as covalent linkage of thrombomodulin (44) have also
been performed. Other studies have focused on modifying
the composition of the biomaterial either by increasing
hydrophilicity via incorporation of polyethylene oxide
groups (45) or by creating an ionically charged surface
(46).

Each of these methodologies has had limited success in
creating a durable, biologically active surface. There are
several limitations associated with these surface modifica-
tions: (1) thrombin is not directly inhibited, therefore fi-
brinogen amounts remain constant on the material surface,
permitting platelet adhesion, (2) heparin-coated biomateri-
als may be subject to heparitinases, limiting the long-term
use of these materials, (3) nonspecifically bound com-
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pounds are desorbed from the surface, which is under shear
stresses, thereby re-exposing the thrombogenic biomaterial
surface, (4) rapid release of nonspecifically bound com-
pounds may create an undesired systemic effect, and (5)
charge-based polymers may be covered by other blood
proteins such that anticoagulant effects are masked.

One study that has shown promise involved left ventric-
ular assist devices (LVAD) implanted in a sheep model
that were either uncoated or contained covalently bound
heparin (47). The heparin-coated LVAD had minimal
thrombus formation (i.e., microthrombi, platelet accumula-
tion) with a thin protein layer after implantation for 3
months as compared to uncoated control LVAD that had
gross thrombus formation at 1 month. Heparin activity,
which was monitored via chromogenic assay, was not de-
tectable after 15 days, thus suggesting that altering the
acute bioactivity of thrombin creates a long-term ‘‘passiv-
ated’’ flow surface. Despite these promising results, each
of these studies has failed to change appreciably the pa-
thobiology of biomaterial failure.

B. Promotion of an Endothelial Cell Lining

Another proposed mechanism to prevent thrombus forma-
tion on a graft surface was to develop a uniform layer of
endothelial cells across the lumen. Endothelial cells play a
pivotal role in mediating blood interaction with the arterial
wall. These cells maintain hemostasis and also synthesiz-
ing growth mediators that block abnormal smooth muscle
cell proliferation. Ideally, prosthetic grafts should promote
endothelial cell adherence and growth on the luminal sur-
face while permitting direct host tissue incorporation at the
capsular surface. This type of cellular incorporation does
not occur in actuality, thereby predisposing these grafts
to infection (48,49), thrombosis (50,51), perigraft seromas
(52), and delayed graft failure (53). Thus the failure of
appropriate cell type growth and development to these bio-
materials significantly limits their expanded use (48).

Endothelial cell adhesion to prosthetic grafts using en-
dothelial cell seeding techniques has been extensively em-
ployed (54–56). Adhesive proteins such as fibronectin,
fibrinogen, vitronectin, and collagen have served well
in graft seeding protocols (57,58). The cell attachment
properties of these matrices can also be duplicated by
short peptide sequences such as RGD (Arg-Gly-Asp) (59).
These adhesive proteins, however, have several draw-
backs: (1) bacterial pathogens recognize and bind to these
sequences (60,61), (2) nonendothelial cell lines also bind
to these sequences (56,62), (3) patients requiring a seeded
vascular graft have few donor endothelial cells, so that
cells must be grown in culture (63), and (4) endothelial
cell loss to shear forces remains a significant obstacle (64).

Modification of the surface has also been employed to
modify host response to the foreign body, serving as an
approach for improving endothelial cell adherence to Da-
cron. Endothelial cells after seeding have been shown to
attach and grow on a variety of protein substrates coated
onto vascular graft materials (58,65). Bioactive oligopep-
tides (66,67) and cell growth factors (68) have been immo-
bilized onto various polymers and demonstrated to affect
cell adherence and growth. Additional studies have de-
scribed the incorporation of growth factors into a degrad-
able protein mesh, resulting in the formation of capillaries
into the graft wall (69). Utilizing these techniques to incor-
porate growth factors, however, does have limitations: (1)
growth factor is rapidly released from the matrix, (2) ma-
trix degradation reexposes the thrombogenic surface, such
that endothelialization is not uniform, and (3) release of
nonendothelial specific growth factor is not confined to the
biomaterial matrix, thereby exposing the ‘‘normal’’ distal
artery to the growth factor.

VI. MODIFICATION OF DACRON:
CREATION OF ‘‘ANCHOR’’ SITES

The first step in developing a biocompatible surface was
to create a surface to which biologically active agents
could be covalently attached. Dacron was selected over
other biomaterials due to its clinical acceptance, long-term
biodurability, and potential for chemical manipulation.
Our objective was to modify Dacron so that reactive sites
could be created without significantly altering the physical
characteristics of the biomaterial (70). Creation of car-
boxyl and hydroxyl groups on the Dacron surface was
achieved via alkaline hydrolysis. Hydrolysis is typically
utilized to break ester bonds on the outer periphery of the
fiber surface (71). Applying this technique in the textile
industry results in a finer, softer fabric with improved soil
release due to the increased hydrophilicity of the material.
If, however, concentrations of sodium hydroxide as well as
temperature and time parameters are increased, extensive
cleavage and loss of low molecular weight products oc-
curs, thereby decreasing the strength and weight of the ma-
terial. Reduction of tensile strength and fiber weight of a
Dacron arterial graft could lead to aneurysmal formation
due to the constant pressure exerted on a luminal surface
that is under intense flow conditions once implanted. Thus
it was imperative that creation of carboxyl groups on the
Dacron surface via hydrolysis did not significantly modify
the physical properties of the fiber.

Dacron segments were cut from a large fabric sheet and
washed in a scouring solution containing Na2 CO3 and
Tween 20 detergent for 30 minutes at 60°C. Samples were
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then rinsed for 30 minutes at 60°C. Dacron segments were
then oven dried for 15 minutes at 60°C to remove moisture,
weighed (pretest weight) and combined into groups by
closeness in weight. These groups were then exposed to
the following solutions at 100°C for 30 minutes: (1) dis-
tilled H2 O (Control Dacron or CD), (2) 0.5% NaOH, (3)
1.0% NaOH, (4) 2.5% NaOH, and (5) 5.0% NaOH (re-
ferred to HD). These pieces were then rinsed with distilled
H2O (room temperature), oven dried for 15 minutes at
60°C, and weighed (posttest weight). Differences between
pre and post weights were calculated and averaged (Fig.
2). Examination of the CD and HD for fiber weight loss
resulted in the 1.0% (3.1%), 2.5% (11%), and 5.0% (27%)
hydrolyzed materials demonstrating significant weight loss
as compared to control. The 0.5% HD did not exhibit any
significant weight loss.

CD and HD segments, used in determining weight loss,
were then tested for tensile strength. An Instron T-1000
Apparatus (Instron Corporation) was calibrated accord-
ing to manufacturer’s specifications in a temperature-
controlled environment (room temperature 31°C). Each
segment was then placed into two air compressor clamps
spaced 1″ apart, and the instrument was returned to base-
line. Material stretching was then initiated and terminated
upon observation of visible tearing. The pounds of force
required to tear untreated and NaOH hydrolyzed materials
were determined (Fig. 3). Evaluation of tensile strength of
CD and HD materials revealed no significant difference
between control, 0.5%, and 1.0% hydrolyzed materials.
The 2.5% (20%) and 5.0% (40%) HD, however, had sig-
nificant strength loss as compared to CD.

Figure 24.2 Fiber weight loss (%) of variously hydrolyzed Da-
cron segments versus untreated Dacron. The 1.0% (3.1, p �
0.001), 2.5% (11%, p � 0.0001), and 5.0% (27%, p � 0.0001)
hydrolyzed materials had significant weight loss in comparison
to untreated Dacron. The fiber weight loss of the 0.5% hydrolyzed
Dacron was not significant compared to untreated Dacron.

Figure 24.3 Strength retention (%) of variously hydrolyzed Da-
cron segments versus untreated Dacron. The 2.5% (20%, p �
0.0003) and 5.0% (40%, p � 0.0001) hydrolyzed Dacron showed
significant strength loss as compared to untreated Dacron,
whereas the 0.5% and 1.0% hydrolyzed Dacron were not signifi-
cantly different in strength.

Thus the 0.5% hydrolyzed Dacron was the only hy-
drolyzed material in which tensile strength and fiber
weight loss were not significantly less than untreated Da-
cron. No extensive chain scission within the fiber occurred,
as was displayed by the close correlation of fiber strength
and weight loss (summation of strength retention and
weight loss data for each assayed material is approximately
equal to 100%). Any evidence of strength loss resulting
from the various hydrolysis conditions was solely due to
reduction in the surface fiber mass.

VII. SELECTION OF PROTEIN
FOR ‘‘BASECOAT’’ LAYER
ON DACRON SURFACE

Covalent linkage of a protein to a biomaterial surface in
order to create a ‘‘basecoat’’ layer has numerous beneficial
advantages. Nonspecific or covalent attachment of a pro-
tein coating has been shown to ‘‘passivate’’ a surface that
is relatively thrombogenic, thereby decreasing adhesion of
blood products such as platelets, red blood cells, and fi-
brinogen (17,26). Also, protein incorporated as a basecoat
layer has been used as a ‘‘scaffolding’’ in order to promote
a specific response, such as linkage of RGD peptides to
promote cell adhesion (72). From our foundation studies,
utilization of a basecoat layer permitted significant ampli-
fication of potential binding sites for secondary protein
attachment via heterobifunctional cross-linkers (73–75).
Thus utilization of a basecoat creates a biomaterial surface
with distinct properties for a specific application.
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A. Albumin Basecoat for
Thromboresistant Surface

The effects of albumin coating on Dacron have been exten-
sively examined both in vitro and in vivo. In vitro, albumin
nonspecifically cross-linked around the fibers of Dacron
via gluturaldehyde was shown to reduce platelet adhesion
and coagulation cascade activation, release of platelet fac-
tor 4 and β-thromboglobulin, fibrinopeptide A formation,
and leukocyte adhesion (14). In vivo analysis of aortocaval
fistulae was performed between preclotted Dacron and Da-
cron that was immersed into a 25% albumin solution and
autoclaved (17). Decreases of 5.2-, 6.0-, and 1.8-fold in
red blood cell adhesion, platelet accumulation, and fibrino-
gen accumulation, respectively, were observed for the
albumin-treated Dacron as compared to preclotted Dacron.
Thus albumin was selected as the protein to bind cova-
lently to HD due to the numerous beneficial results demon-
strated in these early studies.

B. Type IV Collagen as Basecoat
for Cellular Adhesion

In selecting a basecoat protein that would promote cell-
ular adhesion, the composition of native blood vessels
was examined. All mammalian epithelia are separated
at their interface by specialized extracellular matrix
proteins (basement membrane) composed predominantly
of Type IV collagen networks with minor components of
elastin, fibrillins, thrombospondins, laminin, fibronectin,
and glycoaminoglycans. Endothelial cell growth and dif-
ferentiation (morphogenesis) has an absolute require-
ment of this highly structured extracellular matrix envi-
ronment for normal cell growth and differentiation (76).
Additionally, matrix proteins have been shown to be
crucial in binding signaling proteins such as fibroblast
growth factor (FGF) and transforming growth factor-b
(TGF-b) (77).

Type IV collagen has several advantages over albumin
when considering basecoat proteins for a vascular graft
surface. Type IV collagen is a basement membrane protein
that is directly involved in cell adhesion as well as regula-
tion of cell function (78). Conversely, albumin is a serum
protein that has been shown to have beneficial results on
protein adhesion when bound to a graft surface. However,
albumin has no cell adhesion properties, an area that may
be necessary for neointimal formation. Similar to albumin,
Type IV collagen has been shown to provide numerous
cross-linking sites suitable for covalent attachment of bio-
logically active agents. Therefore Type IV collagen is a
better candidate than albumin to serve as the basecoat pro-
tein for cellular adhesion studies.

VIII. RATIONALE FOR SELECTION
OF ANTITHROMBIN
AND MITOGENIC AGENTS

A. Recombinant Hirudin (rHir)

Thrombin, a pivotal enzyme in the blood coagulation cas-
cade, is the primary agent responsible for thrombus forma-
tion. The principal function of thrombin is the cleavage of
fibrinogen to fibrin (8). Additionally, thrombin also func-
tions as a smooth muscle cell mitogen (79), is chemotactic
for monocytes and neutrophils (80,81), and is an aggrega-
tor of lymphocytes (81). This enzyme has also been shown
to bind to endothelial cells, inducing the release of platelet-
derived growth factor (PDGF)-like growth factors (82) and
has been shown to be a potent platelet aggregant, stimulat-
ing the release of platelet factors (83). Thus thrombin, be-
yond its role in clot formation, has tremendous secondary
effects that induce inflammation at the site of synthesis and
enhance cellular proliferation or hyperplasia by various
proposed activation mechanisms, all of which are benefi-
cial in wound healing but are extremely deleterious to pros-
thetic graft patency.

rHir, a 6,965 Da recombinant protein synthesized from
the leech protein hirudin, is the most potent specific inhibi-
tor of thrombin (84). rHir has demonstrated inhibition of
thrombin’s enzymatic, chemotactic, and mitogenic proper-
ties (8,85,86). rHir has also been shown to have potent
antithrombin activity when covalently immobilized onto a
Dacron surface (75) or to another biomolecule (87–89).
This leech anticoagulant holds several advantages over
heparin: (1) rHir inhibits thrombin directly, whereas hepa-
rin requires antithrombin III, (2) heparin enhances platelet
aggregation (90), (3) rHir inhibits the uptake of thrombin
into fibrin clots (91,92), and (4) heparin is regulated by
platelet function (93). Thus rHir is an attractive agent for
covalent attachment in order to reduce or eliminate the
pseudointima formation on graft surface. Further, inhibi-
tion of thrombin via surface bound rHir may prevent
smooth muscle cell proliferation and matrix production at
the anastomoses.

B. Recombinant Vascular Endothelial Growth
Factor (VEGF)

The rationale for selecting a growth factor in order to pro-
mote cellular migration and proliferation was based upon
the specificity of the growth factor for endothelial cells.
VEGF, a 38 kDa homodimeric glycoprotein, has been
shown to be a potent endothelial cell mitogen and vasoper-
meability factor (94–96). VEGF is produced by many dif-
ferent cell types both in tissue culture and in vivo. VEGF
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binds to plasma membrane receptors on endothelial cells
only with an extracellular transmembrane glycoprotein
linked to an intracellular tyrosine kinase domain (94); thus
VEGF is an endothelial-specific mitogen. These cell-
specific, high-affinity receptors have structural similarities
to both forms of the platelet-derived growth factor
(PDGF) receptors (97). VEGF has been subsequently
found in many tumors related to vascular angiogenesis
(98), is responsible for vascular proliferation in the pres-
ence of hypoxia seen in diabetic retinopathy (99), and is
shown to be involved in the normal development of the
vasculature (100).

In vitro, VEGF expression can be increased by several
mechanisms including stimulation by growth factors [basic
FGF, TGF-b, and PDGF (101)] and the cytokines tumor
necrosis factor-α and interleukin-1-β (102). VEGF mRNA
expression is also increased by hypoxia in numerous cell
lines, including endothelial cell and vascular smooth mus-
cle cells (103). In addition, vascular growth factors PDGF
and bFGF have synergistic effects on the induction of
VEGF at moderate levels of hypoxia in vascular smooth
muscle cells (104). Hypoxic induction of VEGF has been
postulated to account for sustaining angiogenesis in tumor
growth and in the induction of ischemic retinopathies such
as diabetic retinopathy and central retinal vein occlusion
(99).

In vivo, VEGF infused intra-arterially has been shown
to improve collateral flow in a hindlimb model of ischemia
(105) and mitigates the development of intimal hyperplasia
observed after balloon catheter–induced arterial injury
(106). The beneficial effect of VEGF following balloon
denudation injury appears to result from an earlier, more
extensive and more histologically normal reendotheliali-
zation of the vessel. Those portions of the vessel that
were repopulated by endothelial cells had little or no neoin-
timal growth (106). Of note, studies by Banai and Ibukiy-
ama demonstrated the efficacy of human VEGF at stimu-
lating proliferation of canine endothelial cells (107,108),
an important factor for future implant studies. In autolo-
gous vein grafts, VEGF mRNA expression has been shown
to increase 2.5-fold 48 hours after bypass grafting as com-
pared to control veins (109). This may, in part, explain
the superior patency rates achieved with vein grafts over
prosthetic arterial grafts in small vessel arterial reconstruc-
tion.

Thus VEGF is specific for endothelial cell activa-
tion and proliferation, resulting in endothelial cell infil-
tration in several clinical conditions. These characteris-
tics establish VEGF as an ideal candidate for covalent
linkage to a vascular graft in an attempt to facilitate neoin-
tima formation throughout the luminal surface of the con-
duit.

IX. COVALENT BINDING OF rHIR TO THE
DACRON SURFACE: IN VITRO AND
IN VIVO RESULTS

A. Covalent Linkage of 125I-BSA with Various
Sulfo-SMCC Ratios to HD Surfaces Via
EDC Cross-linker

The second phase of the surface modification studies was
to determine if a basecoat protein with binding sites could
be linked to the surface (75). HD segments were placed
in an EDC solution and reacted for 30 minutes at room
temperature. CD segments were placed into 100% ethanol
without EDC cross-linker and reacted under the same con-
ditions. Concurrently, seven 125I-BSA solutions were pre-
pared in PBS. One sample was utilized to establish the
maximum binding control for this experiment as defined
in our previous study (70), the incubation of HD segments
with EDC followed by the addition of 125I-BSA with no
sulfo-SMCC cross-linker. The other six samples were
reacted with sulfo-SMCC in molar ratios of 1:5, 1:10,
1:20, 1:30, 1:40, and 1:50 for 20 minutes at 37°C and
purified via gel filtration. The final concentration of the
125I-BSA and 125I-BSA-SMCC samples was adjusted to
14.8 µM. CD and HD segments were then removed from
their respective solutions after 30 minutes, shaken to re-
move excess ethanol/cross-linker, and incubated with the
125I-BSA/125I-BSA-SMCC solutions for 2 hours at room
temperature on the inversion mixer. Dacron segments were
then individually sonicated in PBS with 0.05% Tween 20.
This procedure was repeated three times, changing the
wash buffer between sonications to remove any weakly
adherent 125I-BSA on the surface of each segment. The
segments with nonspecifically bound (CD � 125I-BSA and
CD � 125I-BSA-SMCC) and covalently bound (HD-125I-
BSA and HD-125I-BSA-SMCC) 125I-BSA were then
gamma counted, and the amount of 125I-BSA bound (ng)
per mg Dacron was determined.

The amount of 125I-BSA-SMCC covalently bound to
HD segments via EDC was not significantly altered by any
of the sulfo-SMCC ratios examined as compared to HD
that was incubated with only EDC and 125I-BSA (Fig. 4).
The amount of 125I-BSA covalently bound to the HD seg-
ments via EDC was significantly greater (6.7-fold dif-
ference in the highest 125I-BSA : sulfo-SMCC ratios to
11.4-fold difference for no cross-linker reacted with the
125I-BSA) than the amount of 125I-BSA or 125I-BSA-SMCC
complex nonspecifically bound to CD segments. The
amount of nonspecifically bound 125I-BSA to HD segments
that were not incubated with EDC (data not shown) was
slightly greater than the amount of 125I-BSA nonspecifi-
cally bound to the CD segments.
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Figure 24.4 125I-BSA and 125I-BSA-SMCC (1:5–1:50 ratios)
binding to HD in the absence or presence of EDC. The amount
of 125I-BSA covalently bound to HD segments via EDC was not
significantly altered by any of the sulfo-SMCC ratios examined.

B. Covalent Linkage 125I-rHir to Dacron-
BSA-SMCC Segments

In a separate series of experiments, the CD and HD seg-
ments were prepared without radiolabeling BSA in order
to determine the amount of 125I-rHir either nonspecifically
or covalently bound to the surface. CD and HD segments,
which were not exposed to BSA, also served as controls.
125I-rHir was reacted in a 1:2 molar ratio with Traut’s re-
agent for 20 minutes at 37°C in order to create sulfhydryl
groups on rHir and purified via gel filtration. This 125I-rHir-
SH compound was then reacted with the modified Dacron
segments overnight at 4°C. The segments were then
washed and sonicated as described above. The nonspecifi-
cally bound 125I-rHir segments (CD � 125I-rHir-SH, HD �
125I-rHir-SH, CD � BSA � 125I-rHir-SH, and HD-BSA �
125I-rHir-SH) and covalently linked 125I-rHir segments
(HD-BSA-SMCC-S-125I-rHir with various sulfo-SMCC ra-
tios) were then gamma counted in order to determine the
amount of 125I-rHir bound (ng) per mg Dacron.

The amount of 125I-rHir-SH covalently bound to the
HD-BSA-SMCC segments increased with increasing
sulfo-SMCC cross-linker (20, 39, 53, 77, 95, and 111 ng
rHir/mg Dacron) (Fig. 5). These ng amounts of 125I-rHir
corresponded to 0.23, 0.45, 0.61, 0.89, 1.1, and 1.3 anti-
thrombin units (ATU)/mg) Dacron, with 1 ATU defined

Figure 24.5 125I-rHir binding versus HD-BSA-SMCC with var-
ious SMCC ratios. The amount of 125I-rHir-SH covalently bound
to HD-BSA-SMCC segments increased with increasing sulfo-
SMCC cross-linker.

as the amount of rHir necessary to inhibit 1 NIHU of
thrombin. Conversely, CD (not shown), CD � BSA, and
HD-BSA segments incubated with the 125I-rHir-SH bound
minimal but comparable amounts of the inhibitor (5 ng or
0.06 ATU/mg Dacron). Covalently bound 125I-rHir on the
HD-BSA-SMCC-S-125I-rHir segments resulted in 4-, 8-,
11-, 16-, 20-, and 22-fold greater 125I-rHir binding as com-
pared to control segments. The HD segments without BSA
bound to the surface (not shown) had 1.7-fold greater (9 ng
or 0.10 ATU/mg Dacron) nonspecific 125I-rHir-SH binding
than the other controls. Thus completion of these experi-
ments resulted in a Dacron surface with a significant
amount of 125I-rHir bound to the surface. The next step was
to determine which surface possessed optimum antithrom-
bin activity.

C. Initial Determination of Antithrombin
Activity by Modified Dacron Surfaces

Determination of thrombin inhibition by these modified
Dacron segments was then assayed using the chromogenic
substrate for thrombin S-2238, a synthetically derived pep-
tide that possesses an affinity for thrombin comparable to
that of the natural substrate fibrinogen. Upon cleavage of
S-2238 by thrombin, the chromophore para-nitro aniline
(4-nitroaniline) or pNA is released, giving rise to color.
Thus color change is directly proportional to proteolytic
activity of thrombin.
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CD � BSA � 125I-rHir-SH, HD-BSA � 125I-rHir-SH
or HD-BSA-SMCC-S-125I-rHir (sulfo-SMCC ratios of
1:5 to 1:50) segments were placed flat into the bottom of
1 cm cuvettes. Thrombin (0.2 NIHU) was then added and
equilibrated for 5 minutes at 37°C in a Beckman spectro-
photometer. The thrombin assay was initiated by the ad-
dition of 1 mL of 50 µM S-2238 and the change in ab-
sorbance per minute monitored at 15-second intervals for
10 minutes at 410 nm, thus measuring residual proteolytic
activity of thrombin. Using this data, the amount of throm-
bin inhibited (NIHU) by surface-bound rHir was deter-
mined. These segments were then rinsed with PBS with
0.05% Tween 20, placed into a new cuvette, and rechal-
lenged with another 0.2 NIHU thrombin.

The CD � BSA � rHir-SH and HD-BSA � rHir-SH
controls inhibited 0.022 and 0.046 NIHU thrombin, re-
spectively, upon the initial 0.2 NIHU thrombin challenge.
These control segments had minimal remaining antithrom-
bin activity (0.010 and 0.014 NIHU, respectively) when
rechallenged with 0.2 NIHU, Conversely, the HD-BSA-
SMCC-S-rHir samples that contained various sulfo-SMCC
ratios (1:5, 1:10, 1:20, 1:30, 1:40, and 1:50) had substan-
tial antithrombin activity (0.134, 0.142, 0.170, 0.172,
0.176, and 0.186 NIHU) with the 1:50 HD-BSA-SMCC-
S-rHir segments having the greatest antithrombin activity.
Upon rechallenging these segments with 0.2 NIHU, throm-
bin inhibition occurred but decreased in all segments
(0.106, 0.130, 0.150, 0.158, 0.166, and 0.172 NIHU).
Overall, the 1:50 segments possessed the best antithrom-
bin activity and were further evaluated.

D. Characterization of Antithrombin Activity
of the 1:50 HD-BSA-SMCC-S-rHir
Segments

CD � BSA � rHir-SH, HD-BSA � rHir-SH and the
1:50 HD-BSA-SMCC-S-rHir segments were prepared as
outlined above and evaluated for 125I-thrombin inhibition
versus thrombin concentration and incubation time. 125I-
thrombin was prepared and graft segments were chal-
lenged against 0.66, 2.80, 6.12, 10.10, 22.40, and 43.50
NIHU of 125I-thrombin. Test segments were reacted with
125I-thrombin for 5, 15, 30, or 60 minutes using a 37°C
water bath shaker and transferred to the spectrophotometer
for a 5-minute equilibration period. An increased concen-
tration of chromogenic substrate (1 mL of 100 µM S-2238)
was utilized to initiate the assay in order to compensate
for increased 125I-thrombin concentrations.

The maximum 125I-thrombin inhibited by either of the
control segments (CD � BSA � rHir-SH and HD-BSA �
rHir-SH) was 1.4 NIHU in the 2.80 NIHU challenge
(Table 1). 125I-thrombin inhibition in the lower concen-

trations increased with increasing incubation times. 125I-
thrombin inhibition by the control segments reacted with
6.12, 10.10, 22.40, or 43.50 NIHU samples was below the
detectable limits of the assay. In the higher 125I-thrombin
concentrations (6.12–43.50 NIHU), increasing incubation
time did not alter the results.

In contrast, the 1:50 HD-BSA-SMCC-S-rHir segments
showed significant thrombin inhibition over the 0.66–
22.40 NIHU 125I-thrombin concentrations assayed with the
inhibition greatest at the highest incubation times (30 and
60 minutes). The maximum 125I-thrombin inhibited by
these segments was 20.43 NIHU, 14.6-fold greater than
control segments. In the 5- and 15-minute incubation times
for 22.4 NIHU challenge as well as for all the incubation
times at 43.50 NIHU, accurate assessment of 125I-thrombin
inhibition could not be determined due to saturation of the
chromogenic assay with uninhibited 125I-thrombin.

After assaying the CD � BSA � rHir-SH, HD-BSA �
rHir-SH, or HD-BSA-SMCC-S-rHir segments for 125I-
thrombin inhibition, segments were removed from the cu-
vette, dipped into PBS with 0.05% Tween 20 in order to
remove any weakly adherent 125I-thrombin, and gamma
counted. Samples then underwent a more vigorous wash-
ing for 10 minutes in PBS with 0.05% Tween 20 on an
inversion mixer and again gamma counted. The amount
of 125I-thrombin remaining after washing was 125I-thrombin
specifically bound to the material and the difference in 125I-
thrombin binding between pre- and postwash samples was
125I-thrombin released.

125I-thrombin binding to HD-BSA-SMCC-S-rHir seg-
ments was 5.4-, 5.2-, 4.8-, 6.5-, and 8.3-fold greater than
the CD � BSA � rHir-SH and HD-BSA � rHir-SH con-
trol segments at their respective 125I-thrombin concentra-
tion. 125I-thrombin binding to control segments was inde-
pendent of the 125I-thrombin concentration applied,
whereas binding to the HD-BSA-SMCC-S-rHir segments
directly related to the 125I-thrombin concentrations applied
between 0.66 and 22.4 NIHU. The maximum amount of
125I-thrombin specifically bound to this surface was 20.43
NIHU. Increasing the 125I-thrombin concentration to 43.5
NIHU yielded no further increase in binding, exhibited by
an overlap of the 22.4 and 43.5 NIHU curves, suggesting
saturation of available rHir surface binding sites.

Nonspecific binding to and release from the control seg-
ments was significantly greater than the HD-BSA-SMCC-
S-rHir segments. The percent 125I-thrombin released from
the controls after washing ranged from 26 to 62% over the
various 125I-thrombin concentrations assayed. In contrast,
125I-thrombin release from the 1:50 segments was sig-
nificantly lower, ranging from 1 to 12% across the 125I-
thrombin concentrations assayed, and was independent of
incubation time. These data demonstrated the highly spe-
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Table 24.1 125I-Thrombin Inhibition (NIHU) Versus Incubation Time (Minutes) and 125I-
Thrombin Applied (NIHU) by CD � BSA � rHir-SH, HD-BSA � rHir-SH and HD-BSA-
SMCC-S-rHir Segments

CD � BSA � rHir-SH Thrombin inhibition (NIHU)

Thrombin applied
(NIHU) 5 minutes 15 minutes 30 minutes 60 minutes

0.66 0.19 � 0.13 0.16 � 0.14 0.11 � 0.10 0.35 � 0.09
2.80 0.84 � 0.44 0.60 � 0.60 1.36 � 0.92 1.36 � 0.92
6.12 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0

10.10 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0
22.40 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0

HD-BSA � rHir-SH Thrombin inhibition (NIHU)

Thrombin applied
(NIHU) 5 minutes 15 minutes 30 minutes 60 minutes

0.66 0.22 � 0.06 0.11 � 0.12 0.16 � 0.12 0.53 � 0.50
2.80 0.28 � 0.24 0.24 � 0.44 0.40 � 0.72 0.80 � 0.92
6.12 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0

10.10 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0
22.40 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0 0.0 � 0.0

HD-BSA-SMCC-S-rHir Thrombin inhibition (NIHU)

Thrombin applied
(NIHU) 5 minutes 15 minutes 30 minutes 60 minutes

0.66 0.58 � 0.03 0.64 � 0.00 0.62 � 0.005 0.66 � 0.01
2.80 2.29 � 0.12 2.35 � 0.12 2.58 � 0.12 2.78 � 0.04
6.12 4.85 � 0.24 5.49 � 0.08 5.71 � 0.40 5.97 � 0.08

10.10 6.78 � 0.48 9.51 � 0.80 9.19 � 0.16 9.49 � 0.16
22.40 0.0 � 0.0 0.0 � 0.0 17.01 � 0.96 20.43 � 0.34

cific nature of 125I-thrombin binding to surface immobi-
lized rHir in comparison to the control segments in which
125I-thrombin was easily removed.

E. In Vitro Flow Study

The in vitro pulsatile flow model was employed to deter-
mine structural stability of surface bound 125I-rHir and 131I-
BSA on Dacron grafts (110). Both radiolabeled proteins
were covalently linked to Cooley Woven Dacron vascular
grafts (3 cm � 0.6 cm). The grafts were perfused at
a mean flow rate of 400 mL/min. Grafts were gamma
counted at various times over seven days in order to deter-
mine pressure head to provide steady flow from the perfu-
sate reservoir, through the heating coil that is used to main-
tain perfusate flow at 37°C, to the graft segment. Perfusate,
which was 400 mL of a 5% albumin/PBS solution con-
taining 200 units/mL penicillin, 0.2 mg/mL streptomycin,
and 131I-thrombin (0.5–0.8 NIHU/mL), 125I-rHir and 131I-
BSA loss from the graft surface.

Using pulsatile flow to assess structural stability of sur-
face bound 125I-rHir and 131I-BSA at high-flow and high-
shear arterial flow conditions, without 131I-thrombin pres-
ent, resulted in 49.1% of the 125I-rHir and 21.6% of the
131I-BSA being removed from the surface after 7 days, with
a majority of the protein release occurring after day 3. With
a mean initial 125I-rHir density of 51.8 ATU/cm2, 26.4
ATU/cm2 still remained covalently attached to the surface.
Subjecting the 125I-rHir and 125I-BSA surfaces to constant
flow did not significantly alter the total amount of protein
released (data not shown).

The pulsatile flow system was then converted to a con-
stant flow system, with only slight modifications, in order
to evaluate 131I-thrombin interaction with each of these sur-
faces. The constant flow perfusion system (flow rate � 400
mL/min) employs a gravity then flowed through a Cooley

Woven Dacron vascular graft (3 cm � 0.6 cm) with either
covalently bound 125I-rHir or 125I-BSA. These grafts were
in the same inert encasement chamber as described earlier.
Recirculation of the perfusate in the system was main-
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tained via peristaltic pump. A second fluid reservoir was
employed to isolate the test graft from the significant pres-
sure and flow oscillations generated by the peristaltic
pump. Grafts were gamma counted at various time inter-
vals for 27 hours in order to determine the stability of 125I-
rHir and 125I-BSA on the surface and the interaction of 131I-
thrombin with each surface. Concurrently, 2 mL of the
perfusate was drawn and assayed for 131I-thrombin activity
using the chromogenic substrate assay previously de-
scribed.

The effects of 131I-thrombin circulating under constant
flow on surface-bound 125I-rHir and 125I-BSA were then
evaluated (Table 2). Dacron grafts with covalently linked
125I-rHir on the surface bound significantly greater amounts
of 131I-thrombin from the perfusate (23.8 NIHU) versus
125I-BSA coated grafts (3.9 NIHU). The 125I-rHir coated
grafts were also more effective at inhibiting 131I-thrombin
during the perfusate period (125 NIHU) versus the 125I-
BSA coated grafts (3 NIHU). 125I-BSA removal from the
graft surface was relatively similar in both the presence
and the absence of 131I-thrombin. Conversely, 125I-rHir re-
moval from the surface within the 27 hour perfusion period
(36.4%) when exposed to 131I-thrombin was slightly less
than the total 125I-rHir loss over the 7 day perfusion
(49.1%).

A potential mechanism for increased 125I-rHir removal
in the presence of 131I-thrombin may be a greater propen-
sity for 125I-rHir to dissociate following 131I-thrombin bind-
ing due to the conformational changes that 125I-rHir under-
goes upon binding. These changes may, in turn, reduce the
stability of the sulfur bond between the Traut’s and the
sulfo-SMCC cross-linkers, thereby enhancing the release
of 125I-rHir. The reduced stability may also be a result of
the increased fluid drag forces associated with thrombin
binding, which increases the mass of bound protein from
6.9 kDa to 43.5 kDa (3.4 fold). Overall, the 125I-rHir coated

Table 24.2 125I-rHir or 125I-BSA Loss From the Graft Surface, 131I-Thrombin Binding to the Dacron Graft and 131I-Thrombin
Inactivation in Perfusate Under Constant Flow Conditions

125I-rHir grafts 125I-BSA grafts
(n � 6) (n � 3) p value

Graft weight (mg) 200.0 � 6.3 188.8 � 7.2
Initial 125I-rHir concentration (ATU/cm2) 38.2 � 1.8 —
Final 125I-rHir concentration (ATU/cm2) 28.7 � 4.7 —
Initial 125I-rHir concentration (µg/cm2) — 7.4 � 0.9
Final 125I-rHir concentration (µg/cm2) — 7.2 � 0.7
125I-rHir or 125I-BSA loss from surface (%) 36.4 � 5.4 1.9 � 2.4 p � 0.01
131I-thrombin bound to graft (NIHU/cm2) 3.08 � 0.61 0.64 � 0.04 p � 0.01
Total 131I-thrombin bound to graft (NIHU) 23.8 � 2.6 3.9 � 0.3 p � 0.001
Total 131I-thrombin inactivation in perfusate (NIHU) 125 � 8 3 � 14 p � 0.005

grafts significantly inhibited and bound greater amounts
of 131I-thrombin from the perfusate. Even though 125I-rHir
was lost from the graft, the surface still possessed signifi-
cant antithrombin activity after removal from the flow
system.

F. In Vivo Assessment of a Dacron-BSA-
SMCC-S-125I-rHir Surface in a Thoracic
Aorta Patch Model

In order to evaluate if a surface with covalently bound 125I-
rHir warranted long-term in vivo evaluation, an in vivo
model was developed that would subject surface bound
125I-rHir to increased thrombus and shear force challenges
within a relatively short time period (111). The thoracic
aorta patch model is a nonheparinized high-flow and high-
shear stress model that poses such a severe challenge to
the 125I-rHir surface. 125I-rHir (test) and BSA (control) were
covalently bound onto the surfaces of 3 cm � 2 cm Dacron
patches. Prior to implantation, Dacron-BSA-SMCC-S-125I-
rHir patches were gamma counted to determine the initial
amount of 125I-rHir on each patch. For each animal, an un-
implanted control containing covalently bound 125I-rHir
was prepared in order to compare the postexplantation
antithrombin activity of the patch.

Canines were tranquilized, intubated, and placed on hal-
othane. A left thoracotomy was performed in order to ex-
pose the thoracic aorta. The aorta was then loosely dis-
sected and major side branches ligated. A Satinski partial
occluding vascular clamp was used to occlude a 2 cm �
4 cm segment of the thoracic aorta. At this point, a 3 cm �
2 cm Dacron patch containing either covalently bound
BSA or 125I-rHir was sutured to the artery using 3-0 Pro-
lene. The clamp was then removed and the patch area
packed until bleeding was controlled. The clamp was then
placed distally and the remaining patch was implanted.
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Figure 24.6 Macroscopic evaluation of the 125I-rHir patches
after explantation (A); the patches had virtually no gross throm-
bus formation on the luminal flow surface. Control BSA patches
had a dense carpet of thrombus that lined the entire flow surface
(C). Microscopic assessment of these patches confirmed these re-
sults. The 125I-rHir surface had primarily a thin layer of platelets
sealing the pores of the patches with minimal fibrin formation
(B). Control BSA surfaces had dense, well-formed thrombus
composed of fibrin and platelets (D).

After the second patch was implanted, blood was permitted
to flow across the patch surfaces for 2 hours. After two
hours, the aorta proximal and distal to both patches was
clamped and the patches were retrieved. The 125I-rHir
patches were then gamma counted. Both patches were cut
in half: one half was placed into formalin for routine histol-
ogy and the other half was placed into saline. The saline
patch was assayed for residual antithrombin activity via
the chromogenic assay previously described. Both unim-
planted and explanted patch halves were cut into 1 cm2

segments and challenged with thrombin concentrations of
1, 5, 10, and 15 NIHU for 1 hour at 37°C.

Upon macroscopic evaluation of the 125I-rHir patches
after explantation, the patches had virtually no gross
thrombus formation on the luminal flow surface (Fig. 6A).
Some thrombus was observed near the suture site. In con-
trast, the control BSA patches had dense carpets of throm-
bus that lined the entire flow surface (Fig. 6C). These re-
sults were confirmed by routine histology that showed the
125I-rHir surface had primarily a thin layer of platelets seal-
ing the pores of the patches with minimal fibrin formation
(Fig. 6B). The control BSA surfaces had dense, well-
formed thrombus composed of fibrin and platelets (Fig.
6D). The magnification used to identify the presence of
fibrin on the surface of the 125I-rHir patches was signifi-

cantly greater than the magnification used on the control
BSA patches.

Covalently bound 125I-rHir was released (20% � 6.7,
n � 3) from the patch surface subjected to 2 hours of this
nonheparinized high-flow and high-shear thoracic aorta
model. The 125I-rHir loss is comparable to the results seen
in the in vitro flow studies. Evaluation of the 125I-rHir
patches after explantation for antithrombin activity using
the in vitro chromogenic assay resulted in 7 NIHU of
thrombin inhibited in the 10 NIHU challenge that was in-
cubated for 1 hour. The 15 NIHU challenge did not have
any ‘‘detectable’’ thrombin inhibition. In contrast, the un-
implanted 125I-rHir patch segments had significant anti-
thrombin activity throughout all thrombin concentrations
assayed. Overall, the 125I-rHir patches had platelet accumu-
lation with minimal fibrin formation, whereas the BSA-
coated patches had significant thrombus formation.
125I-rHir was released from the patch, but significant anti-
thrombin activity remained on the surface. Thus cova-
lently bound 125I-rHir had a significant impact on the inter-
action between the nonheparinized blood and the Dacron
surface.

X. COVALENT BINDING OF VEGF TO
DACRON: IN VITRO AND IN VIVO
MITOGENIC PROPERTIES

A. Creation of Soluble VEGF Conjugate
for Biological Activity Studies

Canine serum albumin (CSA) was utilized in the soluble
conjugate studies in order to determine if covalent linkage
of VEGF to another biomolecule would alter VEGF bio-
logic activity (112). CSA, which has no cell adhesion prop-
erties, was selected for these studies over collagen in order
to examine only the effects of modified VEGF. Creation of
a soluble CSA-125I-VEGF conjugate required the use of
both sulfo-SMCC and Traut’s reagent. CSA was reacted
with sulfo-SMCC in a 1:50 molar ratio, and 125I-VEGF was
reacted with Traut’s reagent in a 1:60 molar ratio (125I-
VEGF-SH). Both reactions were incubated for 20 minutes
at 37°C with occasional mixing and purified via gel filtra-
tion. The two intermediate compounds were then mixed,
incubated overnight at 4°C on an inversion mixer, and con-
centrated to 100 µL using a Filtron 10K concentrator. The
CSA-SMCC-S-125I-VEGF conjugate was then purified from
the intermediate CSA-SMCC and 125I-VEGF-SH com-
pounds utilizing a Superdex 75 HR10/30 gel filtration col-
umn. Fractions were collected and gamma counted in order
to determine which peak fractions contained 125I-VEGF.

The CSA-SMCC-S-125I-VEGF conjugate eluted from
the column as a broad peak at 15.8 minutes, with a
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Figure 24.7 Profile of CSA-SMCC-S-125I-VEGF conjugate purification using a Superdex 75 HR 10/30 gel filtration column. The
CSA-SMCC-S-125I-VEGF conjugate eluted from the column as a broad peak at 15.8 minutes, with a shoulder off the front portion of
the peak. A shift in the 125I-VEGF peak confirmed formation of the complex.

shoulder off the front portion of the peak (Fig. 7). The
broadness of the peak suggests that multiple ratios of
125I-VEGF to CSA (i.e., 1:1, 2:1) were created. The CSA-
SMCC (67 kDa) peak, which eluted at 18 minutes, was
comparable to the CSA standard (data not shown), which
eluted at 18.2 minutes. The unbound 125I-VEGF-SH peak
(38 kDa), due to concentration, showed as a minor peak
at 22.2 minutes. This retention time was in specific rela-
tion to the ovalbumin standard (43 kDa, data not shown),
which eluted earlier at 20.4 minutes due to a 5 kDa dif-
ference in weight. Gamma counting the elution frac-
tions confirmed that 125I-VEGF linkage to CSA did occur,
as shown by the shift in the 125I-VEGF-SH peak from
38 kDa (fractions 22 to 24) to greater than 100 kDa
(fractions 16 to 18). The total counts from this peak re-
presented 54% of the applied 125I-VEGF. The free 125I-
VEGF peak also correlated with the 22.2-minute ab-
sorbance peak. Thus VEGF could be covalently bound to
another biomolecule using the described cross-linking
techniques.

B. Comparison of Mitogenic Activity Between
VEGF, VEGF-SH, and CSA-VEGF

The mitogenic activity of complex bound VEGF was then
assessed. Bovine aortic endothelial cells (BAEC, pas-
sages � 1) were plated and grown to confluence in 10 cm
dishes overnight in DMEM containing 10% calf serum.
The media was changed to DMEM plus 2% calf serum for
24 hours prior to stimulation. The BAECs were stimulated
for 5 minutes with 25 ng/mL of VEGF, VEGF-SH, or
VEGF-CSA. Another well of BAECs was stimulated with
250 ng/mL VEGF. BAECs cultured without VEGF served
as the negative control. The BAECs were then lysed in
Laemmli buffer and boiled for 5 minutes. The lysates were
centrifuged in an Eppendorf centrifuge at 14,000 rpm for 10
minutes. Aliquots of each cell extract, which had equivalent
protein concentrations, were then loaded onto a 10% SDS
polyacrylamide gel and separated. The separated proteins
on the gel were then transferred to a nitrocellulose filter
paper. Nonspecific binding of the antiphosphotyrosine anti-
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Figure 24.8 Determination of mitogenic activity using a MAP-kinase assay. BAECs exposed to PBS had minimal phosphorylation.
In contrast, VEGF covalently linked to BSA (fractions 16–18.5) bound to and activated the transmembrane VEGF receptor as shown
by intracellular phosphorylation by Erk 1 and 2 (MAP-kinases). VEGF, which was modified with Traut’s reagent (fractions 22–23.5),
also stimulated phosphorylation.

body was blocked via filter preincubation for 1 hour at
room temperature using a blocking buffer that contained
casein and Tween-20. The nitrocellulose blot was then in-
cubated with the antiphosphotyrosine antibody (1 µg/mL),
which was diluted using the blocking buffer, for 1 hour at
room temperature. The bound antibodies were detected us-
ing an ECL kit in conjunction with a phosphoimager.

BAECs exposed to PBS had minimal phosphorylation
(Fig. 8). In contrast, VEGF covalently linked to BSA (frac-
tions 16–18.5) bound to and activated the transmembrane
VEGF receptor as shown by intracellular phosphorylation
by Erk 1 and 2 (MAP-kinases), a mechanism that is indica-
tive of intracellular signaling activation. VEGF, which was
modified with Traut’s reagent (fractions 22–23.5), also
stimulated phosphorylation comparable to the covalently
bound VEGF. Native VEGF, the positive control, stimu-
lated phosphorylation to a greater degree than both VEGF-
SH and VEGF-CSA, possibly due to either lower concen-
trations of VEGF-SH/VEGF-CSA than calculated or a re-
duction in the mitogenic properties due to a modification
of the VEGF.

C. Comparison of Migration Properties
of Native Versus Complex Bound VEGF

The chemotactic properties of complex bound VEGF were
then examined using a Boyden Chemotaxis Chamber
(113). This 48-independent well chamber consists of two
sections. The lower section is employed to incorporate the
stimulant or inhibitor agent of choice. The cell type to be

investigated is added to the upper section. A porous mem-
brane is enclosed between these sections. Cells that mi-
grate from the upper section onto the opposite side of the
membrane were then counted. Advantages of this system
are that sterility is not an issue since these are short-term
studies and the chamber can be repeatedly used. Addition-
ally, this type of apparatus permits simultaneous analysis
of multiple agents at various concentrations.

For our study, BAECs were grown in DMEM with 10%
FBS and then starved for 24 hours in DMEM containing
2% FBS. The BAECs were then trypsinized and diluted to
a concentration of 100,000 cells/mL, and 50 µl was added
to each well in the upper section. Complex bound and na-
tive VEGF concentrations ranging from 50 to 200 ng/mL
were added to bottom section. Wells containing DMEM
with 2% FBS were used as a negative control. The BAECs
were incubated 4 hours at 37°C (5% CO2). The appara-
tus was then disassembled, washed, fixed in ethanol, and
stained with hematoxylin. BAECs bound to the porous
membrane were then counted at 40�.

BAECs exposed to DMEM with 2% FBS had an aver-
age 17 adherent cells/high-power field, demonstrating the
migration properties of FBS (Fig. 9). Native VEGF had
an average 23.9, 35.3, and 49.1 cells/high-power field for
increasing concentrations of the growth factor. Complex
bound VEGF had 25.9, 39.1, and 69 cells/high-power field
over similar concentrations, results comparable to native
VEGF. These results demonstrate that VEGF maintains bi-
ological activity when covalently bound to another biomo-
lecule.
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Figure 24.9 Endothelial cells/high power field for 125I-VEGF
and complex bound 125I-VEGF using the Boyden chemotaxis
chamber. BAECs exposed to DMEM with 2% FBS had an aver-
age 17 adherent cells/high power field. Native VEGF had an av-
erage 23.9, 35.3, and 49.1 cells/high power field for increasing
concentrations of the growth factor, comparable to complex
bound VEGF (25.9, 39.1, and 69 cells/high power field).

D. Covalent Linkage of125I-Collagen/
125I-Collagen-SMCC to HD Segments

To evaluate if Type IV collagen bound in a similar fashion
to albumin, a group of collagen binding experiments was
performed. CD and HD segments (1 cm2) were cut and
weighed. A stock 125I-collagen solution was prepared and
divided in half. One half of the 125I-collagen solution was
reacted with sulfo-SMCC in a 1:5 molar ratio. The other
125I-collagen solution had an equal volume of PBS added
in order to maintain consistency between the two 125I-col-
lagen solutions. Both 125I-collagen solutions were then
placed into a 37°C water bath, incubated for 20 minutes
with occasional mixing, and purified by gel filtration. Both
the 125I-collagen/125I-collagen-SMCC solutions, taking into
account an approximate 50% loss in protein due to adhe-
siveness of the protein, were then brought up to a final
concentration of 6.4 µM. Simultaneously, CD and HD con-
trols were placed into 3 mL of 100% EtOH. The other set
of HD segments was placed into 3 mL of a 10 mg/mL
EDC solution in 100% EtOH. All segments were reacted
for 30 minutes at room temperature on an inversion mixer.
The CD and HD control segments as well as the HD test
segment were then removed from their respective solutions
after 30 minutes, shaken to remove excess solvent/cross-
linker, and placed into 2.4 mL of a 6.4 µM 125I-collagen.
Another set of control and test segments was treated in a
similar fashion, but these segments were placed into 2.4

mL of a 6.4 µM 125I-collagen-SMCC. These segments were
incubated for 2 hours at room temperature on an inversion
mixer. The CD and HD segments were removed and
washed/sonicated in PBS with 0.05% Tween 20 for 5 min-
utes. This procedure was repeated three times, changing
the wash buffer between sonications, thereby removing
any weakly adherent 125I-collagen on the surface of each
segment. Segments with nonspecifically bound (CD � 125I-
collagen, HD � 125I-collagen, CD � 125I-collagen-SMCC,
HD � 125I-collagen-SMCC) and covalently bound (HD-
125I-collagen and HD-125I-collagen-SMCC) 125I-collagen/
125I-collagen-SMCC were then gamma counted. Utilizing
the specific activity, the amount of 125I-collagen bound (ng)
per mg Dacron was determined.

Nonspecific binding of 125I-collagen to the CD segments
(90 ng/mg) was significantly lower than the amount non-
specifically bound to the HD (429 ng/mg), thus creating
a negative charge on the Dacron surface alone increased
the binding by the positively charged 125I-collagen (Fig.
10). Nonspecific 125I-collagen-SMCC binding to CD (153
ng/mg) was 74% greater than with 125I-collagen. In con-
trast, nonspecific 125I-collagen-SMCC binding was 41%
lower than with 125I-collagen alone (304 ng/mg), sug-
gesting that removal of the positive charge groups by sulfo-
SMCC linkage reduced the net charge of the protein,
thereby decreasing 125I-collagen affinity for the HD sur-
face. HD with EDC had significantly greater 125I-collagen
linkage (531 ng/mg) and 125I-collagen-SMCC (571 ng/mg)

Figure 24.10 125I-collagen/125I-collagen-SMCC binding (ng/
mg Dacron) versus CD, HD, and HD reacted with EDC. Covalent
binding of 125I-collagen to the HD surface was greatest utilizing
the EDC cross-linker, and linkage of the heterobifunctional cross-
linker sulfo-SMCC did not alter 125I-collagen immobilization to
the HD surface.
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than the HD controls and CD controls. No statistical differ-
ence was observed between the HD incubated with EDC
in the presence of 125I-collagen or 125I-collagen-SMCC
(p � 0.48). Therefore covalent binding of 125I-collagen to
the HD surface was greatest utilizing the EDC cross-linker,
and linkage of the heterobifunctional cross-linker sulfo-
SMCC did not alter 125I-collagen immobilization to the HD
surface.

E. Covalent Linkage of 125I-VEGF
to HD Segments

CD and HD segments were cut and weighed. CD and one
group of HD segments were incubated with EDC followed
by incubation with 6.4 µM collagen. The other set of HD
segments was incubated with EDC followed by incubation
in 6.4 µM collagen-SMCC. Removal of nonspecifically
bound collagen/collagen-SMCC was performed via wash
and sonication. 125I-VEGF (4.5 µM) was then reacted with
2-iminothiolane hydrochloride (Traut’s) reagent in a 1:60
(mole:mole) ratio for 20 minutes at 37°C in order to create
sulfhydryl groups on 125I-VEGF (125I-VEGF-SH), purified
by gel filtration and brought to a final concentration of 0.52
µM. This 125I-VEGF-SH complex was then reacted with
the Dacron segments overnight at 4°C followed by the
wash/sonication procedure. Nonspecifically bound (CD �
EDC � collagen � 125I-VEGF-SH and HD-collagen �
125I-VEGF-SH) and covalently linked (HD-collagen-
SMCC-S-125I-VEGF) 125I-VEGF segments were then
gamma counted. The amount of 125I-VEGF bound (ng) per
mg Dacron was determined.

125I-VEGF binding to the CD (2.9 ng/mg) and HD (7.0
ng/mg) controls was 5.6- and 2.3-fold less than the HD
test segments (16.4 ng/mg) (Fig. 11). The HD control seg-
ments had 2.4-fold greater 125I-VEGF nonspecifically
bound to the surface as compared to the CD segments,
which could be the result of charge binding between the
nonspecifically bound collagen and 125I-VEGF.

F. Assessment of In Vivo Mitogenic Properties
of Surface-Bound VEGF

A rat dorsal subcutaneous implant model was employed
in order to evaluate the in vivo mitogenic properties of
covalently immobilized VEGF (Fig. 12) (114). Segments
(1 cm2) of HD with covalently bound 125I-collagen (109 �
26 ng/mg Dacron) and HD with covalently bound 125I-
VEGF (76 � 18 ng/mg Dacron) were prepared as previ-
ously outlined. CD segments were also utilized. Rats were
anesthetized by intraperitoneal injection of pentobarbital,
dorsum shaved, and prepared with betadine. A longitudinal
incision was made for the subcutaneous insertion of the

Figure 24.11 125I-VEGF binding (ng/mg Dacron) for CD, HD,
and HD reacted with EDC. Linkage to the CD (2.9 ng/mg) and
HD (7.0 ng/mg) control segments was 5.6- and 2.3-fold less than
the HD test segments (16.4 ng/mg).

Figure 24.12 An illustration of the rat dorsal subcutaneous im-
plantation model. This model permitted simultaneous evaluation
of 8 segments, with each animal serving as its own control.
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various Dacron segments. These segments were placed in
random fashion by a single surgeon. Care was used to
avoid subcutaneous hemorrhage, and skin was closed with
staples. Rats were sacrificed at either 15 or 30 days after
implantation via anesthetic overdose. Segments were ex-
planted, gamma counted to determine the remaining
amount of surface-bound protein, and fixed in buffered for-
malin for 24 hours prior to histological processing.

Formalin-fixed segments were processed for conven-
tional histology, with sample sections performed every 0.5
mm in a serial manner. A total of six tissue sections were
cut and analyzed for each Dacron segment, with 6 mm2 of
each Dacron segment represented. Sections were stained
with hematoxylin phloxin saffron. Angiogenesis was quan-
tified by counting the number of capillaries present in each
segment under 40� magnification. The average number of
capillaries per unit area (mm2) was then determined.

Both time intervals showed a significant loss of protein
from the Dacron surface. At 15 days, HD patches with 125I-
VEGF lost 91% of the protein from the surface. Similarly,
loss from the HD patches with 125I-collagen was significant
at 88%. At 30 days, 99.7% of 125I-VEGF and 97% of 125I-
collagen was released. Protein loss may have been caused
by immune response to the immobilized human proteins
(collagen and VEGF) as well as to the Dacron material.
This hypothesis was further validated by morphological
assessment of these segments, which showed granulation
tissue and a mild inflammatory response that was evident
in all segment types by 30 days. Gross microscopic obser-
vation of these segments revealed the greatest capillary
formation in the HD-collagen-VEGF segments (Fig. 13).

Figure 24.13 Histological examination of CD, HD-125I-colla-
gen, and HD-collagen-SMCC-125I-VEGF segments after explant
at 30 days. Segments with covalently bound 125I-VEGF possessed
the greatest amount of capillaries per area as compared to CD
and HD-125I-collagen segments. All segments showed granulation
tissue and a mild inflammatory response.

Figure 24.14 Quantification of the number of capillaries/mm2

for CD, HD-125I-collagen, and HD-collagen-SMCC-125I-VEGF
segments. There was significant capillary ingrowth for HD with
covalently bound VEGF at both 15 and 30 days (29/31
capillaries/mm2) as compared to HD-collagen (23/24 capillaries/
mm2) and CD (20/21 capillaries/mm2).

Quantification of new microvessel formation confirmed
the gross observations. There was significant capillary
ingrowth for HD with covalently bound VEGF at both
15 and 30 days (29/31 capillaries/mm2) as compared to
HD-collagen (23/24 capillaries/mm2) and CD (20/21
capillaries/mm2) (Fig. 14). The number of capillaries in-
creased slightly for all groups at 30 days, with the seg-
ments with covalently bound VEGF possessing the great-
est amount of capillaries. Therefore covalent linkage of
VEGF to a Dacron surface can stimulate capillary forma-
tion from the surrounding tissue.

XI. CONCLUSIONS FROM RESEARCH

Overall, this study demonstrates that a clinically accepted
biomaterial (Dacron) can be modified using established
textile techniques without altering the physical and chemi-
cal properties of the original biomaterial. This modification
results in the creation of functional groups that can serve
as ‘‘anchor’’ sites for covalent attachment of a specific
basecoat protein, in an attempt to mask the adverse bioma-
terial properties. Using this basecoat layer in conjunction
with heterobifunctional cross-linking agents, numerous
target sites for a biologically active protein(s) can be cre-
ated under controlled stoichiometric conditions. Anti-
thrombin (rHir) and mitogenic (VEGF) agents have been
independently attached to Dacron segments and have
maintained biological activity in both in vitro and in vivo
studies. Extensive in vivo studies still need to be performed
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in a prosthetic grafting model in order to determine the
ultimate utility of this technology. Protein loss from these
surfaces in our preliminary in vivo trials suggests alter-
ing the cross-linking methodology or increasing species
specificity of the immobilized proteins for the animal
model in order to reduce the immune response to the sur-
face. Additionally, a surface with both biological moieties
immobilized onto the Dacron surface will also be investi-
gated.

XII. POTENTIAL FUTURE OF
BIOMATERIAL RESEARCH

Thus far, most of research has focused on either altering
an individual aspect of graft interaction within the vascular
tree (i.e., thrombus formation, platelet activation, and cel-
lular proliferation) or synthesizing a novel material in an
attempt to promote host incorporation of the conduit.
These studies have yet to yield a clinically suitable bio-
compatible prosthetic vascular graft. One possible reason
that this problem has not been solved could be related to
addressing this complex phenomenon with a single ap-
proach or so-called ‘‘magic bullet’’ theory. Also, research
by a majority of these groups has been limited to their
respective fields of expertise, so no collaborative exchange
occurs in an area that requires a multidisciplinary ap-
proach. Our ultimate goal, using these foundation studies
as well as a collaborative effort between academia and in-
dustry, is to design a prosthetic vascular graft that will pos-
sess multiple structural and biological properties that
mimic those processes inherent to the native vessel.
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I. INTRODUCTION

Antithrombin is a serine protease inhibitor (serpin) that in-
hibits a number of plasma proteases. In particular, anti-
thrombin functions as one of the major natural anticoagu-
lants by irreversibly inhibiting a number of the enzymes
formed during activation of the coagulation cascade in
vivo (1). Antithrombin can form serpin–protease inhibitor
complexes with activated factor (F) XII (FXIIa), FXIa,
FIXa, FXa, and thrombin (1–3). Within this group of coag-
ulant proteases, antithrombin has the fastest rate of reaction
with thrombin, its preferred reactant (4).

Systemic generation of thrombin in vivo is dependent
on a number of factors. These include plasma concentra-
tions of pro- and anticoagulants, the presence of cell sur-
face–associated stimulators (such as phospholipid, tissue
factor) and inhibitors (thrombomodulin, tissue factor path-
way inhibitor), and interactions with molecules in suben-
dothelial and extravascular spaces (5). Ultimately, activa-
tion or inhibition of proenzymes or activated factors within
the coagulation cascade affects the generation of thrombin
from prothrombin, which, in turn, affects the conversion
of fibrinogen to fibrin monomer that polymerizes to form
a fibrin clot (see Fig. 1). Thrombin is the pivotal enzyme
in the coagulation pathway (6). Once the initial amounts
of thrombin are generated, thrombin causes feedback acti-
vation of its own formation by proteolytic cleavage of FV,
FVIII, and FXI (Fig. 1) to produce FVa, FVIIIa, and FXIa,
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respectively. Furthermore, thrombin reacts with FXIII,
leading to the covalent cross-linking of fibrin monomers
by FXIIIa. The resultant cross-linked fibrin polymer has
more structural stability and integrity within the site of in-
jury (7). Additionally, thrombin has other procoagulant
functions within the vasculature. Thrombin activates plate-
lets, thus facilitating their cell–cell or cell–clot interactions
(8), and causes inhibition of fibrinolysis by reaction with
thrombin activatable fibrinolysis inhibitor (9–13). Alterna-
tively, when thrombin is bound to endothelial cell associ-
ated thrombomodulin, it can activate protein C, the active
form of which (in association with protein S) inactivates
FVIIIa and FVa, thus limiting thrombin production (14).
Summarily, inhibition of thrombin is a critical step in the
regulation of coagulant activities in vivo.

The reaction of thrombin with antithrombin can be sig-
nificantly accelerated by the action of heparin and heparan
sulfate glycosaminoglycans (GAGs). In fact, the rate of in-
hibition of thrombin by antithrombin is increased 1,000-
fold in the presence of native unfractionated heparin (UFH)
(15). The increase in inhibition rate is due to two reasons.
First, UFH molecules bind to antithrombin via a specific
GAG sequence (16). The binding of UFH causes an allo-
steric change in antithrombin that results in a conformation
that is more reactive with thrombin. Second, UFH can also
bind to thrombin, which allows for a combination of the
serpin and protease in a tertiary complex. In effect, UFH
can bridge both antithrombin and thrombin. Once an irre-
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Figure 25.1 Plasma coagulation cascade for thrombin generation and inhibition.

versible covalent complex between thrombin and anti-
thrombin (TAT) has been formed, the affinity of the anti-
thrombin moiety for UFH decreases, which allows the
GAG to dissociate and repeat the cycle of tertiary complex
formation (17). By increasing the velocity of thrombin’s
reaction with antithrombin, UFH facilitates the inhibition
of thrombin formed shortly after activation of coagulation.
Thus the addition of UFH-like GAGs to plasma would sig-

nificantly reduce the concentration of free, active throm-
bin, which in turn would decrease the generation of throm-
bin due to feedback activation of the cascade.

Unfortunately, UFH has a number of limitations that
are related to its pharmacokinetic and biophysical proper-
ties. The pharmacokinetic limitation of UFH is that it has
a short, dose-dependent, intravenous half-life (18). UFH’s
rapid clearance from the circulation is due, in part, to non-
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specific protein binding (19). As a consequence, basic
plasma and cell surface–associated proteins compete with
antithrombin for noncovalent binding to UFH. The concen-
trations and distribution of the UFH-binding proteins vary
widely between individuals, which results in UFH having
an unpredictable anticoagulant effect in vivo (20). In addi-
tion, UFH can readily pass through tissue layers and is lost
from the circulation due to its small size, which prevents
its sequestration within various vascular spaces (21). One
of the biophysical limitations of UFH relates to its inability
to inhibit a number of coagulation factors bound to sur-
faces. The antithrombin–UFH complex is ineffective at in-
activating thrombin bound to fibrin (22,23) and factor Xa
bound to phospholipid (24,25). Clot propagation is due, in
part, to the activity of this clot-bound thrombin (23–25).
Clinical evidence supports the importance of clot-bound
thrombin and the consequences of the inability to inacti-
vate this focus for coagulation. The early recurrence of
unstable coronary artery syndromes after discontinuation
of heparin is likely due to this mechanism (26). Finally,
the use of high in vivo concentrations of heparin results
in bleeding complications. Previously, it has been shown
that UFH anti–factor Xa activity is directly proportional
to bleeding time (27). Attempts to anticoagulate vascular
devices by coating surfaces with heparin derivatives have
also lead to problems. Leaching of weakly attached hepa-
rin, resulting in undesired systemic anticoagulation and re-
duced activity of the modified heparin bound to the sur-
face, is one example of the difficulties involved with
heparin coating of biomaterials. Furthermore, only �1/3
of starting commercial UFH preparations have anticoagu-
lant activity because 2/3 of the molecules do not have
high-affinity binding sites for antithrombin (28). Therefore
biomaterials coated with heparin from mixtures derived
from UFH would have the majority of their surface area
covered by heparin with no antithrombin activity.

In order to address some of the problems associated
with the clinical use of heparin, covalent complexes of
antithrombin and heparin derivatives have been prepared.
The rationale for construction of covalent antithrombin–
heparin (ATH) is multifold. First, if heparin was irrevers-
ibly bonded to antithrombin, the serpin molecule should
be fixed permanently in the active conformation. Thus the
rate of thrombin inhibition will be increased compared
to noncovalent antithrombin–heparin mixtures. Second,
since the heparin component of ATH cannot dissociate
from antithrombin, the intravascular pharmacokinetics
would be expected to move towards that of antithrombin.
Thus the half-life of the anticoagulant ATH should be sig-
nificantly longer than heparin. Another aspect related to
the transport and metabolism of ATH is that of endogenous
protein binding in vivo. Because the antithrombin in ATH

will interact noncovalently with a significant portion of the
heparin moiety (particularly in the case of ATH molecules
which contain relatively short heparin chains), binding of
plasma or cell surface proteins (or other molecules) with
the heparin in ATH should be reduced compared to free
heparin. A decreased heparin binding by intra- and extra-
vascular proteins might lead to a more consistent clearance
pattern and, consequently, a more predictable anticoagu-
lant response. Furthermore, if ATH binding to cell surface
receptors is decreased compared to uncomplexed heparin,
risk of hemorrhagic side effects may be reduced. Third,
both the technology and the resultant polymeric surfaces
coated with ATH may be significantly improved compared
to that for biomaterials coated with heparin. Attachment
of heparin onto a variety of polymers would be facilitated
by linking antithrombin to the GAG. Immobilization of
ATH could be more readily optimized due to the increased
range of functional groups and chemistries found in the
amino acid R groups of the antithrombin. Also, surface
linkage of ATH through the antithrombin moiety may
allow for a high number of attached molecules in which
the heparin chain is oriented outwards from the surface
into the fluid phase. Again, since all antithrombin species
in ATH should be permanently activated, ATH bound to
surfaces of biomedical devices may all be active, whereas
only a maximum of 1/3 of GAGs on UFH coated surfaces
would possess anticoagulant activity. Given the potential
number of desirable properties of ATH products compared
to other UFH derivatives, methods for covalent complex-
ation of antithrombin and heparin and analysis of the cova-
lent conjugates have been investigated.

In this chapter, the development of permanently linked
antithrombin–heparin complexes will be assessed. The
format for this review will be as follows. Previous work
on the structure–function relationships and clinical use of
antithrombin will be discussed. Heparin’s structure, activi-
ties, in vivo occurrence, and biochemistry will be covered
in light of the long history of medical application. Analysis
of the research on antithrombin and heparin will be fol-
lowed by a broad introduction to the production of cova-
lent ATH complexes. The overview of ATH complexes
will include assessments of clinical advantages for conju-
gation of antithrombin and heparin, novel applications of
ATH products, and an introduction to the range of ATH
conjugates that are available. A detailed analysis follows
for the various types of ATH that have been reported. Each
ATH complex will be reviewed according to its synthetic
chemistry, physicochemical properties, effect of conjuga-
tion on anticoagulant activities, performance in animal
models, and particular clinical advantages (including pos-
sible use for anticoagulating materials that come into con-
tact with blood). Discussion of the various ATH com-
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pounds that have been produced will appear in the
chronological order in which they have been reported. Fi-
nally, possible future directions for research on covalent
serpin-GAG complexes will be presented.

II. ANTITHROMBIN

A. Antithrombin Chemical Structure

Antithrombin is a glycoprotein whose polypeptide moiety
shares structural and functional homology with members
of a large family of serpins (29–31). The degree of homol-
ogy across the various proteins in this family is �30%,
indicating that the appearance of this molecular species
may have been as early as 500 million years ago. In addi-
tion to primary sequence similarities, the serpins have a
number of their tertiary structural features in common (32).

Antithrombin is produced within hepatocytes of the
liver in mammalians. The gene for antithrombin has been
reported to reside entirely within the long arm of chromo-
some 1 (33). In addition, it has been shown that within
this region, the human antithrombin gene extends over an
unbroken stretch of �19 kb including 7 exons and 6 in-
trons (34,35). The open reading frame for human anti-
thrombin contains 1396 nucleotides. At the 5′ end of the
reading frame there is a section of 96 nucleotides that code
for a 32 amino acid segment called the signal peptide (35).
This N-terminal peptide is removed prior to release from
the cell. Within mammalian species 10% to 15% variation
in primary sequence has been reported, but high conserva-
tion has been observed in the critical reactive site regions
(36).

Figure 25.2 Antithrombin tertiary structure.

The antithrombin molecule is a single chain plasma gly-
coprotein with an approximate molecular mass of 60,000
daltons (37–39). The polypeptide chain in human anti-
thrombin is composed of 432 amino acid residues (40).
Upon folding into its native configuration, three disulfide
bonds are formed between three pairs of cysteine residues
in the polypeptide chain (40). Two of the disulfide bonds
join a relatively unstructured stretch of 45 amino acid resi-
dues at the N-terminus to the third and fourth α-helices of
the molecule. Overall, the protein has a neutral to basic pI
due to a preponderance of arginyl and lysyl residues, as
opposed to the acidic residues. These positively charged
amino acids contribute to the UFH binding regions on the
serpin molecule (32,41). Analysis of the tertiary structure,
as determined by peptide modeling of the primary amino
acid sequence, has shown that human antithrombin has
31% α-helix, 16% β-sheet, 9% β-turn and 44% random
coil (42,43). Antithrombin has been crystallized recently,
and the x-ray crystal structure determined to 3 Å resolution
(44). Conformational studies of the topographic structure
of antithrombin using x-ray diffraction show that the serpin
can exist in two forms, one active and the other inactive
(45). Analyses were made of dimers containing one active
and one inactive molecule. Results showed that the active
antithrombin consists of nine α-helices and three β-sheets.
A composite model for the three-dimensional structure of
antithrombin, devised from various x-ray diffraction and
chemical analyses that have been reported, is shown in
Fig.2.

N-linked glycosylation occurs at specific asparagine
residues that are flanked by sequences in β-sheet regions
that are recognized by a glycosyl transferase during post-
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translational modification in vivo. The number of glycan
chains that are present on the native antithrombin polypep-
tide varies from three (46) to four (47), although up to
five glycan chains have been reported (48). In addition,
conditions such as carbohydrate-deficient glycoprotein
syndrome have been shown to result in reduced levels of
functional antithrombin due to decreased posttranslational
glycosylation of the protein (49). Isoforms of plasma anti-
thrombin, occurring as the three and four glycan chain
containing molecules, have been designated as α- and
β-antithrombin, respectively. The fully glycosylated
α-antithrombin has glycan chains linked through N-amido
glycosidic bonds to the R groups of asparagine residue
numbers 96, 135, 155, and 192 (50). In the case of β-anti-
thrombin, the glycan at position 135 is missing.

Post translational modification of antithrombin occurs
in the Golgi apparatus by transfer of tetra-antennary,
branched high mannose glycan structures from dolicol-
phosphate onto the amino acid R group. These high man-
nose glycans are further processed by endoglycosidases to
a core chitobiose-trimannose stub, which is the substrate
for addition of further monosaccharide residues to produce
the final ‘‘complex type’’ glycan structures. In addition
to the major heterogeneity of glycan number described
above, variations in structure within the glycans them-
selves (termed microheterogeneity) are observed. Com-
plex N-linked glycans have been shown to occur in a num-
ber of forms that vary according to the number of branches
extending out from the core region of the chain. Anti-
thrombin molecules have been shown to exist as a group
of populations in which the branching within glycans at
the different glycosylation sites within the same polypep-
tide chain can range from mono- to bi-, tri-, and tetra-an-
tennary forms (51,52). The glycans of antithrombin have
been shown to vary in the level of N-acetylneuraminic acid
residues present at the termini of the glycan chains (53).
Additional groups may by added to the glycan structures
in a heterogeneous fashion. For example, although fucosyl
residues are present on the glycans at positions 96 and 192,
a portion of glycans at position 155 was not fucosylated
(51). Variations due to heterogeneity in antithrombin’s car-
bohydrate moieties have also been identified as having sig-
nificant effects on its functional activities, as will be out-
lined below.

B. Antithrombin Functional Biochemistry

The structural components that give rise to antithrombin’s
functional activities have been delineated. Early studies
showed that a circulating anticoagulant existed because
thrombin, when added to plasma, lost its activity over time

(38,54). This plasma activity of the antithrombin molecule
was given the name ‘‘progressive antithrombin activity.’’
With the subsequent isolation and clinical use of heparin,
it was observed that heparin could inhibit thrombin rapidly
when in the presence of an unidentified protein in plasma.
The plasma protein responsible for this rapid thrombin in-
hibitory activity was designated ‘‘heparin cofactor’’ (55).
Classification of the biological antithrombin activities was
proposed in the 1950s by Seegers (56). Removal of plasma
thrombin activity by binding to a fibrin clot was given the
notation antithrombin I, while heparin cofactor and pro-
gressive antithrombin activities were called antithrombin
II and antithrombin III, respectively. Isolation and further
characterization of the native plasma thrombin inhibitor in
the 1960s and 1970s showed that the protein responsible
for the progressive antithrombin activity and that responsi-
ble for the heparin cofactor activity were identical (38).
Afterwards, the term antithrombin III was used for the pro-
gressive antithrombin with heparin cofactor activity, which
later became shortened to antithrombin.

Antithrombin, as well as a most of the other serpins,
inhibits serine proteases (such as thrombin) by a stress-
release mechanism. Within the antithrombin molecule, a
reactive center loop exists that is towards the C-terminus
of the polypeptide chain. Thrombin interacts noncova-
lently with antithrombin through the recognition of certain
amino acids close to the reactive center. The thrombin-
binding region has been mapped out by the natural occur-
rence of amino acid substitution mutations in the protein,
which give rise to expression of molecules with reduced
antithrombin activity. The mutations ala382 → thr382 (anti-
thrombin Hamilton) (57) and pro407 → leu407 (antithrombin
Utah) (34) have indicated that the thrombin-binding region
extends to at least include amino acid residues 382 and
407. Alternatively, investigations using thrombin mutants
have illuminated structural components of the enzyme that
are involved in the noncovalent interaction. Gly226 in the
thrombin polypeptide has been shown to protrude into the
antithrombin specificity pocket, since substitution of a va-
line at this position removed inhibitory activity (58). Mo-
lecular modeling indicated that the larger valine side chain
would not allow enough space for the antithrombin P1

arg393 R group. Once thrombin binding through weak inter-
actions occurs, a more stable covalent bond is formed.
Members of the serpin family have specific peptide bonds
in the reactive center that are susceptible to enzymatic
cleavage by the target protease. Two amino acids make up
the reactive center peptide bond, and the peptide is desig-
nated as P1-P1′. The P1 amino acid residue in antithrombin
(arg393) provides the inhibitor with selectivity towards
thrombin and the other coagulation factors (31). Other resi-
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dues to the N-terminal side of the P1 arg393 give further
enzyme selectivity and structural elements, such as in the
case of the P2 gly392, which is preferred for reaction with
FXa and is important for preventing release of FXa from
the inhibitor complex (59). The role of the P1′ in antithrom-
bin (ser394) is not entirely clear.

Thrombin initially treats antithrombin as a substrate by
attacking the inhibitor’s arg393 C-terminal amide carbonyl
via the protease active serine residue. Thus thrombin forms
a covalent ester bond between the hydroxyl oxygen of the
active serine and the arg393 carboxyl carbonyl. The active
noncleaved antithrombin exists in an S-configuration
where the two amino acids of the reactive center are in the
middle of a stressed loop (60). Within antithrombin, the
reactive center loop connects strand 4 of β-sheet A (central
sheet in the serpin ordered numbering system) to strand 1
of β-sheet C (61). In this stressed configuration, the reac-
tive center loop of antithrombin is under some tension and
the resultant surface topology is such that the reactive cen-
ter is readily available for reaction with thrombin. Once
the arg393–ser394 has been cleaved, leaving thrombin and
antithrombin remaining linked by a covalent ester bond, a
radical conformational change occurs leading to a relaxed
or R-configuration (60). Several studies of thrombin–anti-
thrombin inhibitor complexes and postcomplex cleaved
antithrombin have been done that have helped elucidate
the structural properties of the relaxed configuration of the
antithrombin within the complex. Antibodies have been
produced that do not bind to native antithrombin but recog-
nize either the consumed inhibitor or the inhibitor when it
is bound to a tetradecapeptide corresponding to the P14 to
P1 residues of the reactive center loop (61–68). These ex-
periments, in conjunction with x-ray studies, strongly sug-
gested that upon reaction of antithrombin with thrombin,
the reactive center loop becomes embedded into the β-
sheet A, which exposes new epitopes that are not present at
the surface of the intact inhibitor. Model-building studies
based on crystal structures and biochemical analyses of
protease complexes with normal and mutant antithrombins
have suggested that the reactive center loop is inserted into
β-sheet A as far as P12, strand s1C is absent from the β-
sheet C, and the conformation of the C-terminus has
changed so that it interacts with thrombin (69). In fact,
an intact noninhibitory (latent) conformer of antithrombin
exists with a structure where the P14 to P3 residues of the
reactive center are completely inserted into β-sheet A (70).
However, experiments with an antibody, that did not bind
to native, latent, or reactive center cleaved antithrombins,
recognized antithrombin neoepitopes in either stable
thrombin–antithrombin complexes or antithrombin com-
plexed to a synthetic peptide corresponding to the P14 to
P9 sequence. Therefore only part of the reactive center may

be imbedded in the antithrombin β-sheet A within the in-
hibitor complex (71). Regardless, insertion of the reactive
center loop positions the thrombin reactive site close to or
within the β-sheet A pocket. Thus the thrombin moiety
becomes irreversibly trapped as a reaction intermediate co-
valently linked to antithrombin (72).

Interaction of antithrombin with heparin and heparan
sulfate glycosaminoglycans accelerates the thrombin inhi-
bition reaction. Activation of antithrombin by heparin
binding has been verified by the concomitant increase in
protein intrinsic fluorescence, as a result of a conforma-
tional change. Research involving antithrombin trp → phe
mutants has shown that trp225 and trp307 each account for
�37% of the heparin-induced fluorescence enhancement
(73). A spectral shift in trp49 towards the blue suggests par-
tial burial due to contact with heparin, while a red shift for
trp225 (along with fluorescence enhancement) indicates the
increased access to the solvent due to heparin-induced
movement of contact residue ser380. The main heparin bind-
ing region on antithrombin has been shown (according to
mutant studies) (74–77) to reside towards the N-terminus
of the molecule (32,78). A second heparin-binding region
on antithrombin was proposed to exist at residues from
positions 107 to 156 (79). Ultimately, high resolution of
the heparin-binding site was achieved by alanine scanning
mutagenesis in a baculovirus expression system, which
gives a normal product that is highly similar to plasma β-
antithrombin (80). Mutant antithrombins were screened for
heparin affinity by gradient elution from heparin columns.
It was determined that only a subset of residues (lys11,
arg14, arg24, arg47, lys125, arg129, and arg145), which line in a
5 nm groove along antithrombin’s surface, are critical for
heparin binding (80). A few other residues have been pro-
posed to be significant points for heparin binding (70,72).
Molecular modeling has suggested that interaction of hepa-
rin with these amino acid R groups would induce the
breakage of salt bridges between α-helix D and β-sheet B,
thus facilitating movement of s123AhDEF to give a spe-
cies that is conformationally primed for reactive center
loop uptake by β-sheet A (80). X-ray studies have con-
firmed that binding of heparin pentasaccharide to certain
of the key antithrombin residues gives an increased affinity
between the GAG and antithrombin, which accompanies
the change in conformation (70). In addition, peptides rep-
resenting P14-P3 are able to inhibit formation of the confor-
mation that would be induced by heparin binding to anti-
thrombin (81). Finally, once antithrombin has been cleaved
by thrombin, heparin affinity for the serpin in the inhibitor
complex dramatically decreases. Model studies using im-
mobilized heparin have shown that although native anti-
thrombin readily bound to the heparin, upon covalent link-
age to thrombin (cleavage) the serpin (as part of an
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inhibitor complex) dissociated from the GAG (17,82). Un-
doubtedly, conformational changes resulting from inser-
tion of the reactive loop peptide into the β-sheet A of
cleaved antithrombin disturb the heparin binding site
channel.

Variation in glycosylation on the antithrombin molecule
has substantial effects on the ability of heparin to catalyze
antithrombin’s inhibition of thrombin. It has been shown
previously that human β-antithrombin, which lacks the car-
bohydrate side chain at asn135, has higher affinity for hepa-
rin than the fully glycosylated (4 glycan) α-antithrombin
(83). Previously, glycoforms of antithrombin produced in
either BHK or CHO cells that had a 10-fold difference in
heparin-binding affinity (52,84) were found to vary in the
glycosylation at asn155 (85). Increased binding of heparin
to β-antithrombin might be expected, given that the glycan
position at asn135 is directly within the heparin-binding site
residues lys125, arg129, and arg145 of the serpin. Rapid kinetic
studies of heparin binding to α- and β-antithrombin dem-
onstrated that, although the asn135-glycan moderately inter-
fered with the weak initial binding of heparin, the rate con-
stant for the conformational change induced by heparin
was significantly lower for α-antithrombin than for β-anti-
thrombin (83). Thus there is a higher energy required for
inducing the activated conformation in α-antithrombin,
leading to a decrease in heparin-binding affinity. Since
heparin-like GAGs exist in vivo, the variation in binding
affinities by the antithrombin glycoforms may have physi-
ological importance. In fact, evidence has been presented
showing that β-antithrombin tends to be bound to vessel
wall heparin/heparan sulfate, while α-antithrombin resides
more commonly in the plasma phase (46). These data sug-
gest specialized functions for the antithrombin glycoforms
where β-antithrombin may be vital for controlling throm-
bogenic events arising from vessel wall injury, while α-
antithrombin may be largely responsible for inhibition of
fluid phase thrombin.

III. HEPARIN

A. Heparin Chemical Structure

Heparin is a member of the GAG family of molecules that
occur not only in mammalians but in most multicellular,
as well as some single-cell, organisms (86). This group
of molecules includes heparin, heparan sulfate, dermatan
sulfate, chrondroitin-4-sulfate, chondroitin-6-sulfate, kera-
tan sulfate, hyluronic acid, and a number of minor sub-
classes (87). GAGs are straight chain polysaccharides that
are composed of repeating uronic acid–hexosamine disac-
charide units (88). Hyaluronic acid is of extremely high
molecular weight and forms the structural matrix for many

tissues, as well as molecules associated with the other
GAGs. Heparin and heparan sulfate contain glucosamine
derivative residues, whereas dermatan sulfate and the other
chondroitins contain galactosamine (88). The uronic acid
present in GAGs are either glucuronic or iduronic. Gener-
ally, both types of uronic acids appear in heparin and he-
paran sulfate, while dermatan sulfate and the other chon-
droitins contain solely iduronic acid or glucuronic acid,
respectively (88,89). Saccharides in GAG chains are exten-
sively modified during and after glycosidic polymeriza-
tion. Galactosamines in dermatan sulfate and chondroitins
are N-acetylated and variously O-sulfated. In the case of
heparin and heparan sulfate, glucosamine residues can be
N-acetylated or N-sulfated. However, while �80% of the
glucosamines are N-sulfated in heparin, approximately
equal amounts of N-sulfated and N-acetylated glucos-
amines have been detected in various sources of heparan
sulfate (90). Furthermore, whereas there are �2 O-sulfates
per disaccharide unit in heparin (91), O-sulfation per disac-
charide in heparan sulfate has been found to range from
0.2 to 0.75 (90). Thus, from these and other structural ob-
servations, it has been concluded that heparin and heparan
sulfate represent separate groups of N-sulfated GAGs.

GAGs are ubiquitous in mammalians. Heparin as well
as other GAGs are produced in mast cells by biosynthetic
attachment to a protein core. Each core protein may con-
tain as many as 10 heparin chains, of molecular weights
ranging from 60,000 to 100,000, linked via O-glycosidic
bonds to serine residues in a glycine–serine sequence re-
peat (92). Heparin GAG is synthesized by glycosyl-trans-
ferase addition of monosaccharide residues. An initial
xylose-galactose-galactose-glucuronic acid linkage region
sequence is built up, with the terminal xylose linked
through serine to the polypeptide backbone (93). Within
the growing polysaccharide, uronosyl-β-1→ 4-glucosami-
nosyl units are joined by α-1→ 4 bonds (94). During poly-
saccharide chain formation, numerous functional group
modifications are performed, in a somewhat concerted
fashion, on the monosaccharide residues within the nascent
oligosaccharide. Glycosyltransferases (95), N-acetylases
(96), N-deacetylases (96), O-sulfotransferases (97), N-sul-
fotransferases (98), and glucuronosyl-5-epimerases (97)
have been isolated and characterized which are involved
in anabolism towards the final heparin product in vivo.
Segments of glucuronosyl–glucosaminosyl oligosaccha-
ride chain are initially produced which are partially N-
unsubstituted, N-acetylated, or N-sulfated (99). Following
(and during) (99) this stage, the growing chain is acted
upon by a combination of a N-deacetylase and a N-sulfo-
transferase to yield a much greater N-sulfate containing
stretch (96,99). Shortly after N-sulfation, a glucuronosyl-
C5-epimerase causes conversion of the chain-end glucuro-
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nosyl residue to an iduronosyl residue (97). However, the
epimerase reaction is one in which an equilibrium exists
between glucuronosyl and iduronosyl residues, with the
net equilibrium being towards the iduronosyl form. If O-
sulfation occurs at either the C6 of the glucosaminosyl or
the C2 of the iduronosyl residue in question, conversion
of the iduronosyl back to a glucuronosyl does not occur
(97). Chronologically, C2-O-sulfation of iduronosyl resi-
dues is carried out in the absence of C6-O-sulfation of
neighboring glucosaminosyl residues, while C6-O-sul-
fation of glucosaminosyls occurs readily in the presence
of 2-O-sulfates on adjacent iduronic acid units (100). How-
ever, if further glycosyl transfer occurs before C2-O-sul-
fation of the terminal uronic acid in the nascent chain, that
uronic acid remains nonsulfated throughout subsequent
modification reactions (100). Analyses of heparin samples
has shown that �78% of uronic acids are in the form of
iduronic acid (94), of which �75% are 2-O-sulfated
(94,101). No significant amount of 2-O-sulfated glucu-
ronic acid residues have been detected (94). Termination
of the biosynthesis of each polysaccharide on the core pro-
tein varies, which yields (as mentioned above) side chains
ranging in length (molecular weight). Chain size and
monosaccharide modifications are not directed by tran-
scriptional expression but are affected by factors within
the milieu, such as substrate availability and cell status
(102,103).

Studies of heparin metabolism in mastocytoma cells
have shown that the newly synthesized heparin proteogly-
can chains are partially depolymerized by an endoglucuro-
nidase and stored in cytoplasmic granules (104,105). Due
to this cellular processing, commercial heparin prepared
from intestinal mucosa or lung mast cells are free GAG
chains ranging in molecular weight from 5,000 to 30,000.
Primary source commercial heparin, without isolation of
any subpopulations, is called unfractionated heparin (UFH,
as above). Within the last few decades, low molecular
weight heparins (LMWHs) have been prepared via various
methods (106). Partial depolymerization of UFH has been
carried out by limited treatments with HNO2, heparinases,
heparitinases, and base elimination following partial esteri-
fication of uronic acid carboxyls (106,107). Molecular
weights of LMWHs produced vary from 1,800 to 12,000
(106). Apart from variation in chain size, LMWHs have a
number of pharmacokinetic and biological properties that
separate them from their UFH parent compound.

B. Heparin Functional Biochemistry

Heparin (both UFH and LMWH) provides two major func-
tions in vivo. First, heparin (and other GAGs), mainly in
the proteoglycan form, acts as an extracellular matrix com-

ponent for structural organization and as a chemoattractant
in tissue (108,109). Second, via particular sequences, hepa-
rin can operate as an anticoagulant. Heparin’s anticoagu-
lant activities are based on its ability to bind to either
plasma heparin cofactor II or antithrombin and catalyze
their inhibition of thrombin (heparin cofactor II or anti-
thrombin) or other coagulation factors [antithrombin (see
above)] (110).

Reaction of antithrombin with various coagulation fac-
tors is catalyzed by heparin in vivo (111). Heparin’s physi-
ological anticoagulant activity resides particularly in facili-
tating antithrombin’s inhibition of FXa and thrombin
(112,113). However, heparin’s augmentation of thrombin
inhibition by antithrombin has been shown to be a major
basis for the clinical use of heparin (particular UFH) (114).
Regulation of in vivo FXa and thrombin inhibition by hep-
arin relies on the presence of a particular pentasaccharide
sequence in the GAG molecule that binds to antithrombin
(115). This pentasaccharide antithrombin binding site has
been shown to occur in the GAG chains of the proteogly-
can form of heparin obtained from rat skin mast cells
(which conserve intact proteoglycan) (116). Analyses indi-
cated that while most proteoglycans contain no heparin
chains with antithrombin binding sites, a small proportion
of proteoglycans had chains with heparin pentasaccharide
sequences numbering from 1 to 5 (average of 3) per poly-
saccharide unit (117). In the case of commercial UFH, on
the average, only about 1/3 of the molecules have been
found to have high-affinity antithrombin binding (118). In-
terestingly, though, some molecules of commercial UFH
have been shown to contain two high-affinity antithrombin
binding sites per molecule (119). On the other hand, penta-
saccharide antithrombin binding sites in LMWH are re-
duced in number due to the degradative cleavages used to
make LMWH molecules (112,120). It has been shown that
the pentasaccharide antithrombin binding sequence occurs
somewhat randomly along the chain in UFH molecules
(121). However, reports have indicated that there may be
a bias for the antithrombin binding sites to be located to-
wards the nonaldose half of UFH chains (122,123).

The biosynthetic and structural aspects of the pentasac-
charide antithrombin binding site in heparin have been elu-
cidated. Previously, it was reported that an unusual 3-O-
sulfate group was present on an internal glucosamine
group within the pentasaccharide sequence (124). Further
work has indicated that the 3-O-sulfated glucosamine resi-
due was critical to the high-affinity antithrombin binding
and anti-FXa activity (125). Final characterization and
chemical synthesis of the complete pentasaccharide se-
quence has been accomplished (126) and is shown in Fig.
3. Important elements of the structure are the appearance
of nonsulfated glucuronic acid and 3-O-sulfated glucos-
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Figure 25.3 Heparin pentasaccharide high-affinity antithrombin binding sequence.

amine at positions 2 and 3 from the nonaldose terminus of
the sequence. Binding of heparin to antithrombin, through
the pentasaccharide, involves a two-stage mechanism that
corresponds to the structural activation events that occur
in the serpin. Evidence for the mechanism of activation of
antithrombin by heparin pentasaccharide has come from
experiments involving binding of various mono-, di-, tri-,
and tetrasaccharide derivatives to antithrombin (127–129).
Initially, residues 1, 2, and 3 (Fig. 3) of the heparin penta-
saccharide bind to antithrombin via charge and hydrogen-
bond interactions. Binding of the first three residues from
the nonaldose end of the pentasaccharide is relatively weak
but induces a conformational change in the antithrombin
that is very similar to the heparin activated form (127).
The 2-O-sulfated iduronic acid (residue 4, Fig. 3) has been
shown to have a flexible capability to convert from a chair
to a skew boat conformation (129). Upon binding of penta-
saccharide residues 1–3 to antithrombin, movement of the
polypeptide due to the trisaccharide-induced conforma-
tional change causes amino-acid R groups, particularly
arg47 (130), to come into contact with the remaining penta-
saccharide residues 4 and 5. The skew boat conformation
of the 2-O-sulfated iduronic acid also allows the 3-O-sul-
fate on the central glucosamine and a putative charge clus-
ter on pentasaccharide residues 4 and 5 to interact with the
polypeptide after antithrombin’s change in conformation
(129). This binding of charge groups from pentasaccharide
residues 4 and 5 gives the high affinity binding with anti-
thrombin that locks the GAG and serpin in place
(128,129). No additional conformational activation of anti-
thrombin occurs due to the locking interactions with resi-
dues 4 and 5 of the pentasaccharide (130).

It is now well understood that, although activation of
antithrombin by heparin pentasaccharide binding is fairly
sufficient to accelerate inhibition of FXa, a larger stretch
of heparin chain is required for maximal inhibition of
thrombin (115). For heparin catalysis of antithrombin’s re-
action with thrombin, both the serpin and the enzyme must
bind to the GAG. It has been determined that effective ter-

nary complexes of antithrombin, thrombin, and heparin re-
quire a heparin pentasaccharide sequence to bind the inhib-
itor and a total chain length of 18 to 22 monosaccharide
residues in order also to accommodate interaction with
thrombin (131).

Heparin binding to thrombin involves an anion binding
exosite on the protease (132). However, although signifi-
cant negative heparin charge density is important (133), a
specific binding sequence in heparin for thrombin has
never been found. Since binding to both antithrombin and
thrombin by heparin has a minimum chain length require-
ment, certain LMWH molecules would be unable to cata-
lyze thrombin inhibition. This has been borne out by the
fact that LMWH preparations have a lower antithrombin-
to-anti-FXa activity ratio. The importance of heparin’s
ability to catalyze thrombin activity has been implicated by
reduced in vivo antithrombotic activity of various LMWHs
compared to UFH (112). In fact, the lowest antithrombotic
activity (as indicated by in vivo fibrin deposition) has been
found with the pentasaccharide (134). These findings
would appear to suggest a reduced clinical usefulness for
LMWHs compared to UFH. However, the intravenous
half-life of LMWHs is significantly longer than UFH
(135). The difference in pharmacokinetics is due to two
main reasons. First, nonspecific protein binding by LMWH
molecules is reduced compared to UFH (136). Since
LMWH has reduced affinity for other proteins in vivo,
there is a reduction in pathways by which LMWH activity
can be either pacified or removed from the circulation. Sec-
ond, although UFH can be either metabolized by uptake
into the liver or lost through the kidneys, plasma disappear-
ance of LMWH occurs only via renal elimination (131).
This single-phase elimination of LMWH is much slower
and less variable than the concave–convex pattern seen
with UFH. As a result of the reduction of pathways for
LMWH’s pharmacokinetics in vivo, LMWH produces a
more predictable anticoagulant response than UFH, which
gives a decreased risk of bleeding (137,138). Nevertheless,
since different preparations of LMWH exhibit differing
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amounts of activity against thrombin (possibly due to con-
taminating higher molecular weight chains, varying charge
density, etc.) (139), a narrow window of dosage and regi-
men exists for their application that must be evaluated for
each type of LMWH (107). Furthermore, unlike UFH,
LMWHs cannot be completely neutralized by protamine
(administered to prevent bleeding if plasma levels become
too high during treatment) (140). Thus development of a
heparinoid with the thrombin inhibitory potency of UFH
and the increased half-life of LMWH would be desirable.

IV. COVALENT ANTITHROMBIN–
HEPARIN COMPLEXES: OVERVIEW

A. Limitations of Currently Available
Anticoagulants

Limitations in the control of thrombin by heparin adminis-
tration, as well as major adverse side effects induced by
heparinization, have lead to the development of new anti-
coagulants for clinical use. Deficiencies in heparin’s effi-
cacy for thrombin regulation stem from either loss of hepa-
rin activity within the plasma compartment or the inability
of heparin to accelerate inhibition of thrombin bound to
different surfaces. Loss of plasma heparin activity occurs
due to removal of heparin molecules from the circulation
(disappearance) or neutralization. Pharmacokinetic loss of
UFH is due to binding and uptake of heparin by cells, such
as hepatocytes of the liver, or by glomerular filtration
through the kidneys (131). In both elimination mecha-
nisms, removal of UFH from the circulation requires the
dissociation of UFH from antithrombin. That antithrombin
UFH complexes break up prior to UFH elimination in vivo,
is borne out by the fact that noncovalent mixtures of UFH
and antithrombin have significantly different intravenous
half-lives when injected as a bolus (118). It has been deter-
mined that the intravenous half-life of UFH in humans is
dose dependent and ranges from 0.3 to 1 hour (131).
UFH’s short half-life makes it necessary to administer
UFH either by intravenous infusion (which assures a con-
stant delivery of UFH) or by subcutaneous injection
(which provides a depot of heparin for slow release into
the intravascular space) (141).

Subcutaneous UFH injection gives peak plasma con-
centrations at 4 hours (142). LMWHs have been shown to
have longer intravenous half-lives than UFH (143). Inter-
estingly, LMWH administered subcutaneously in humans
at therapeutic doses gave peak plasma levels by 3 hours
with plasma activity being undetectable after 12 hours
(137). Apart from the disappearance of heparin from the
plasma compartment, heparin’s activity can be altered due
to binding to other fluid phase or cell surface molecules

within the lumen. It has been shown that plasma proteins
(144,145), platelets (146), and endothelium (147) can bind
UFH. Binding to plasma proteins, other than antithrombin
and heparin cofactor II, is nonselective and based on
charge (148). When bound to plasma proteins, UFH exhib-
its reduced activity (144), which can be regained following
displacement from these basic heparin-binding proteins
(149). However, dissociation of UFH from nonanticoagu-
lant plasma proteins (part of the heparin rebound effect)
results in variation of heparin activity levels and the regi-
men used to stop treatment by administration of protamine
(149). Again, binding of UFH to basic plasma proteins in-
volves dissociation of the heparin from antithrombin. As
stated earlier, heparin has reduced efficacy at inhibiting
fibrin-bound thrombin (22,23). In fact, at therapeutic lev-
els, heparin promotes the binding of thrombin to fibrin
polymer (150), which, in turn, protects thrombin from in-
activation by antithrombin ⋅ UFH noncovalent complexes
(151). The mechanism by which fibrin accretion of throm-
bin protects the protease from inactivation by antithrom-
bin � heparin has been investigated. Fibrin, thrombin, and
UFH interact to form a ternary complex (152). Once in
this ternary complex, the action of thrombin against its
substrates is altered (153), which causes decreased reaction
of the protease with incoming antithrombin-heparin (151).
Although LMWH has been found to have reduced nonse-
lective plasma protein binding (154,155), both UFH and
LMWH are unable to inactivate clot-bound thrombin
(156). Numerous adverse side effects have been associated
with heparin administration. Approximately 3% of adults
receiving heparin develop heparin-induced thrombocyto-
penia (a condition in which antibodies are developed by
the patient against platelet-bound heparin molecules)
(157), and the use of UFH on a long-term basis results in
osteoporosis in 17–36% of patients (158,159). Review of
heparin use has indicated that the most significant problem
is the risk of bleeding (160). Thus careful monitoring is
required to ensure that UFH’s anticoagulant activities re-
main within the therapeutic range to minimize the risk of
recurrent disease while preventing hemorrhagic complica-
tions (161). Since heparin is rapidly cleared from the circu-
lation, constant infusion or frequent subcutaneous injec-
tions are required to control the efficacy/bleeding ratio
(162). From data in acute coronary syndrome patients, it
has been suggested that LMWH may have a lower risk of
heparin-induced thrombocytopenia than UFH (160). How-
ever, since LMWHs cross-react with 80% of antibodies
generated during UFH exposure, LMWH is not recom-
mended for the treatment of established heparin-induced
thrombocytopenia (160). Furthermore, in clinical practice,
there is no evidence that bleeding complications are re-
duced with LMWHs compared to UFH (163,164).
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Non-heparin-related anticoagulants have been devel-
oped to improve on clinical therapy and to overcome prob-
lems with treatments involving heparin. Examples of new
and effective anticoagulants include LMWHs (as dis-
cussed above), hirudin, hirulog, and PPACK (165–168).
Hirudin is a small (7000 MW) direct, reversible thrombin
inhibitor produced by the leech (169), and hirulog is the
C-terminal portion (residues 53–65) of hirudin covalently
linked to a short peptide active site inhibitor (170). Investi-
gations have determined that hirudin can inhibit clot-bound
thrombin, since clot growth did not occur even long after
hirudin had been cleared from the circulation (171). How-
ever, the intravenous half-lives of hirudin (β-phase 	1h,
terminal half-life � 2.8 h) (172) and hirolog (36 min) (173)
in humans are not significantly longer than that of UFH.
Furthermore, it has been shown that persistent formation
of thrombin occurs during declining plasma levels of hiru-
din after administering potent dosages, suggesting that
thrombin generation is not blocked (174). PPACK (phe-
pro-arg-chloromethyl ketone) is a modified tripeptide sub-
strate that reacts selectively and rapidly with thrombin.
Again, PPACK is very effective at irreversibly inhibiting
clot-bound thrombin, as has been demonstrated in animal
models (175). Given its small size, it is not surprising to
note that PPACK’s half-life is extremely short (176),
which has lead to bleeding risk at therapeutic treatment
doses (177). Thus the potency/bioavailability/bleeding is-
sues that are concerns for heparin use have not been amel-
iorated by the development of alternative anticoagulant
agents.

B. Potential Advantages of Covalent
Antithrombin–Heparin Complexes

To address the aforementioned limitations of UFH,
LMWH, and other anticoagulants, researchers have stud-
ied the possibility of stabilizing the interaction of anti-
thrombin with heparin by covalent bonds. The rationale
for producing a covalent antithrombin–heparin conjugate
(ATH) was severalfold. First, if ATH molecules could be
produced in which the antithrombin in the complex was
able to interact with a pentasaccharide on the heparin com-
ponent of the same complex, the ATH antithrombin would
be activated for rapid reaction with thrombin. Reaction of
ATH with thrombin should be faster than noncovalent
mixtures of heparin � saturating amounts of antithrombin
because the reaction step of antithrombin � heparin bind-
ing would be eliminated. In fact, previous workers have
shown that antithrombin � heparin binding is the rate de-
termining step in heparin-catalyzed inhibition of thrombin
by antithrombin (178). Second, if antithrombin cannot dis-
sociate from the heparin, the antithrombin would be per-

manently activated. Thus, wherever and whenever ATH
appears at locations in the body, the antithrombin would
always be in the conformation of a very potent anticoagu-
lant towards thrombin, FXa, and other coagulant molecules
of the cascade. Permanently activated antithrombin would
not rely on any particular conditions to react rapidly with
thrombin, which may be necessary for the prevention of
noncovalent antithrombin ⋅ heparin complex dissociation.
Third, depending on the methodology used, covalent ATH
complexes may be prepared in which a selection takes
place (prior to covalent linkage) for only the heparin mole-
cules that have pentasaccharide sequences. That is, a
mechanism for ATH synthesis may be possible in which
antithrombin first binds heparin ionically, through the
high-affinity sites on the GAG, followed by covalent bond-
ing. In this way, the ATH formed would be a preparation
in which all of the molecules would contain serpin species
activated by heparin pentasaccharide sites. The heparin in
ATH produced by preselection of the heparin component
by the antithrombin component would have GAG that is
a much more potent anticoagulant than the starting heparin,
since only �1/3 of commercial UFH (and even fewer for
LMWH) have pentasaccharide containing molecules
(118). Fourth, ATH may have the capability to inhibit fi-
brin-bound thrombin. Since the antithrombin and heparin
in ATH do not dissociate, ternary complexes of fibrin/
heparin/thrombin cannot form. Given that the antithrom-
bin must remain attached to the heparin chain, it is ex-
pected that the heparin moiety in ATH will be less likely
also to accommodate fibrin and thrombin compared to free
heparin. Fifth, if antithrombin were permanently linked to
heparin, the heparin moieties would not dissociate and be
lost from the circulation through a renal mechanism. Given
the increased size of an ATH complex, glomerular filtra-
tion of such a compound should be prohibited, or at least
vastly reduced, compared to the much smaller low molecu-
lar weight species in polydisperse UFH (even more so for
LMWH preparations). Sixth, since the antithrombin in
ATH may cover (by noncovalent interaction or steric hin-
derance) a significant portion of the heparin chain in the
complex, binding of the ATH GAG moiety by other
plasma and cell surface proteins could be reduced. This
reduction in nonselective protein binding would decrease
both the removal of active compound from the circulation
(via cell surface interactions, cell uptake, and cell matrix
binding) and neutralization of anticoagulant activity (basic
plasma protein, platelet factor 4 receptor, etc.). Seventh,
close interaction of the heparin in ATH complexes with
the conjugated antithrombin should sterically inhibit attack
by proteases or glycosidases that may be released into the
plasma environment. Therefore, by maintaining antithrom-
bin and heparin as a complex, the serpin and GAG may,
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to a degree, inhibit degradation. Eighth, immune response
against ATH may be much less compared to other antico-
agulant modalities. For example, if human antithrombin is
used to make ATH, no antibodies should be raised directly
against the serpin during clinical application (unlike hiru-
din, hirulog, and PPACK). Also, since part of the heparin
molecule permanently interacts with the antithrombin in
ATH, the ATH heparin chain may interact with other pro-
teins in a manner similar to that of LMWH (only a small
part of the heparin in ATH is available for binding). Thus
heparin-induced thrombocytopenia may be decreased for
ATH (as it is for LMWH) (160), compared to UFH. Addi-
tionally, if binding between the antithrombin and heparin
in an ATH preparation is very close, linking agents may
be sterically hidden as epitopes for recognition for immune
response. Ninth, ATH may not promote osteoporosis as
readily as UFH. It has been shown previously that LMWH
causes less osteopenia than UFH because it only decreases
the rate of bone formation and does not increase bone re-
sorption (179). ATH, again, would only have a portion of
its heparin component available (free from the bound anti-
thrombin) and therefore may interact poorly with osteo-
clasts to effect bone loss. Tenth, for the same reasons as
those given for increased inhibition of fibrin-bound throm-
bin and reduced promotion of osteoporosis, ATH mole-
cules may induce fewer hemorrhagic side effects than ei-
ther UFH or LMWH. Platelet binding by ATH may be
reduced compared to free heparin, since the covalently
linked antithrombin may not allow heparin either to bridge
receptors on the membrane or to interact with single pro-
tein molecules via the required geometry. Finally, ATH
may combine many of the positive attributes exhibited by
either UFH or LMWH, without a number of their defi-
ciencies. For example, if ATH is prepared from UFH, the
product should have high activity against thrombin (unlike
LMWH) but have an increased intravenous half-life (de-
creased cell surface protein binding compared to UFH). In
effect, ATH may be the optimum heparinoid.

C. Potential Uses of Covalent Antithrombin–
Heparin Complexes

ATH has characteristics that make it attractive for use in
a range of clinical indications. The rapid inhibition of
thrombin, that should occur if antithrombin is permanently
activated by covalently linked heparin, would be highly
advantageous for anticoagulant prophylaxis. The low lev-
els of thrombin, which need to be inactivated during ongo-
ing prophylactic treatment, would be quickly complexed
by ATH before feedback activation of FV, FVIII, or FXI
can occur. Also, since ATH is likely to have a prolonged
half-life compared to free heparin, it may be possible to

give a single intravenous bolus injection of the conjugate
to achieve safe protection against thrombosis. Monitoring
of the ATH may be less critical if ATH has a reduced
bleeding risk profile. Another possible application of ATH
is administration of the complex as an antithrombotic treat-
ment. As suggested above, although UFH and, to a lesser
extent, LMWH have reduced activity against clot-bound
thrombin, ATH may have good reactivity with thrombin
associated with fibrin clots. Thus, in addition to an in-
creased half-life for in vivo inhibition of thrombin genera-
tion, ATH may be able to pacify the procoagulant activity
on thrombi. Rapid inhibition of clot-based procoagulant
activity is critical to the prevention of myocardial in-
farction and stroke, and ATH may be a treatment that could
reduce this risk in two ways. By inactivating thrombin on
the surface of the polymerized fibrin, clot extension should
not occur, since there will be no further activation of fluid
phase coagulation by the clot (23–25). Thus fibrin accre-
tion would be reduced if not eliminated. In addition, due
to its increased potency and half-life compared to UFH and
LMWH, ATH could be used at dosages that would not
cause significant risk of hemorrhage. Another novel utili-
zation of ATH involves the likelihood that its permeability
from one compartment to another would be reduced com-
pared to free heparin. The molecular size of ATH is much
greater than that of heparin alone, which would prevent its
percolation through small pores in cross-linked sections of
the extracellular tissue matrix. Therefore ATH should be
retained within the compartment or space in which it is
placed. This property can be advantageous in situations
where an anticoagulant must have potent direct activity in
a confined space, without it being lost from that compart-
ment. An example of a disease that would be best treated
by sequestration of covalent serpin–GAG complex is re-
spiratory distress syndrome (RDS). RDS, particularly in
neonates, is characterized by intrapulmonary coagulation.
Neonatal and adult RDSs are typified by leakage of plasma
proteins of varying sizes into the airspace (180–182),
which leads to interstitial and intra-alveolar thrombin gen-
eration with subsequent fibrin deposition. In fact, extravas-
cular fibrin deposition is a hallmark of RDS (183,184), a
common complication of premature birth. Furthermore,
the success of surfactant therapy for RDS has not resulted
in decreasing either the incidence or the severity of chronic
bronchopulmonary dysplasia, which continues to be a
problem for survivors of prematurity (185–191). Thus if
an agent could be placed in the alveolar airspace that would
eliminate thrombin activity, without being lost into the in-
travascular system, neonates could be treated prophylac-
tically so that chronic effects of RDS would be prevented.
ATH is a strong candidate for RDS treatment and preven-
tion of chronic fibrotic lung disease. Coagulation in the
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lung space may occur where there is a paucity of anti-
thrombin for thrombin inhibition. ATH would provide po-
tent direct inhibition of pulmonary thrombin generation,
even in the absence of antithrombin from the patient (a
requirement for UFH and LMWH). Due to its size, ATH
should slowly, if at all, disappear from the lung into the
circulation. Therefore there would be little bleeding risk
systemically from intratracheally instilled ATH. Finally,
once ATH forms a complex with thrombin generated in
the alveolar airspace, the serpin–GAG conjugate itself
would be neutralized and unable to participate in any fur-
ther, undesired reactions. In conclusion, prophylaxis, sys-
temic antithrombotic treatment, and anticoagulation of
selected compartments by sequestration are significant ap-
plications in which the particular characteristics of ATH
may make it a superior agent compared to other available
drug technologies.

D. Concepts for Producing Covalent
Antithrombin–Heparin Complexes

There are only three general approaches to permanent link-
age of antithrombin and heparin. Bonding can occur if hep-
arin is activated to make it reactive, followed by interaction
with antithrombin to effect covalent bond formation. Con-
versely, antithrombin can be preactivated and then incu-
bated with heparin to obtain a stable complex. Finally,
antithrombin and heparin can be conjugated by allowing
the two macromolecules to interact noncovalently, fol-
lowed by addition of a bifunctional reagent, one end of
which bonds to the serpin and the other end of which reacts
covalently with the GAG. The three synthetic schemes for
ATH preparation are outlined in Fig. 4. In the first two

Figure 25.4 General approaches for covalent linkage of anti-
thrombin and heparin.

methodologies, it is theoretically possible that the heparin
or antithrombin may possess groups that, under the appro-
priate conditions, are already reactive enough to form a
bond with the other macromolecule. Furthermore, in a
number of procedures, care must be taken (by selective
chemistry, appropriate reagent stoichiometries, or particu-
lar reaction conditions) to prevent linkage of either heparin
to itself or antithrombin to itself.

Functional groups on heparin that may be activated (or
have active or activatable groups attached to them) are car-
boxyl, sulfonyl, hydroxyl, amino, and acetal. Apart from
the acetal and amino groups, attachment through heparin’s
other functional groups would be within the chain of the
molecule. Only linkage through acetals, or aldehydes
formed at the reducing terminus, would result in end-point
attachment of heparin to antithrombin, which more closely
resembles the structure of the glycosidically bonded chains
in the proteoglycan form of heparin (93). An example of
conjugation that occurs by reaction of antithrombin with
a preactivated heparin follows. Heparin carboxyl groups
are reacted with a carbodiimide followed by incubation
with a diaminoalkane to form amide-linked groups with a
free amino. Further reaction of the amino-substituted hepa-
rin with a diisothiocyanate then gives a heparin derivative
with a free isothiocyanate group that can form thiourea
bonds with the N-terminal or lys -amino groups of anti-
thrombin. This type of mechanism for joining heparin to
antithrombin has been carried out previously and will be
discussed in further detail later (192).

Activation of antithrombin for covalent reaction with
heparin is more problematic. Proteins not only have a
greater number of different functional R group types than
those on heparin, but the same type of amino acid R group
can exist in a range of environments, either on the surface
or within the tertiary structure. Thus more finely tuned
chemistries may be required to obtain significant yields of
purified ATH (containing linkages with heparin that are at
the same point on the antithrombin molecule) resulting
from the initial activation of the antithrombin. One possi-
ble example for this type of synthesis would involve
activation of antithrombin with N-hydroxysuccinimidyl-
4-azidobenzoate (formation of benzoyl amide with anti-
thrombin lys ε-amino), followed by interaction with hepa-
rin in the presence of light to cause photochemical linkage
between the benzoyl derivative and heparin. Additionally,
the antithrombin carbohydrate residues could be modified
to act as linkage points for heparin conjugation. Reaction
of antithrombin with NaIO4, under mild conditions, only
produces aldehydes on the terminal sialic acids of the gly-
cans. Aldehyde-containing antithrombin can be reacted
with diaminoalkane � NaBH3CN to form alkyl-amino
antithrombin. Reaction of the alkyl-amino groups on the
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antithrombin with N-hydroxysuccinimidyl-4-azidobenzo-
ate (as above) would then be preferred, compared to other
amino groups on the antithrombin, since the amino groups
are very prominent (essentially on a spacer arm). Conjuga-
tion of such a modified antithrombin with heparin should
then be possible. The likely advantages for linkage of anti-
thrombin to heparin through the serpin glycan termini are
that the number of linkage points on the antithrombin may
be more controlled and there would be no perturbation due
to modification of the polypeptide.

ATH synthesis involving simultaneous bonding of anti-
thrombin and heparin with an intermediate agent is likely
to be more sophisticated than procedures in which initial
activation of either heparin or antithrombin is carried out.
All of the functional groups that are present on heparin
exist on antithrombin as well. Therefore it would be fortu-
itous to use heterobifunctional agents that have one func-
tional end that would only react with a functional group
found solely on antithrombin. An example would be use
of a linking agent that contains one reactive group that
would selectively link with the guanidinyl group of anti-
thrombin arg residues (vicinal dione functional group)
while the other end of the linker has a photoactivatable
group (EN3) with a neighboring plus-charged group
(EN(CH3)3

�) to form a covalent bound with the nega-
tively charged heparin chain. One disadvantage of this ap-
proach is that more than one link between antithrombin
and heparin may occur, which may result in denaturation
of the protein. On the other hand, allowing native anti-
thrombin and heparin to interact prior to covalent modifi-
cation would give the opportunity for the most active non-
covalent antithrombin–heparin complexes to form prior to
conjugation.

Investigations into ATH synthesis have been reported
before. The vast majority involve the first method (dis-
cussed above and illustrated in Fig. 4) in which heparin is
activated prior to interaction with antithrombin. The evolu-
tion of ATH compound investigation is reviewed below.

V. COVALENT ANTITHROMBIN–HEPARIN
COMPLEXES: DEVELOPMENT

A. Chemistry, Physicochemical Properties, and
In Vitro Activity

The chronological development of ATH products shows
an evolution over time of more sophisticated, selective
chemistries that are concomitant with higher anticoagulant
activities. A number of studies have reported preparations
in which noncovalent complexes of antithrombin and hep-
arin have been produced (193–196). Such complexes are
useful for short-term treatment but are not practical for

long-term thrombin regulation or anticoagulation at sur-
faces where binding by the heparin moiety may cause dis-
sociation of the antithrombin-heparin. As the various at-
tempts to join antithrombin and heparin are described, the
type of synthetic methods utilized will be related to the
structure of the final product in order to explain the ob-
served physical properties and anticoagulant activities.

Initial investigations in the construction of a perma-
nently activated antithrombin relied on chemical linkage
of GAGs, particularly heparin, to chromatographic matri-
ces and other macroscopic surfaces. Conjugation of hepa-
rinoids to albumin has been accomplished in a manner sim-
ilar to the methods employed for preparation of ATH
compounds, but that literature will not be covered in detail.
However, covalent attachment of heparin to other proteins
(such as albumin) (197,198), natural polysaccharides
(199), and synthetic polysaccharides (199) has added to
the knowledge base for coupling of heparin to macromole-
cules. Modification of functional groups on heparin has
been done over most of this century, and characterization
of the broad range of reactions used eventually contributed
to devising final methods for the conjugation of antithrom-
bin and heparin. Some of the earliest attempts to form ATH
were carried out by Ceustermans et al. (192). UFH was
activated with CNBr at pH 10 according to the procedure
of Cuatrecasas et al. (200), followed by reaction with anti-
thrombin. These experiments failed to produce significant
amounts of conjugate. Activation of heparin with CNBr
may involve the formation of iminocarbonate or cyanate
groups with the hydroxyl groups on heparin but, more
likely, CNBr reaction requires the presence of amino
groups, of which there are fewer than one per heparin mol-
ecule on the average (192). In addition, the amino groups
on the heparin molecules may be at locations distal to the
antithrombin that is interacting with the GAG pentasac-
charide binding site. Further experiments were undertaken
to form conjugate through the bifunctional reagent, 1,5-
difluoro-2,4-dinitrobenzene (192), according to the meth-
ods of Zahn and Meienhofer (201,202). Again, no ATH
was produced. Since 1,5-difluoro-2,4-dinitrobenzene
would require the presence of heparin amino groups for
nucleophilic substitution on the benzene ring to take place,
lack of product was probably due to the same reasons as
those for CNBr experiments. Modification of heparin with
4-fluoro-3-nitrophenyl azide or 4-azido-phenacyl bromide,
followed by reaction with antithrombin via photoactivation
of the EN3 group, has been carried out according to the
experimental conditions reported previously (203–206),
but with negative results.

Successful linkage of antithrombin and heparin was fi-
nally obtained by Ceustermans et al. (192) using tolylene-
2,4-diisocyanate according to the procedure of Clyne et al.
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(207–209). In order to increase reactivity of aminos (or
hydroxyls) with the isocyanate groups, reactions were car-
ried out under basic conditions. However, the amount of
conjugate obtained was 	5%. The yield of ATH decreased
rapidly due to the facile hydrolysis of isocyanate groups
on the substituted heparin during incubation on ice in pH
9.5 borate buffer, just prior to interaction with the anti-
thrombin. Thus the more stable tolylene-2,4-diisothiocya-
nate (TDTC) reagent was substituted in further attempts
to couple antithrombin and heparin. Heparin was modified
with TDTC using the procedure of Edman and Henschen
(210), followed by reaction with antithrombin in pH 8.5
bicarbonate buffer (192). A yield of 30% was obtained for
ATH using the heparin modified with TDTC.

In order further to improve yield and quality of the
product with the TDTC reagent, ATH was synthesized fol-
lowing TDTC reaction with heparin that had amino groups
introduced into it, either by deblocking amino groups on
the glucosamine residues or by modifying the carboxyl
groups with an amino-containing spacer arm (192). The
resultant product was purified and structurally character-
ized, and its functional activities were assessed. A scheme
for the reaction used to produce ATH with antithrombin
linked to amino group modified heparin is shown as reac-
tion 1 in Fig. 5. The high-affinity fraction of UFH passed
over an immobilized antithrombin column was used as
starting material for all of the ATH prepared from amino-
substituted heparin. Partial N-desulfation was performed
by incubation of the pyridinium salt of the acid form of
heparin (prepared by passage of heparin through Dowex
50) in 95% dimethylsulfoxide for 0.5 h at 23°C (211,212),
followed by adjustment of the pH to 9.5 and dialysis versus
H2O for 2 days. Introduction of aminos by carboxyl modi-
fication was achieved by incubation of high-affinity hepa-
rin with 1,6-diamino-hexane in the presence of a carbodii-
mide condensing agent. Either of the two amino-modified
heparins was reacted with excess TDTC (to prevent cross-
linkage of the GAG), after which the activated heparin was
reacted with antithrombin via the remaining isothiocyanate
group. Chemical analyses of the modified heparins and
corresponding ATH products are found in Table 1. Partial
N-desulfation of heparin resulted in an approximate two-
fold increase in isothiocyanate groups incorporated per ac-
tivated GAG molecule. Isothiocyanate substitution was
improved by a factor of 2.9 in (hexyl-amino)-containing
heparin compared to reactions with starting heparin. Yield
of ATH (in terms of either starting heparin or antithrom-
bin) was �30% using either partially N-desulfated heparin
or hexyl-amino heparin. Furthermore, up to 25% of the
ATH obtained contained two antithrombin molecules per
heparin molecule (heparin/antithrombin molar ratio Table
1) (192). Activity measurements of N-desulfated or hexyl-

amino heparin were determined using an activated partial
thromboplastin time (APTT) clotting time measurement or
anti-FXa inhibition assay (Table 1). After partial N-desul-
fation, heparin APTT activity decreased by 35%, and anti-
FXa activity was reduced by 24%. Hexyl-amino heparin
had 44% and 39% lower APTT and anti-FXa activities,
respectively, compared to starting high-affinity heparin
(Table 1). The anti-FXa activities represent the ability of
the heparin species to catalyze the inhibition of FXa by
exogenous antithrombin (excess added antithrombin that
is not covalently bound to heparin). Significant loss of ac-
tivity occurred in both partially N-desulfated heparin and
heparin with diamino-hexyl groups linked to the uronic
acid residues, which is not surprising given that it has long
been known that the N-sulfate and carboxyl groups are crit-
ical for heparin’s anticoagulant activity (213). Anti-FXa
measurements of the ATH complexes produced using par-
tially N-desulfated heparin were not reported (192). Direct,
noncatalytic reaction of the hexyl-amino containing ATH
complexes with FXa was studied. Determinations of the
reaction velocity revealed that the second-order rate con-
stant for this ATH (Table 1) was 2.1 � 106 M�1s�1 (�3
times lower than that for noncovalent mixtures of unmodi-
fied high-affinity heparin � saturating amounts of anti-
thrombin) (192). Addition of heparin to the ATH doubled
the rate of direct FXa inhibition, suggesting that not all
ATH heparin was coupled so that the antithrombin was
in the active conformation (192). Thus exogenous heparin
increased the activity for these nonactivated molecules.
ATH prepared from the amino-modified heparins had been
purified by combinations of anion exchange, gel filtration,
and sepharose-antithrombin affinity chromatographies
(192). Further purification of hexyl-amino heparin-pro-
duced ATH on sepharose-concanavalin A allowed removal
of residual free heparin and possibly some inactive com-
plexes (214). The highly purified ATH was tested in reac-
tions with thrombin, and a second-order rate constant of
6.7 � 108 M�1s�1 was measured (Table 1). A bimolecular
rate constant for reaction with thrombin of 2.2 � 108

M�1s�1 was determined with high-affinity heparin in the
presence of saturating amounts of antithrombin (compared
to 2.5 � 108 M�1 s�1 for inhibition of thrombin by ATH)
(214). Thus ATH that was an isolate of highly active cova-
lent complexes of one amino-hexyl-thiourea-tolylene-iso-
thiocyanate heparin molecule and one antithrombin mole-
cule had direct inhibitory reactivity with thrombin that was
essentially the same as that for inactivation of throm-
bin with noncovalent mixtures of heparin � saturating
amounts of antithrombin. No specific antithrombin activity
values have been reported for the hexyl-tolylene linkage-
containing ATH. Hoylaerts et al. have also prepared ATH
from high-affinity hexyl-amino containing heparin using
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Figure 25.5 Synthetic methods used to prepare various covalent antithrombin–heparin complexes.
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Table 25.1 Physicochemical Properties and Activities of Heparin and Covalent Antithrombin–Heparin Complexes Prepared by
Various Methods

Activity

Mod. Anti-FXa catalytic activity Anti-IIa catalytic activity
Activating heparin (U/mg) (U/mg)
groups per ATH APTT

Synthetic Start. heparin H/AT (% start. Start. Mod. Start. Mod. ATH � FXa ATH � IIa
method heparin (mole/mole) (mole/mole) heparin) heparin heparin ATH heparin heparin ATH k (M�1 s�1) k (M�1 s�1)

1 High affinity 0.9 � 0.3 0.9 65 � 5 250 191 � 28 ND ND ND ND ND ND
UFH

2 High affinity 1.9 � 1.4 0.8 56 � 7 250 153 � 34 270 ND ND ND 2.1 � 106 6.7 � 108

UFH
3 UFH modified 1 0.7 ND �170 140 5.2 � 170 0 0 ND ND

to LMWH (UFH) (LMWH) (UFH) (LMWH)
4 UFH �1 �1 ND 168 ND low 168 ND low ND 6.7 � 107

5 UFH 0 � 0.18 1.1 100 209 209 861 198 198 754 3.8 � 106 3.1 � 109

Definitions: Start. heparin � Starting source heparin used for experiments; ATH � antithrombin–heparin covalent complex; H � heparin; AT �

antithrombin; Mod. heparin � Starting heparin after chemical activation but before conjugation with antithrombin; APTT � activated partial thromboplas-
tin time; Anti-FXa � antifactor Xa heparin activity (catalysis of the FXa � AT reaction); Anti-IIa � antithrombin heparin activity; k � rate constant
(bimolecular or second order); High affinity � Fraction with highest binding strength to antithrombin; UFH � commercial unfractionated heparin;
LMWH � low molecular weight heparin obtained by partial depolymerization of UFH with HNO2; ND � Not determined.
Synthetic Methods:
1. Partially N-desulfated high-affinity heparin conjugated to antithrombin with tolylene-2,4-diisothiocyanate. (Source: Ref. 192.)
2. Hexyl-amino substituted high-affinity heparin conjugated to antithrombin with tolylene-2,4-diisothiocyanate. (Source: Refs. 192, 236, 214.)
3. Reductive alkylation of antithrombin with high-affinity anhydromannose-terminating heparin and NaBH3CN. (Source: Refs. 215, 217.)
4. Conjugation of antithrombin to CNBr-activated heparin. (Source: Refs. 218, 219.)
5. Incubation of antithrombin with aldose-terminating unfractionated heparin to form a Schiff base between an antithrombin lysyl amino group and the

heparin aldose aldehyde, which undergoes an Amadori rearrangement. (Source: Refs. 118, 230, 233.)

LMWH obtained by HNO2 treatment of UFH [followed
by size fractionation to give LMWH with chain lengths
of 10–14 monosaccharide units (Mr � 3,200) or 14–18
monosaccharide units (Mr � 4,300)] (214). However, sec-
ond-order rate constants for reaction with thrombin were
significantly reduced for the LMWH containing ATH (3 �
105 M�1s�1 and 2 � 107 M�1s�1 for 3,200 and 4,300 Mr

heparin containing ATH, respectively), compared to the
corresponding ATH with standard molecular weight (Mr �
15,000) heparin.

Almost coincident to the ATH prepared by Ceuster-
mans et al., Björk et al. produced ATH using end-group
attachment to the heparin moiety (synthetic scheme 2,
shown in Fig. 5) (215). UFH was treated with HNO2 to
cause partial deaminative cleavage. High-activity LMWH
fragments were obtained by immobilized-antithrombin af-
finity chromatography, followed by covalent linkage to
antithrombin by reduction of the Schiff base formed be-
tween the aldehyde group of the LMWH anhydromannose
termini and lysyl amino groups on the protein (reductive
alkylation) (215). Conjugate was isolated by gel filtration
to separate ATH and antithrombin from unreacted LMWH,
followed by heparin agarose affinity chromatography to
separate ATH from free antithrombin. After completion
of the purification procedures, determinations showed that

�40% conversion of the original antithrombin to ATH oc-
curred. The molecular weight of heparin prepared by this
partial deaminative cleavage method has been shown to
range from 3,700 (215) to 10,000 (216). Unlike heparin in
the hexyl-tolylene linked ATH, the LMWH generated by
HNO2 treatment of UFH has only one active group per
molecule located at the terminal anhydromannose residue
(Table 1). Therefore only one type of orientation of the
heparin on the antithrombin can occur (end-point attach-
ment). Analyses showed that ATH preparations, formed
by reductive alkylation of antithrombin with high-affinity
anhydromannose-terminating heparin, had an average of
0.7 moles of GAG chain conjugated per antithrombin (Ta-
ble 1). LMWH obtained by HNO2 for conjugation (prior
to isolating the high-affinity fraction) was determined to
have an anti-FXa activity of 140 units/mg, which is
slightly lower than the UFH starting material (217). Titra-
tion with FXa showed that the Björk et al. ATH complex
had an activity which was 98% of that for the high-affinity
LMWH material used in the preparation (Table 1). Inter-
estingly, although the anti-FXa activity of noncovalent
mixtures of LMWH � antithrombin could be neutralized
by high NaCl concentrations (1 M) or polybrene, reactivity
of the Björk et al. ATH with FXa was only slightly de-
creased by high salt or polybrene (215). Therefore it may
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be concluded that covalent linkage of the HNO2-produced
LMWH to antithrombin prevents removal of the activating
heparin species from the serpin by ionic media. Thus the
Björk et al. ATH complex is at the same time potent in a
variety of conditions and difficult to reverse if used for
clinical treatment. Unfortunately, both the LMWH pre-
pared using HNO2 and the resultant ATH had no measur-
able antithrombin activity (217). The lack of activity
against thrombin is not surprising, given that short-chain
LMWH cannot provide the template required for binding
both antithrombin and thrombin (115,131).

Further development of ATH by conjugation of heparin
and antithrombin using CNBr was accomplished by Mitra
and Jordan (reaction scheme 3, Fig. 5) (218). UFH was
activated at pH 10.7 with � a 57-fold molar excess of
CNBr for 40 min at 23°C, after which excess CNBr was
removed by dialysis under basic conditions. A cyanate/
iminocarbonate/N-nitrile active group–containing heparin
was then incubated with 0.02 moles of antithrombin per
mole of GAG at pH 9.4 for 18 h at 5°C. Separation of free
heparin from ATH and free antithrombin was accom-
plished by chromatography on immobilized Concanavalin
A, and isolation of ATH from antithrombin was done using
a heparin-sepharose column (218). A yield for ATH of
40% (in terms of antithrombin) was estimated. Complexes
with antithrombin were also produced using LMWH (ob-
tained by fractionation of UFH on gel filtration columns),
but no further characterization of the products was done.
Data on the products of this CNBr-based synthetic proce-
dure are shown in Table 1. No information on the num-
ber of activating groups formed on the heparin molecules
by CNBr (cyanate/iminocarbonate/N-nitrile) was given
(218). However, given the molar ratios involved and that
Mitra and Jordan suggest the use of glycine to block any
excess active groups after conjugation to antithrombin
(218,219), it is likely that more than one reactive group
per GAG chain was obtained and that �1 heparin was con-
jugated to each antithrombin in the ATH complexes. Titra-
tions of Mitra and Jordan ATH with thrombin and FXa
suggested that essentially all of the complex had rapid, di-
rect inhibitory activity. Also, the increased intrinsic fluo-
rescence of heparin-activated antithrombin was observed
with the Mithra and Jordan. ATH, which was not further
enhanced by addition of UFH. The ability of CNBr-conju-
gated ATH to catalyze inhibition of either FXa or thrombin
by added antithrombin (exogenous to the antithrombin in
the covalent complex) was not clearly investigated. How-
ever, description of thrombin and FXa inhibition assays of
the complex in plasma suggests that the inhibitory capacity
was only that of the covalent complex (no significant cata-
lytic activity) (218,219). The rate of reaction of the Mitra

and Jordan ATH with thrombin was investigated by gener-
ating inactivation time curves with equimolar enzyme and
inhibitor concentrations (which allow for bimolecular rate
constant calculation) (218). Results showed that the conju-
gate reacted with thrombin at a bimolecular rate of 6.7 �
107 M�1s�1 (Table 1). Interestingly, noncovalent mixtures
of antithrombin � high affinity heparin gave a bimolecular
rate constant for reaction with thrombin of 2.0 � 107

M�1s�1, which was 3.3 times lower than that for ATH. The
authors suggested the possibility that the ATH may react
with thrombin at a faster rate than noncovalent antithrom-
bin � heparin because certain equilibrium constraints
which apply to the free component system (such as associ-
ation of the serpin with the GAG) are circumvented by the
covalent complex. Unfortunately, since the rate measure-
ments were not done under first-order conditions (reactants
not at 5-to-10-fold higher concentrations with respect to
the enzyme being inhibited), comparison of absolute val-
ues for reaction rates of the noncovalent and covalent com-
plexes cannot be done. No measurement of the rate of inhi-
bition of FXa by the Mitra and Jordan ATH was reported.

More recently, a new approach has been put forward
by Chan et al. (118) that utilizes the chemistry of glucose
and plasma proteins occurring in diabetics (see Fig. 5). It
has long been known that hemoglobin and various plasma
proteins undergo Schiff base formation between the alde-
hyde function on C1 of plasma glucose and the ε-amino of
lysyl residues of the protein (220). This intermediate prod-
uct is metastable and in equilibrium with the starting mate-
rials. However, as shown in Fig. 5, over time, a tautomeric
rearrangement (Amadori) between protons and groups on
C1 and C2 occurs to form an ene-ol-amine and finally a
stable keto-amine (220). The formation of Amadori re-
arrangement products is dependent on glucose concentra-
tion, pH, temperature, and availability of amino functions.
However, once formed, nonenzymatically glycated pro-
teins have been shown to survive in diabetic tissue from
weeks to years after hyperglycemic exposure (220). Re-
ports have indicated that nonenzymatic glycation can have
effects on protein function (221). In the case of antithrom-
bin, brief increases in blood glucose concentration have
been shown to result in short alterations of antithrombin
activity without loss of protein (likely due to nonenzymatic
labile Schiff base formation) (222). Significant decreases
in antithrombin activity due to longer term glycation has
been noted (223), which may explain some of the patho-
genesis for thrombosis in severe diabetics (224). More-
over, nonenzymatic glycation of antithrombin in vitro
(225) and in vivo (225) has been found to inhibit heparin-
catalyzed antithrombin activity. Even more fascinating
was that glycation-induced effects on heparin-catalyzed
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antithrombin activity were completely reversed by incuba-
tion with excess Na heparin before assay (225). Therefore
reaction of glucose with a particular antithrombin lysyl res-
idue may be occurring to produce Schiff base/Amadori
products that can be displaced by a large excess of heparin.
Further evidence of selective glycation of antithrombin can
be seen in that even in the presence of up to 5 mM glucose
for 10 days, only 0.6 moles of glucose can be covalently
bound per mole of protein (224). Although other literature
has shown that a number of regions of the antithrombin
molecule may form the keto-amine adducts, only one glu-
cose per protein molecule could be yielded during incuba-
tions with up to 0.5 mM sugar (226)! Thus once one glyca-
tion site is affected, the probability of further glycation is
drastically reduced. Given the effects of heparin on gly-
cated antithrombin, the possibility arises that heparin mol-
ecules containing aldose residues of their own might be
responsible for reversing (competing with) the Schiff base/
Amadori structures being formed. Thus if UFH contained
significant numbers of aldose-terminating molecules, it
may be possible to form covalent ATH by simple incuba-
tion of unmodified UFH and antithrombin under the appro-
priate conditions. Previous work had shown that Schiff
base/Amadori rearrangement of insulin by the disaccha-
ride maltose can proceed (227). However, numerous work-
ers had concluded that even Schiff base formation between
polysaccharide aldoses and amino groups would be ex-
tremely limited because the aldose terminus represented a
very small part of the sugar residues in the polymer, the
equilibrium would be highly in favor of the hemiacetal
(masked aldehyde) form, and significant steric hindrance
for the approach of macromolecular amines seemed likely
(228).

Chan et al. decided to test the hypothesis of ATH forma-
tion via Schiff base/Amadori rearrangement of UFH and
antithrombin. It had been determined before that in com-
mercial UFH preparations, approximately 10% of all mole-
cules terminated in a free aldose (229). Since it would be
desirable to have ATH complexes in which the antithrom-
bin was activated by the covalently linked heparin, incuba-
tion conditions would need to be designed so that anti-
thrombin molecules could have the opportunity to select
for heparin with noncovalent pentasaccharide binding se-
quences that were close to the aldose end of the chain
(118). Feasibility studies showed that nonenzymatic glyca-
tion of polypeptides by polysaccharide aldose was possi-
ble, but yields were greatly variable for a number of rea-
sons (230). A format for ATH production via Schiff base/
Amadori rearrangement was established. UFH and anti-
thrombin from various sources were mixed in physiologi-
cal buffer and heated for up to 16 days. Purification of the

ATH formed was by a two-step procedure of hydrophobic
chromatography (to remove unbound heparin), followed
by separation of unbound antithrombin on DEAE sepha-
rose (118). Since it had been shown that incubation of anti-
thrombin with monosaccharide aldose could increase the
temperature for thermal denaturation (Td) (231), interac-
tions at different temperatures were studied. Yields of
conjugate (in terms of antithrombin) were observed to be
�5% at 37°C, while �50% conversion of antithrombin to
complex was observed at 40°C (230). Properties of the
Chan et al. ATH are found in Table 1. Analyses indicated
that � one molecule of heparin was combined with each
antithrombin in the complex (118). This would be in agree-
ment with the binding of a heparin chain to the antithrom-
bin binding site (through the high affinity pentasacchar-
ide), followed by Schiff base/Amadori rearrangement of
the aldose terminus with a lysyl residue in the vicinity.
Since no prior modification of the heparin was used before
conjugation, the number of activating groups, anti-FXa ac-
tivity, and anti-IIa activity of the heparin in the coupling
reaction were those of the starting UFH. Surprisingly, the
Chan et al. ATH was found to possess catalytic activity
for the inhibition of either FXa or thrombin by exogenous
antithrombin (Table 1) (118). Furthermore, the catalytic
anticoagulant activity of the covalent complex was greater
than that for either the starting UFH or heparin with high
affinity for antithrombin (118). This startling result was
proposed to be due to the selection, during incubation with
antithrombin, of not only heparin chains with a pentasac-
charide but some GAG molecules with more than one pen-
tasaccharide unit. The presence of more than one high-
affinity antithrombin binding site in a subpopulation of
UFH molecules (1–3%) has been described before
(119,232). Selection of this minor subpopulation of UFH
chains by antithrombin was made possible by using a vast
molar excess (�200 fold) of UFH to antithrombin during
the synthesis (118). It was posited that, since the interac-
tion of incubating antithrombin and UFH would initially
be via noncovalent binding to pentasaccharide sequences,
heparin chains with more than one high-affinity site might
be preferred because the intramolecular mean distance of
diffusion would be less than the intermolecular mean free
distance of diffusion, and there is a higher probability that
at least one site may be close to the aldose terminus (where
covalent linkage would occur). Further studies confirmed
that, in fact, the Chan et al. ATH did contain a significant
number of molecules with more than one pentasaccharide
(233). Given that formation of Chan et al. ATH involved
simple incubation of unmodified heparin with the anti-
thrombin, it was not surprising to find that direct reaction
of the inhibitor with thrombin proceeded with a second-
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order rate constant (3.1 � 109 M�1s�1) that was one of the
fastest ever recorded (118).

B. In Vivo Performance

Further studies have been accomplished that investigated
the in vivo properties of many of the ATH compounds
described above. Investigations ranged from determination
of pharmacokinetics to antithrombotic treatment of disease
models in animals. Data for the different ATH products
are given in Table 2.

ATH produced from the high-affinity fraction of UFH,
according to the technique of Ceustermans et al. (192), has
been tested for a number of characteristics in animals. Ini-
tial studies showed that, in rabbits, ATH joined to partially
N-desulfated high-affinity heparin disappeared from
plasma in a biphasic pattern with a short first phase (α)
and a longer second phase (β � 0.65 � 0.06 h) (192).
Further studies were carried out to characterize ATH made
by joining hexyl-amino-substituted high-affinity heparin to
antithrombin using diisothiocyanate. Using antithrombin
linked to high-affinity hexyl-amino containing heparin
(from UFH), disappearance from the circulation in rabbits
could be described by a single phase with half-life of
0.89 � 0.26 h (192). Neither of these ATH complexes had
half-lives that were more than �3-fold longer than UFH
in rabbits (single phase � 0.23 � 0.03 h), and both were
well short of the half-life of antithrombin (11.0 � 0.4 h)
(192). As with UFH, covalent complexes of the hexyl-

Table 25.2 In Vivo Characteristics of Covalent Antithrombin–Heparin Compounds

Intravenous half-life (h)
Basic plasma Bleeding Antithrombotic activity

Compound α-Phase β-Phase protein binding characteristics (given equal mass concentration doses)

1 �0.5 0.65 � 0.06 ND ND ND
2 0.89 � 0.26 — Yes ND Same as noncovalent mixtures
3 1 7.85 � 0.18 ND ND Same as noncovalent mixtures
4 1 7.63 � 0.75 ND ND Same as noncovalent mixtures
5 �UFH? — ND ND ND
6 �3 — ND ND ND
7 2.6 13 Low Similar to UFH Efficacy superior to UFH

Definitions: UFH � Commercial unfractionated heparin; ND � Not determined.
Synthetic Methods:
1. Partially N-desulfated high-affinity heparin conjugated to antithrombin with tolylene-2,4-diisothiocyanate. (Source: Ref. 192.)
2. Hexyl-amino substituted high-affinity heparin conjugated to antithrombin with tolylene-2,4-diisothiocyanate. (Source: Refs. 192, 214, 236.)
3. Hexyl-amino substituted high-affinity low molecular weight heparin (MW � 3,200) conjugated to antithrombin with tolylene-2,4-diisothiocyanate.

(Source: Refs. 234, 235.)
4. Hexyl-amino substituted high-affinity low molecular weight heparin (MW � 4,300) conjugated to antithrombin with tolylene-2,4-diisothiocyanate.

(Source: Refs. 234, 235.)
5. Antithrombin reductively alkylated with anhydromannose-terminating heparin. (Source: Refs. 215, 217.)
6. Antithrombin conjugated to CNBr-activated heparin. (Source: Refs. 218, 219.)
7. Antithrombin coupled to heparin by Schiff base/Amadori rearrangement. (Source: Refs. 118, 230, 233.)

amino containing heparin with antithrombin may be elimi-
nated by binding of the heparin moiety to basic plasma
and cell surface proteins; since it was shown that these
conjugates could also bind to histidine-rich glycoprotein
(148). In order to extend longevity in the circulation, ATH
from high-affinity hexyl-amino substituted LMWH (3,200
and 4,300 MW, produced by partial depolymerization with
nitrous acid) was prepared and the turnover parameters in
rabbits measured (234,235). Both LWMH ATH complexes
were lost from plasma with β-phase half-lives of �7–8 h
(Table 2). This disappearance rate for the high-affinity
hexyl-amino LMWH ATH complexes was 30 times longer
than that for UFH in rabbits (0.25 � 0.04 h). However,
the half-lives of the unbound 3,200 and 4,300 starting high-
affinity heparins were 2.35 � 0.17 h and 2.50 � 0.18 h,
respectively, only � 3 times shorter than the corresponding
conjugates with antithrombin (234). In addition, it was
claimed by the authors that the covalent complexes (Ceus-
termans et al. ATH prepared from high-affinity UFH or
LMWH) possessed the ability to catalyze reactions with
the animal’s own antithrombin. Thus, even with an in-
creased half-life, any antithrombotic properties might be
determined by their rate of consumption by activated coag-
ulation factors, as opposed to how long the compound or
its metabolites remained in the circulation. The antithrom-
botic properties of ATH prepared from either high-affinity
hexyl-amino UFH or LMWHs were tested in a Wessler
rabbit thrombus prevention model (235,236). Anesthetized
rabbits, injected with test compounds, were injected with
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glass-activated plasma and stasis of a 2 cm length of iso-
lated jugular vein induced for 10 min, followed by semi-
quantitative analysis of the number and size of thrombi
expressed within the vessel segment (236). Both effects
of dosage and time delay from treatment to insult were
examined. Results, up to 45–60 min after administration of
anticoagulant, showed that all covalent complexes showed
similar antithrombotic effects compared to that for injec-
tion of the same mass concentrations of the corresponding
noncovalent mixtures of antithrombin � heparinoid. How-
ever, antithrombotic effects (reduction in size or number
of thrombi) could be detected up to 60–120 min for the
conjugates, due to the increased half-lives of ATH com-
pounds compared to the corresponding free heparins (236).
Hemorrhagic properties of Cuestermans et al. ATH pro-
duced from either UFH or LMWH have not been reported.

Information of in vivo use of Björk et al. ATH com-
pounds is scarce. Dawes et al. have prepared ATH ac-
cording to the method of Björk et al. and injected it, by
intravenous bolus, into 12-week-old mice (217). Although
no in vivo pharmacokinetic data were reported, administra-
tion of only three injections of small amounts of conjugate
were necessary to obtain antibodies against the human
antithrombin in the complex. Furthermore, interaction of
radiolabelled ATH with hybridoma cells in vitro showed
very low nonspecific binding to cell surface molecules
(217). These data may suggest that the Björk et al. ATH
complex has a low affinity for binding to proteins in vivo,
which would enhance the half-life. Unfortunately, assay of
the anti-FXa activity of the conjugate gave a very low ac-
tivity (5.2 U/mg) and no definite indication exists of its
antithrombotic properties.

Mitra and Jordan have tested their ATH in vivo
(218,219). Rabbits were given intravenous infusions of 84
or 200 anti-FXa U/kg using either ATH or UFH, respec-
tively, at rates of 2 mL/kg. On completion of infusion,
blood samples were taken over time and the supernatant
plasma tested for anticoagulant activity. It was noted that,
compared to the UFH group, animals receiving ATH had
a significant prolongation of functional activity (as mea-
sured by activated partial thromboplastin time assays) for
up to 3 h after discontinuation of treatment (218). This
result would suggest that, at lower doses, a longer period
of anticoagulant prophylaxis can be achieved with the Mi-
tra and Jordan covalent ATH conjugate compared to use
of free UFH alone. It is likely that this effect would be due
to a longer intravenous half-life of ATH prepared from
CNBr-activated heparin, since elimination of UFH from
the rabbit circulation at this dosage would be less than 3
h (237), and lower activity of ATH than UFH was adminis-
tered. Nevertheless, direct determination of the loss of
ATH compound by mass analyses of the plasma time sam-

ples were not reported, and antithrombotic efficacy was
not investigated.

A significant number of experiments have been per-
formed to evaluate the in vivo character of ATH produced
by Chan et al. Bolus injection of the (keto-amine)-linked
ATH into rabbits gave an intravenous α-phase (two-com-
partment model) half-life of 2.5–2.6 h for both anticoagu-
lant activity and mass (compared to 0.32 and 13 h for UFH
and antithrombin, respectively) (118). Using a three-com-
partment two-exponential decay model, β-phase half-lives
of 13 h and 69 h were calculated for loss of the ATH and
antithrombin, respectively, from rabbit plasma. This termi-
nal phase half-life was the longest ever reported for any
ATH complex in vivo. Single subcutaneous injection of
Chan et al. ATH resulted in systemic appearance of com-
plex, which had peak concentrations at 24–30 h and could
be detected up to 96 h after administration (118). However,
only a small portion of the injected ATH was recovered
in the plasma, indicating a very poor bioavailability of the
subcutaneously administered Chan et al. compound. Given
the long intravenous half-life of Chan et al. ATH, a likely
explanation for the low total plasma levels of the subcuta-
neously administered adduct is that the large molecular
size of ATH drastically reduced its permeability through
extravascular tissue. This hypothesis led to the suggestion
that Chan et al. ATH may be useful as an anticoagulant
in sequestered spaces. One possibility is for anticoagulant
treatment of respiratory distress syndrome in the lung
(180,238–241), where administration of heparin is not use-
ful due to ready loss of GAG to the circulation (21). Intra-
tracheal instillation of keto-amine conjugated ATH into the
lung airspace in rabbits led to significant anticoagulant ac-
tivities and antithrombin antigen concentrations for up to
48 h after administration (118). Furthermore, no ATH pro-
tein could be measured in the plasma of the treated rabbits,
indicating that ATH was retained in the lung without any
leakage systemically. Functional activity of Chan et al.
ATH as an anticoagulant on the alveolar surface of the
lung is likely. Inhibition of thrombin generation in plasma
on the surface of fetal distal lung epithelial cells in vitro
was shown to be much more efficient with Chan et al. ATH
than with similar concentrations of noncovalent mixtures
of UFH and antithrombin (242). The superior efficacy of
ATH on inhibition of epithelial-based plasma thrombin
generation was due, in part, to the very rapid direct inacti-
vation of initial thrombin feedback activation for the con-
version of prothrombin to thrombin (242). Further tests to
evaluate the antithrombotic potential of Schiff base/Ama-
dori prepared ATH were carried out. ATH was compared
to noncovalent mixtures of UFH � antithrombin in a rabbit
treatment model of preformed jugular vein thrombi. Re-
sults showed that administration of a single intravenous
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bolus of Chan et al. ATH caused a reduction in clot mass
and fibrin accretion, whereas similar (by mass) injections
of noncovalent mixtures of UFH � antithrombin led to an
increase in clot size (237). Parallel experiments using a rab-
bit bleeding ear model showed no significant difference in
cumulative blood loss between covalent complex and non-
covalent mixtures of UFH and antithrombin (237). Thus
Chan et al. ATH was not only a highly potent antithrombotic
but could be used effectively at safe doses. Data from the
thrombosis treatment model were suggestive of the possibil-
ity that the conjugate tested may function via the direct non-
catalytic inhibition of clot-bound thrombin. As stated ear-
lier, noncovalent antithrombin ⋅ UFH has significantly
reduced activity against fibrin-bound thrombin compared to
that against fluid-phase thrombin. Further investigations
with soluble fibrin have shown that the keto-amine adduct
of antithrombin and heparin can directly inhibit fibrin-bound
thrombin with a similar rate constant to that of thrombin
in buffer only (243). This finding has major implications
regarding possible indications for the clinical use of ATH.
One rationale for the lack of effect of fibrin on the inhibition
of thrombin by Chan et al. ATH is that binding of the ATH
heparin chain to fibrin is reduced, due to steric hindrance
by the covalently linked antithrombin. In that case, ATH
heparin would not be able to form a ternary complex with
fibrin and thrombin. Additionally, it has been noted, from
comparison of the catalytic anti-FXa and antithrombin ac-
tivities of ATH in either plasma or buffer, that the effects
of nonselective plasma protein binding on the anticoagulant
properties of Chan et al. ATH are reduced compared to
those of UFH (private communication from the author).
Given the Schiff base/Amadori mechanism by which anti-
thrombin and commercial UFH combine to form Chan et
al. ATH, the fascinating possibility presented itself that such
a reaction may, in fact, occur spontaneously during the clini-
cal use of UFH. Attempts were made to isolate ATH from
plasmas of rabbits and a human injected subcutaneously
with UFH (230). Using preparative procedures similar to
that employed by Chan et al. for purification of their ATH,
covalent adducts of heparin and antithrombin were detected
in plasma samples of UFH-treated rabbits and humans
(230). Thus given that endogenous, nonprotein linked hepa-
rin chains are known to circulate in humans (244–246), it
is apparent that Chan et al. ATH may be a natural product.

VI. COVALENT ANTITHROMBIN–
HEPARIN COMPLEXES: ATTACHMENT
TO POLYMER SURFACES

A. Biochemical and Chemical Overview

Biomaterials that come into contact with blood have a
number of limitations. First, cells such as platelets and

polymorphonucleocytes can bind to the foreign surfaces
and become activated (247,248). Second, binding of
plasma proteins can cause modification of the surface
properties towards other molecules or cells. The noncova-
lent plasma protein absorption encourages cells and other
materials to bind in a layered effect that may even lead to
constriction or change in the laminar flow characteristics
of the blood. Third, interaction of some biomaterials with
the blood cells or surrounding tissue can invoke inflamma-
tory processes (249). In this case, inflammation can be the
result of a plethora of factors such as providing a surface
for infectious agents that induce inflammation, damaging
blood cells or tissue that respond by arachadonic acid me-
tabolism, and generating products at the biomaterial sur-
face that are secondary to the inflammatory pathway.
Fourth, the polymer composition or functional groups
within the matrix of biomaterials may either contain epi-
topes or react with the blood to produce epitopes that cause
an immunogenic response. Induction of complement acti-
vation by surface membranes, such as those used in dial-
ysis, may actually exacerbate recovery of the patient (250).
Finally, the surface may be procoagulant. Of all the prob-
lems listed above, surface-induced activation of the coagu-
lation cascade is probably the most common difficulty en-
countered with blood-contacting materials. Materials are
often coated on the polymeric surface in order to decrease
the procoagulant nature of the foreign agent. However,
such coatings frequently suffer from either incomplete an-
ticoagulation of the entire surface or long-term instability,
whereby the coating becomes modified to render it inac-
tive, or some of the coated molecules are lost to the circula-
tion (leaving part of the material unprotected and produc-
ing a systemic anticoagulant effect).

Covalently coupled antithrombin and heparin is an
agent that may provide a surface covering that could over-
come a number of the inherent blood incompatibilities of
synthetic products. First, since antithrombin is often found
noncovalently bound to the heparan sulfate (heparinlike)
proteoglycans on the luminal surface of blood vessels
(251), ATH could be a very good model for the native vein
or artery. Second, since the heparin portion of ATH already
has permanently attached antithrombin, it is less likely that
absorption of other proteins in the blood will occur, for
steric reasons. Third, both antithrombin and heparin have
been shown to have anti-inflammatory properties. Heparin
coated surfaces have long been known to possess reduced
inflammatory effects due to decreased humoral, cellular,
and complement activation by this very negative polymer
(252). More recently, however, antithrombin has also been
identified as having an anti-inflammatory effect in such
conditions as septic shock (253). Fourth, since both anti-
thrombin and heparin are natural products occurring in the
human vascular system, very little immune response
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should be engendered by their combination. Low antige-
nicity should certainly be possible for the ATH produced
by Chan et al., given that it is produced by spontaneous
Schiff base/Amadori rearrangement of unmodified, native
antithrombin and UFH. As would be expected, ATH
should have potent anticoagulant activity for the direct in-
hibition of thrombin. However, once the covalently linked
antithrombin in ATH is consumed by thrombin, FXa, etc.,
any further anticoagulant activity of a biomaterial coated
with the conjugate would have to come from the heparin
moiety. Thus not all ATH products may be as effective in
providing a long-term, highly potent anticoagulant surface.
Again, the high catalytic activity of the Chan et al. ATH
towards inhibition of thrombin by plasma antithrombin in
the patient would be a significant advantage for ongoing
pacification during insults leading to thrombin generation
near or at a biomaterial surface.

One ancillary advantage for the coating of biomaterials
with ATH compared to heparin involves technical issues.
Since antithrombin has a greater variety of functional
groups than heparin, there is a wider range of chemistries
available for covalent as well as noncovalent attachment of
the serpin than that of the GAG. Carbamate, guanidinium,
imidazole, indole, and phenolic groups on the protein
allow for selective linkage of ATH through antithrombin,
instead of the heparin chain. In addition, antithrombin’s 37
lys residues (human) provide a very enriched amino con-
tent compared to heparin (192). Thus coupling reactions
involving NH2 functions would be strongly biased towards
selection of ε-amino groups on antithrombin, as opposed
to the serine amino or the small number of glucosamine
residues on heparin. Since the NH2 group has itself a large
number of reactivities, connection of the surface or sur-
face-spacer arm to ATH via primary amino functions on
antithrombin would be an easy operation with the number
of commercial reagents and conditions available. As al-
luded to above, noncovalent binding of biomaterial sur-
faces to the antithrombin of ATH is feasible. It has been
shown that the Chan et al. ATH and antithrombin can be
separated from free heparin by hydrophobic chromatogra-
phy on butyl-agarose (118), which verifies that hydropho-
bic surface absorption of ATH would be through the serpin
and not the GAG component. Again, this is advantageous
in that it is preferable to bind ATH to the blood-contacting
surfaces through the antithrombin, thereby allowing the
heparin to be directed out into the fluid phase. Stronger
attachment of active molecules to biomaterials, using anti-
thrombin as the link point, would result if multiple cova-
lent bonds from the surface to ATH are formed. The num-
ber and variety of amino acid R groups in the ATH protein
lend a greater efficacy for joining the conjugate to the sur-
face by several bonds, which would give a more stable
coating that is less likely to be removed in vivo. Moreover,

if heparin were joined to the biomaterial surface through
many link-points, the likelihood that the pentasaccharide
sequence will be adversely affected would increase sig-
nificantly. Also, surface binding of heparin by bonds at
several positions will almost certainly cause steric prob-
lems for the approach of either plasma antithrombin or
thrombin during catalytic inhibition (the orientation of the
heparin is improper). In fact, this is the major reason for the
significantly superior commercial performance of blood-
contacting products that have end-point-linked heparin,
compared to those that do not. One other factor that makes
coating with ATH advantageous is, simply, the dual func-
tioning of the conjugate. Covering polymer surfaces can
be done with either direct (hirudin) or indirect (heparin)
thrombin inhibitors. In favor of the direct (noncatalytic)
inhibitors is the rapid reaction with thrombin that is not
limited by the requirement of a secondary molecule (is not
affected by the metabolic environment of the patient to
supply an inhibitor or cofactor). On the other hand, sur-
face-bound indirect (catalytic) inhibitors would not be lim-
ited to a single knockout of thrombin but could, essentially,
enable the inhibition of limitless amounts of ongoing
thrombin generation, as long as they are supplied with
plasma phase inhibitor molecules. Chan et al. ATH com-
bines both very rapid noncatalytic and potent catalytic in-
hibition of thrombin in the same molecule. Therefore coat-
ings with Chan et al. conjugate may, in the short term,
quickly eliminate small amounts of thrombin that cause
feedback activation when biomaterials are first in contact
with blood, as well as catalyze the reaction of plasma anti-
thrombin � thrombin for long-term patency.

B. Characteristics of Coated Surfaces

At present the only ATH product that has been attached
to a biopolymer is the Schiff base/Amadori rearrangement
or keto-amine linked conjugate prepared by Chan et al.
Preliminary testing of the material, in vitro and in vivo, has
shown promise for the conjugate when covalently linked to
grafts composed of synthetic polymers that are found in
commercial use.

ATH has been linked to two types of polyurethane. One
is a polymer of polycarbonate with urethane extenders and
the other material is an ester-grade polyurethane. The poly-
carbonate urethane tubing used was composed of a finely
threaded material that in some cases was woven around a
flexible stainless-steel wire mesh in order to provide fur-
ther elasticity for application as an endoluminal vascular
graft. This polycarbonate urethane came in several diame-
ters and was produced by Corvita Corporation under the
trade name Corethane. The other material utilized in in-
vestigations was composed of a pure polyurethane that
contained no plasticizers and low levels of extractables.
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Pure polyurethane tubing was a clear, flexible, imperme-
able product that had resistance to fuels, oils, and a number
of hydrophobic solvents. Developed by Nalgene, pure
polyurethane conduit came in several wall thicknesses and
was ideal for quick assessment of results from the different
chemistries tested for graft polymers prepared to cova-
lently link ATH to devices, etc.

Chan et al. ATH was attached to polymer surfaces and
tested for various properties (254). Attachment was cova-
lent and involved linkage to a graft poly/oligomer on the
two types of polyurethane tubing described above. Chemi-
cal bonding was performed in three stages and is shown
schematically in Fig. 6. Polycarbonate urethane was acti-
vated by reaction with NaOCl, after which the resultant N-
chloro urethane groups were incubated with an initiator
(i.e., Na2 S2 O4) and a functional group containing mono-
mer (allyl glycidyl ether). After reaction with the activated
urethane surface, the tubing was washed and there was in-
cubation with ATH for covalent linkage between the graft
epoxide groups and lysyl amino groups of antithrombin in
the ATH. Under the conditions employed, it has been
shown previously that oligomers of the grafted species
containing from 1 to 4.6 monomer units per urethane group
can be obtained on the average (255,256). This polymer
chemistry is based on the general mechanisms of radical-
initiated polymerization on poly(N-chloroamide) donor

Figure 25.6 Covalent coating of antithrombin–heparin conju-
gates onto polyurethane.

surfaces (257). Literature reviews have concluded that sur-
face coating relies on a number of parameters such as sur-
face area and mode of drug attachment (258). Therefore
all steps in the process must be appraised. Preliminary tests
on the pure polyurethane Nalgene surfaces verified that
grafting of the epoxide materials had occurred. After reac-
tion had taken place with the allyl glycidyl ether, the pure
polyurethane tubing became cloudy, and a fine film could
be observed that was strongly bound to the surface. Prere-
action of NaOCl activated polyurethane followed by addi-
tion of the monomer (no initiator) did not result in coated
surfaces nor did omission of any one of the reaction com-
ponents. Epoxide group activity on the pure polyurethane
grafted with propyl glycidyl ether was evident by the
quenching of colored 2-nitro-5-thio-benzoic acid. Thus ac-
tive surfaces could be prepared for covalent coupling of
ATH. Coating of polycarbonate urethane with ATH was
verified by staining of the protein or GAG present on the
surface (259).

Immobilization of heparin and hirudin (one of the most
potent direct thrombin inhibitors known) onto surfaces has
been studied for some time. Hirudin has been bound to
clinically used biomaterials by a number of methods
(260,261). Significant coating densities with hirudin have
been achieved with a surface character that gave efficient
thrombin binding and inhibition. However, because hiru-
din–thrombin complexes are not covalent and only one
thrombin can be inactivated per hirudin molecule, attempts
have also been made to investigate the properties of hepa-
rinized biomaterials. Very ingenious methodologies have
been developed to adapt heparin for use in a wide range
of synthetic clinical devices. Only one such example is the
bonding of heparin to bileaflet valves using a coating of
graphite-carbon and benzalkonium chloride (262). How-
ever, the most viable structures for anticoagulating sur-
faces with heparin have been shown to require end-point
attachment of heparin chains (263). This conclusion is con-
sistent with the concept that active heparin molecules must
be directed away from the surface in order to prevent sur-
face activation of coagulants from the blood flow or sur-
rounding tissue. In fact it has been deduced that the critical
action of heparinized biomaterials is to mediate inhibition
of the coagulation cascade leading to prothrombin activa-
tion (thrombin feedback reactions?) (263). Unfortunately,
simple end-point binding of heparin chains to the polymer
surface is not sufficient for good thrombin inhibition. A
series of experiments have demonstrated that heparin that
was directly covalently linked to polystyrene containing
hydrophilic groups could not efficiently catalyze formation
of thrombin–antithrombin complexes (17). In order to ef-
fect optimum anticoagulant activity of heparin on the sur-
faces, end-point attachment of the GAG to spacer arms
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(�2,000 MW) is necessary (17). As a final caveat, in an
attempt further to fortify heparinized surfaces, either free
heparin has been coimmobilized on the same surface with
antithrombin (264), or surfaces with covalently bonded
heparin have been presaturated with free antithrombin
(265). Although a mild improvement for thrombin inhibi-
tion has been noted, optimum arrangement of the anti-
thrombin and heparin have not been achieved. Thus sur-
face coating with a significant density of antithrombin and
heparin that yields rapid, high-capacity inhibition of
thrombin is desirable. Analysis of the ATH coated polycar-
bonate urethanes presented an excellent opportunity for
testing the viability of attaching high-activity heparin to
the surface through antithrombin itself.

Higher substitution of Chan et al. ATH on polycarbo-
nate urethane was observed than that with either heparin
alone (259) or hirudin (254). This verifies that covalent
ATH has superior chemical features for attachment of the
heparin containing anticoagulant. Storage properties of the
ATH coated surface are favorable, since treated biomate-
rial could be utilized as an endoluminal graft in vivo after
incubation in sterile saline at 4°C for minutes to months,
with similar results (259). Even though ATH was likely
covalently bonded through the antithrombin moiety to the
propyl glycidyl linker on the surface, the immobilized
ATH exhibited significant direct noncatalytic activity
against thrombin (254). Thus polymer surfaces could be
created with ATH coatings that have long-term rapid in-
hibitory action towards thrombin, which does not require a
supply of antithrombin from the patient. However, binding
experiments with labeled antithrombin indicated that sig-
nificant surface concentrations of pentasaccharide sites
were readily accessible on polycarbonate urethane coated
with the Chan et al. ATH (259). High-affinity binding of
antithrombin to the surface strongly suggests that ATH
coated material can potentiate the reaction of plasma anti-
thrombin with thrombin. Given the high catalytic anticoag-
ulant activity reported for the keto-amine conjugated ATH,
significant surface-associated catalysis of antithrombin re-
action with thrombin would be expected from ATH coated
biomaterials, provided that the coating process had ori-
ented the heparin away from the polymer. The exogenous
antithrombin binding results suggested that the ATH cov-
ered polycarbonate urethane product likely possesses the
desired catalytic capacity (259).

In vivo experiments were performed to examine if the
ATH coated endoluminal grafts had biological effective-
ness that corresponded to the substitution density and anti-
thrombin activity results observed in vitro. Endoluminal
tubing (treated and nontreated) was deployed by a wire
plunger through a narrow-gauge catheter into the jugular
veins of anesthetized rabbits. No anticoagulant was admin-

istered to the animals and, after 3 h, the tubing segments
were recovered and the weight of clot adherent to the de-
vice determined. Significant improvement with respect to
tubing anticoagulant properties resulted from coating with
ATH. A four- to fivefold reduction in weight of clot gener-
ated on the tubing was observed with ATH coated com-
pared to nontreated surfaces (254). This improvement in
antithrombogenicity of the biomaterial was not gained due
to the presence of grafted propyl glycidyl groups, since
tests with these control surfaces (no ATH attached) were
negative (259). Furthermore, in vivo experiments with
polycarbonate urethane coated with antithrombin gave re-
sults similar to those with surfaces that were reacted with
allyl glycidyl ether alone. Thus, not surprisingly, the hepa-
rin moiety of the surface bound ATH was critical. Finally,
hirudin was bonded to polycarbonate urethane in a fashion
similar to that of ATH, followed by testing in the rabbit
jugular vein. In vitro analyses of the tubing showed that
most of the hirudin bound to the endoluminal graft could
inhibit thrombin directly. However, significantly more clot
was generated in the hirudin tubing than in the ATH tubing
in vivo. Therefore ATH coated surfaces have greater po-
tency than surfaces that are coated only with highly active
direct thrombin inhibitors. The dual noncatalytic and cata-
lytic anticoagulant activities of ATH may represent a new
generation of pacified biomaterials.

VII. THE FUTURE

ATH is an agent that, either in fluid phase or surface immo-
bilized form, pacifies the coagulation system in vivo. The
fact that, with optimum methodologies, the highest activity
heparin can be selected by antithrombin during conjuga-
tion, gives a significant advantage for prevention and treat-
ment of coagulation, as well as the construction of highly
anticoagulant surfaces for clinical use. A number of inves-
tigations are necessary in order to realize fully the potential
applications of ATH. Long-term use of fluid-phase ATH
in animals needs to be evaluated for its application as a
prophylactic. Furthermore, a number of clinical procedures
could be studied to determine the value of ATH treatment
during surgery. ATH may also be efficacious for the treat-
ment of deep vein thrombosis and RDS. Animal models
of these pathological states exist that could be used to chal-
lenge the viability of ATH as a treatment agent. Linkage
of the conjugate to a variety of polymers must be done to
determine the optimum type of biomaterials for coating
with ATH. In conjunction with the type of surface material
is the investigation of other more sophisticated chemistries
that could link to the antithrombin in ATH via amino acid
R groups other than that of lysine. Although the lysine ε-
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amino is a standard for protein immobilization, the heparin
in ATH may tie up some of the key residues. Once the
chemical details on ATH attachment to biomaterial sur-
faces have been determined, in vivo experiments in a num-
ber of animal models will be required to evaluate the best
indications for use. Finally, clinical trials will be necessary
before commercial use of either fluid-phase ATH or ATH
coated biomaterials is possible.
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Adhesives for Medical Applications

Iain Webster and Peter J. West
Smith & Nephew Group Research Centre, York, England

I. INTRODUCTION TO MEDICAL
ADHESIVES

The area of medical adhesives is very broad and encom-
passes a variety of technologies that can be applied to a
wide range of medical products and procedures. This tech-
nology already has a long and well-documented history,
but, not surprisingly, as a result of the advances in health
care, there are many new adhesives emerging to meet our
demands for the future.

In this chapter we discuss medical adhesives for use in
products that are applied directly to the body or used in
surgery inside the body. This covers the areas of pressure-
sensitive adhesives (PSAs) and tissue adhesives, which can
be further divided into synthetic and biological adhesives.
The scope of this chapter is shown in Fig. 1.

Investigations in pressure-sensitive adhesive technol-
ogy have concentrated in recent years on materials that can
do more than simply adhere medical dressings to a wound.
Since the gradual replacement of rubber resin–based adhe-
sives for medical applications with synthetic polymers, re-
searchers have utilized the wide range of possible formula-
tions to tailor adhesive properties to meet specific needs.
Having a greater understanding of the skin as an adhesive
substrate, formulators have been able to produce PSAs that
form a vital part of modern wound dressings.

The use of surgical tissue adhesives in medicine has
developed considerably over the last 40 years, and the list
of applications is now increasing every year. Traditionally,
the area of tissue reattachment or repair following surgery
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or trauma has been dominated by sutures, staples, and wir-
ing, but recently the huge commercial potential for tissue
adhesives has sparked a minirevolution in medical prac-
tices. Ultimately the general acceptance of new tissue ad-
hesives will mark a step change in clinical practice.

The approach to developing new adhesives relies on un-
derstanding the different and often complicated require-
ments of various tissue types and a large number of surgi-
cal procedures. This understanding can only be gained by
researchers working closely with medical professionals in
hospitals and clinics. Equally, medical practitioners need
to be prescriptive about their needs and be willing to con-
tribute to, and ultimately accept and promote, new and ex-
citing developments. With this challenge in mind, it is be-
coming possible to provide better products for us all as
potential patients.

II. PRESSURE-SENSITIVE ADHESIVES

A. Introduction

Typically, pressure-sensitive adhesives have been used for
adhering wound dressings to skin. PSAs have glass transi-
tion temperatures (Tg) or softening temperatures in the
range �20°C to �60°C, which means they are soft materi-
als at room or skin temperature. These soft polymers are
able to flow and ‘‘wet out’’ on to a surface and are formu-
lated to be permanently tacky to enable adherence to that
surface. The bond formed between PSA and substrate is
not permanent and can be broken with a measurable force,
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Figure 26.1 The scope of medical adhesives.

leaving the substrate relatively free from damage. Since
the mid-19th century, when the first adhesive plasters were
reported (1), the hospital and first aid applications of dress-
ings have become more demanding, and the polymers used
for PSAs have consequently undergone significant devel-

Figure 26.2 The development of first aid dressings; from early elastic adhesive bandage sold under the trade name Elastoplast to the
modern day waterproof, breathable, absorbant, conformable dressings that also act as bacterial barriers.

opment (2) (Fig. 2). Early adhesive formulations were
based on blends of natural rubber and resins derived from
wood rosin, which act as tackifiers. However, a PSA is
required to be more than just sticky. The adhesive should
be permanently and aggressively tacky, adhere with only
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slight finger pressure, form a strong bond with surfaces,
and have sufficient cohesiveness that it can be removed
without leaving a residue.

The properties for medical PSAs are made yet more
demanding by the requirements for skin contact. Foremost
is the need to be chemically and biologically acceptable
to the skin, with the adhesive causing no irritation or sensi-
tization. Skin is also very variable, both between individu-
als and even between different sites on the same individual.
The roughness, elasticity, and surface energy of the skin
must be taken into account, which means that adhesives
must have sufficient flow to ensure intimate surface contact
(3). Additionally, medical adhesives must be able to cope
with moisture and sebum exuded by the skin without se-
verely compromising performance. Finally, once securely
adhered to the skin, medical PSAs should be easily re-
moved with minimal trauma to the skin. Although this may
appear to be a contradiction, recent developments in PSA
technology have endeavored to solve this problem.

The last thirty years have seen the gradual replacement
of rubber adhesives with acrylic copolymers, which now
dominate the medical adhesive market. These acrylic co-
polymers are naturally tacky materials and have eliminated
the need for the large number of components present in
rubber PSAs, such as natural rosins. This reduction in po-
tential for introducing irritant and sensitizing agents has
led to a broad acceptance of acrylic PSAs within health
care due to their natural hypoallergenicity (4).

Although polyacrylates are used widely and generally
for medical PSAs, typically the polymer selected for a

Table 26.1 Polymers Used in the Formulation of Medical Grade PSAs

Polymer Application Property

Silicone Transdermal drug delivery Chemically inert
Biocompatible
High drug permeability

Polyvinyl ether Skin patches/surgical dressings Moisture permeability
Polyvinyl pyrrolidone Ostomy Moisture absorption
Polyacrylate Transdermal drug delivery Chemically inert

Good drug release properties
First-aid dressings Quick adhesion

Adhere during normal daily activity
Electromedical devices Good, long-term adhesion
Surgical dressings Moisture permeability
Incise drapes Sterilizable

Wet stick
Surgical tape Sterilizable

Hydrophilic gels Electromedical applications Electrical conductivity
Moisture absorption

Rubber resins First-aid dressings Quick adhesion
Adhere during normal daily activity

given PSA is directed by the application for which it is
required (5) (Table 1). This section therefore describes the
range of indications that require formulated medical grade
adhesives and the properties required of the polymeric ma-
terials used. We will also detail the polymer types that are
used to formulate these adhesives.

B. Indications and Adhesive Requirements

1. Adhesion To Skin

Skin is a very demanding and variable substrate for adhe-
sive bonding, and consequently the properties of medical
grade PSAs have to be adaptable. Skin is a rough surface,
which requires the PSA to have good flow characteristics
to enable it to form a good bond. Skin also flexes, which
results in the adhesive being subject to various stresses as
well as changing the angle of peel when tapes are removed.
Furthermore, sebum and moisture exuded by skin may af-
fect not only its surface energy but also its adhesive proper-
ties. Many studies have been made of the physical proper-
ties required of a PSA to produce good skin adhesives
(3,6–8). The main properties that dictate adhesive perfor-
mance are the surface energy of the PSA compared to that
of skin and also the bulk rheological properties of the adhe-
sive polymer.

a. Surface Properties

In order to provide a satisfactory bond, an adhesive must
wet the skin surface. This requires that the surface energy
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Table 26.2 Variation of Surface Energy of Human Skin with
Temperature and Relative Humidity

Temperature Relative Total surface
(°C) humidity (%) energy (J/m2)

23 34 0.038
23 50 0.042
28 60 0.054
32 56 0.051
33 51 0.057
36 50 0.057

of an adhesive must be lower than that of the skin. The
surface energy of skin increases with increasing tempera-
ture and relative humidity, as sweating produces a high-
energy surface (8). This is illustrated in Table 2. The sur-
face energy of a commercially available medical grade
acrylic PSA is shown in Table 3 for comparison; it can be
seen that humidity does not significantly affect the adhe-
sive. The incorporation of polar monomers into acrylic
PSAs has been shown to provide improved adhesion to
skin during sweating, when the surface energy is higher
(8). This is thought to be enhanced due to interfacial inter-
actions between the adhesive and the skin surface.

b. Adhesive Peeling from Skin

The peeling of a PSA spread tape from a standard substrate
is the most common assessment made of adhesives. This
involves the measurement of the force required to peel an
adhesive, spread onto a flexible backing, from a substrate
following adhesion under controlled conditions of pressure
and buildup time. The force required is dependent on the
peel angle (typically 180° or 90°) and peel rate (estimated
for removal of PSA tapes from skin as between 12 and
200 inches per minute). Although this type of test allows
differences between adhesives to be identified, it is unrep-
resentative of how any given PSA will peel from skin.

Table 26.3 Variation of Surface
Energy of Acrylic Medical-Grade
PSA with Relative Humidity

Relative Total surface
humidity (%) energy (J/m2)

10 0.027
20 0.027
42 0.028
52 0.026
81 0.027

100 0.025

Skin, as a peeling substrate, is rough, has a variable surface
energy, and is flexible, whereas most data for peel adhesion
has been determined using stainless steel as the substrate.
The difficulty in reproducing skin as an in vitro substrate
is demonstrated by the lack of suitable models developed
over the years. Attempts have been made to model the sur-
face energy and roughness using embossed polypropylene
plaques (3) or a hydrated cross-linked gelatin/lipid sub-
strate (9) with varying degrees of success.

c. Skin Stripping and Trauma

The requirements that a medical-grade PSA should adhere
well to skin and yet be easily removed with minimal
trauma are obviously contradictory. When an adhesive
tape is removed, a layer of skin is also removed, because
the separation is not at the skin–adhesive interface but
deeper into the stratum corneum (4,10). The stripping of
this surface barrier compromises the skin’s ability to regu-
late fluid balance as well as its ability to protect from
chemical, mechanical, and microbial effects (11). Research
has been carried out for many years to devise a PSA that
can be removed without causing damage or trauma to the
skin while giving sufficient adhesion when required. How-
ever, a fundamental understanding of the interaction be-
tween the skin and adhesive is required to allow solutions
to be explored (12).

Studies carried out using occlusive and nonocclusive
tapes have shown that the buildup of moisture behind oc-
clusive tapes results in hydration and therefore weakening
of the stratum corneum. This means that the levels of adhe-
sion between the outer layers and the adhesive are greater
than the internal strength of the stratum corneum. Hence
when tapes are peeled, layers of skin are also removed with
the adhesive (4). Repeated application of a tape to the same
site produces higher peel forces as the deeper epidermal
cells have increased cohesion (Fig. 3). When more porous
tapes and adhesives are used (i.e., changing from a hy-
drophobic rubber resin to a more hydrophilic acrylic adhe-
sive), the moisture content of the skin is maintained and
therefore so is its strength. This type of approach has en-
abled the development of adhesive dressings that can be
removed with less trauma to the skin based on thin poly-
urethane films coated with moisture vapor permeable adhe-
sives. Dressings based on this theory, typically surgical
drapes and tapes, do not therefore cause maceration of the
skin but do allow moist wound healing.

2. Wound Management Indications

The largest segment of the medical adhesive market is that
for the protection of wounds. This diverse sector includes
adhesive bandages, surgical drapes, ostomy bag mounts,
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Figure 26.3 Force of removal of adhesive tapes peeled from a
defined area of human back skin. (Graph reproduced from Ref.
4.)

intravenous needle attachments, electromedical proce-
dures, microporous tapes, and transdermal drug delivery
(5) (covered more extensively in Section II.B.3). The adhe-
sives used in the majority of wound care applications are
based on acrylic copolymers, although rubber-based PSAs
(natural or synthetic) are still used where high levels of
adhesion are required and skin irritation is not a major con-
cern. The backing materials used with the adhesives range
from foams to porous materials such as nonwovens, cotton
and fabric, and polymeric films such as polyethylene and
polyurethane.

Ostomy appliances require a PSA to perform two roles,
firstly to provide a good seal around the device to prevent
leakage of fluids around the stoma, and secondly to secure
the device to the body. The adhesive must also be designed
to allow prolonged and repeated application to the same
site without causing significant skin deterioration by me-
chanical or chemical irritation. Acrylic adhesives were of-
ten found to be unsuitable for this application, as they did
not provide a good seal around the stoma (5). However,
several patents exist that describe soft acrylic PSA copoly-
mers that provide good adhesion over prolonged wear
times (13,14). The advent of acrylic hot melt PSAs has
provided new materials suitable for this purpose. Other ad-
hesive types include blends of acrylic/rubber components
(15), polyisobutylenes (16), and vinyl ether copolymers
(17).

PSAs for electromedical applications are used to pro-
vide an electrical connection between the skin and an elec-
tromedical device (5). Traditionally, a conductive gel in
contact with a metal electrode was used and held in contact
with the skin by a pressure-sensitive tape. However, more

recent developments have seen the adhesive designed to
both hold the electrode in place and provide a conductive
medium (18,19). Typically, adhesives for this application
are cross-linked hydrophilic polymers swollen with water
(20). Examples include an ultraviolet curable PSA synthe-
sized from acrylic acid and a multifunctional acrylate as
cross-linking agent (21), an electron beam curable compo-
sition of polyvinyl pyrrolidone, polyethylene glycol, and
water (22), and a PSA comprising cross-linked sodium car-
boxymethyl cellulose and polyisobutylene swollen with
water (23). A hydrophilic PSA has also been described that
comprises a zwitterionic polymer blended with a plasti-
ciser (24). It is claimed that the zwitterionic functionality
imparts high conductivity to the adhesive, making it suit-
able also for use as a matrix for iontophoretic delivery of
drugs (Section II.B.3).

The acceptance of moist wound healing as most appro-
priate for rapid healing (25) has lead to the development
of occlusive thin film dressings capable of maintaining the
correct wound environment (26). The first dressing of this
type was introduced in 1971 by Smith & Nephew under
the tradename OpSite, which comprised a polyurethane
film spread with a vinyl ether adhesive (27). Other semioc-
clusive dressings were developed along similar lines based
on polyurethane or copolyester backing films with an
acrylic PSA. Moist wound healing was found to enhance
the rate of experimentally induced wound resurfacing by
up to 40% compared to air exposed wounds (28). It was
therefore important that the dressing was capable of strik-
ing the balance between exudate handling and maintaining
a moist environment. The moisture vapor transmission rate
(MVTR) of the dressing and therefore the PSA played an
important role in achieving this, as the thin film dressing
could not absorb much moisture from the wound. The ad-
hesive was required to have a MVTR (measured according
to ASTM E96) greater than that of skin, which varies de-
pending on the body site and skin condition (Table 4) (28).
Changes in the polarity, porosity, and thickness of the ad-

Table 26.4 MVTR for Intact Skin and Varying Wound
Types

MVTR (g/m2/hr)

Body site/wound type 22°C 27°C 30°C

Legs 8.0 9.0 10
Abdomen 8.5 10 12
Arms 8.5 9.5 12
Head 18 22 35
Hands 50 78 90
Open granulating wound 214
Full thickness burn 143
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Table 26.5 MVTR of Commercially Available Thin Film Dressings Determined Using Payne Cup
Method at 37°C, 10% RH

MVTR (g/m2/24hr)

Dressing Manufacturer Dry (upright) Wet (inverted)

Bioclusive Johnson & Johnson 470 490
Bioclusive MVP Johnson & Johnson 2200 4500
OpSite IV 3000 Smith & Nephew 1150 2900
Tegaderm HP 3M 450 1300

hesive provide control of the MVTR. Dressings based on
the moist wound healing principle were required to cope
with both lightly exuding wounds, requiring a low MVTR
film and PSA, and high levels of moisture such as that
experienced with invasive catheter fixation (Table 5) (28).
OpSite IV 3000 (Fig. 4) used a specially developed emul-
sion-based acrylic PSA that was pattern spread to cover
75% of the film area to ensure optimum MVTR while
maintaining good skin adhesion.

3. Transdermal Drug Delivery

PSAs have been used in transdermal delivery devices since
the 1970s and have been found to offer many advantages
over conventional methods for the controlled delivery of
drugs (29). Transdermal drug delivery involves the deliv-
ery of an active ingredient through the skin and into the
blood vessels before delivery to the target organ. This pro-
vides a constant rate of drug delivery that leads to stable
levels within the blood that correlate more closely to those
obtained for intravenous drug infusion (30). This technique
allows the use of lower doses of drug than with oral medi-
cation and avoids the variable blood level profiles typically

Figure 26.4 Catheter fixation using OpSite IV 3000* film
dressing. (*Trademarks of Smith & Nephew.)

seen with other systems. Transdermal drug delivery there-
fore allows more effective and safe dosing to achieve the
desired therapeutic result. Patient compliance is also likely
to be higher, as the dosing regime may require only a single
dressing change per week, and the delivery can be stopped
by removing the adhesive patch.

Conventional uses of transdermal delivery systems have
included patches for the release of nitroglycerin for antian-
ginal products (31), scopolamine (motion sickness), cloni-
dine (hypertension), glycol salicylate (analgesia), and nico-
tine patches for smoking cessation. Such developments
produced an industry generating annual sales of $1.7 bil-
lion in 1998, sales are estimated to continue growing as
new drugs are proposed for transdermal delivery (29).

Transdermal drug delivery patches may be split into
two basic types (29,30,32) with the drug being held either
in a reservoir by a permeable membrane and adhered to
the skin using a PSA, or in a matrix system where the drug
is incorporated directly into the adhesive polymer (Fig. 5).

The adhesive chosen for transdermal applications must
not only display the characteristics of a good skin adhesive
but also be compatible with the drug so as not to alter its
characteristics and, in the case of the matrix design (Fig.
5b), have the correct drug/adhesive solubility relationship.
The polymers that meet these criteria tend to be silicones,
acrylic copolymers (33), and polyisobutylene (29,32). Sili-
cones, although the more expensive of these options, tend
to offer the highest drug diffusion rates as well as being
easily formulated to give the right adhesive properties. Ac-
rylate copolymers can also be easily modified to optimize
drug solubility, by controlling the hydrophilic nature of the
polymer, diffusion, and adhesion. Polyisobutylenes pro-
vide more of a challenge to tailor their properties to trans-
dermal drug delivery, but they are particularly suited for
use with drugs of low solubility or polarity.

Many studies have compared the relative performance
of these three polymer types for their suitability as drug
delivery vehicles. Firstly, the ability of an adhesive to pro-
vide long-term adhesion is essential in order to complete
the dosing regime required (34). Typical values of tack and
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Figure 26.5 Transdermal drug delivery patch designs. (a) Reservoir system; (b) matrix system.

peel adhesion of PSAs loaded with drugs (progesterone
and indomethacin) have been given as 60–70 g/cm2 and
500–520 g/cm respectively (35). The efficiency of adhe-
sives to release drugs has also been widely studied with
respect to drug solubility in the adhesive, drug release ki-
netics, and skin permeation (36–38). Drug solubility may
be related to the hydrophilicity of the adhesive; trends such
as those shown in Table 6 are observed for examples of
the three adhesive types.

Drug release is dependent on the Tg of the PSA and the
functionalities on the adhesive polymer chain. The low Tg
of silicone PSAs, for example, results in a very flexible and
open polymer structure that gives high permeability values
for a variety of molecules. Figure 6 illustrates the release
profiles of four drugs from acrylic copolymers of 2-ethyl-
hexyl acrylate with either acrylic acid or acrylamide, a sili-
cone PSA, and a PSA blend of high and low molecular
weight polyisobutylenes (38). These profiles demonstrate
how the good flow characteristics of the silicone PSA re-
sults in a high rate of release for all of the drugs studied,
whereas the potential for interaction between the acrylics
and the drug produced varying release profiles depending
on the drug type. The polyisobutylene gave fairly consistent
release results for all drugs, as these polymers have no func-
tional groups to cause differentiation.

Table 26.6 Drug Solubility (mg/mL) in Acrylic, Silicone, and Polyisobutylene PSAs

PSA Fentanyl Aminopyrine Dipropylphthalate Lidocaine Ketoprofen

Acrylic copolymer 21.9 95.1 223.7 438.6 61.3
Silicone 20.0 39.6 12.9 81.0 4.2
Polyisobutylene 0.8 48.3 62.7 62.4 0.8

Source: Refs. 37 and 38.

Skin permeation of drugs does not however always fol-
low the trends established for drug release in water. Skin
permeation data, generated using human cadaver skin for
the determination of skin flux of fentanyl, showed that the
two properties do not necessarily give the same ranking
(Table 7) (37). When released into phosphate buffer solu-
tion, the general ranking of fentanyl release by polymer
type was acrylate � silicone � polyisobutylene. This order
was changed, however, for skin permeation with a ranking
of silicone 2920 (Dow Corning) � polyisobutylene (Exxon
Chemical) � silicone 2675 (Dow Corning) � acrylate
(Gelva-737, Monsanto) (silicone 2920 is moderately more
hydrophobic than silicone 2675).

The future of transdermal drug delivery technology will
be directed by the development of current delivery systems
to allow extended wear times (39), biphasic drug delivery
profiles, generic drug patches, and combination drug
patches (29). A further challenge lies in the need to deliver
higher molecular weight drugs through a skin barrier de-
signed to prevent penetration of foreign molecules. There-
fore external stimuli systems such as

Iontophoresis, where a conductive PSA and miniature
battery set up an electrical potential to admit ion-
ically charged drug into the skin (40,41)
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Figure 26.6 Release profiles of four drugs from different PSA formulations: (a) 2-ethylhexyl acrylate/acrylic acid copolymer; (b) 2-
ethylhexyl acrylate/acrylamide copolymer; (c) polyisobutylene; (d) silicone. � Dipropylphthalate, ■ Aminopyrine, � Ketoprofen,
Lidocaine. (Graph reproduced from Ref. 33.).

Sonophoresis, where sound waves disrupt the stratum
corneum to increase drug delivery rates

Electroporation, where pores within the skin are
opened to create channels of low resistance

are being developed to allow the controlled delivery of
high molecular weight compounds (29). The development
of more hydrophilic PSAs such as hydrogels, polyure-
thanes, and modified acrylics has also led to enhanced drug
delivery rates (42).

4. Trauma-Free Removal

A number of approaches have been taken to producing ad-
hesives that initially adhere well but can be removed easily
without causing trauma to the skin. Typically these have
involved deactivation of the adhesive by some stimulus.
One such development by Smith & Nephew has involved
the use of light to deactivate, or switch off, an acrylic adhe-
sive by deadening its tack and reducing the level of adhe-
sion (43,44). The PSA was formulated using acrylic mono-
mers (n-butyl acrylate, 2-ethylhexyl acrylate, and acrylic
acid) copolymerized with either itaconic anhydride or vi-
nyl azlactone. These adhesives were then further reacted
with hydroxyethyl methacrylate to produce methacrylate

Table 26.7 Release Rates into Aqueous Medium and Skin
Permeation of 2% Fentanyl from Various PSAs

Release rate Skin flux
PSA type constant k (min�1/2) (µg/cm2/hr)

Acrylic copolymer 3.6 0.9 � 0.2
Silicone 2675 1.3 1.1 � 0.2
Silicone 2920 2.1 6.3 � 0.7
Polyisobutylene 1.3 3.1 � 0.3

functional polymers capable of free-radical cross-linking
(Fig. 7). When formulated with a suitable visible light pho-
toinitiator, the adhesive cross-links on exposure to light,
resulting in reduced peel forces on removal from a sub-
strate.

Analysis of their performance on skin, as part of a volun-
teer trial, demonstrated the benefits of switching (deactivat-
ing) the adhesive. Results showed that 60% reductions in
peel strength were possible when the adhesive was exposed
to light. This in turn gave significant reductions in perceived
pain, skin erythema, and skin stripping (45) (Fig. 8).

Other methods for deactivating adhesives to give
trauma-free removal of dressings include the use of water
and temperature. Adhesives Research Inc. have developed
a PSA for use on wound care products that can be deacti-
vated when more than 25–30% water is absorbed (46). The
adhesive is based on a hydrophilic polymer comprising a
mixture of a vinyl ether/maleic acid ester copolymer (e.g.,
Fig. 9) and a polyvinyl alkyl ether, such as polyvinyl
methyl ether. The base polymer is blended with a water-
soluble tackifier to produce a PSA that is coated onto a
nonwoven backing. When the adhesive absorbs excess
moisture, the tackifier separates from the base polymer,
causing a loss of adhesion (Fig. 10).

Adhesives are also known that perform as well as con-
ventional PSAs but can be thermally deactivated by either
heating or cooling during removal (47). This technology
uses side chain crystallizable polymers combined with
conventional acrylic medical grade PSAs to produce mate-
rials that have their adhesion controlled by the ambient
temperature. The ‘‘Cool Off’’ adhesive was shown to lose
60% of its initial adhesion to skin when switched with ice
or a cold compress (48). Similarly, the ‘‘Warm Off’’ adhe-
sive gave reductions in peel strength of 70–90% with little
stripping of the stratum corneum.
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Figure 26.7 Synthesis of methacrylate functional PSAs using (a) itaconic anhydride and (b) vinyl azlactone containing copolymers
reacted with hydroxyethyl methacrylate for the formation of light switchable PSAs.

Many medical grade PSAs are designed to overcome
the problem of trauma on removal by the use of cross-
linking (covalent, hydrogen bonding or physical) or in-
corporation of hard monomers, such as acrylic acid
(12,49–53). This is designed to control the buildup in ad-
hesion once a sufficient bond has been formed between

(a) (b)

Figure 26.8 Peeling of light switchable PSA tapes from volunteers showing (a) unswitched tape, (b) switched tape.

the adhesive and the skin. Therefore, by limiting the long
term flow of the adhesive polymer, the ultimate bond
strength is controlled and the cohesive strength of the ad-
hesive is also increased. This results in reduced pain on
removal with little or no adhesive residue left on the
skin (54).
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Figure 26.9 Vinyl ether/maleic acid ester copolymer used in
the synthesis of moisture switchable PSAs.

C. Adhesive Types

1. Acrylic Polymers

Acrylic polymers are the most widely used materials for
medical PSAs due to their hypoallergenicity, natural tacki-
ness, and wide scope for formulation/property tailoring.
They are typically copolymers composed of ‘‘hard’’ mo-
nomers that produce homopolymers with a high Tg and
‘‘soft’’ monomers that yield low Tg homopolymers (Table
8) (55,56). Acrylates are esters of acrylic acid and have
the general structure shown in Fig. 11. The nature of the
alkyl group, R, can be used to dictate the adhesive proper-
ties by varying the chain length and the hydrophilic/hy-
drophobic nature of the group (57). The length of the R
group affects the Tg as shown in Fig. 12, where it can also
be seen that the addition of a CH3 group (R′) to produce
a methacrylate leads to increased steric hinderance and
therefore higher Tgs (56). The contribution made to adhe-

Figure 26.10 Relationship between tack of a moisture switchable PSA and moisture content. (Adapted from U.S. patent 5,032,637
assigned to Adhesives Research Inc.)

Table 26.8 Glass Transition Temperatures of Acrylic
Homopolymers Derived from Typical Monomers Used
in Medical PSAs

Monomer Homopolymer Tg Remarks

n-Butyl acrylate �54°C Soft segment
2-Ethylhexyl acrylate �70°C Soft segment
Acrylic acid �106°C Hard segment
Vinyl acetate �30°C Hard segment
n-Butyl methacrylate �20°C Hard segment

Figure 26.11 General structure of (meth)acrylic monomers.

sive properties by varying the polarity of the acrylic mono-
mers is also highlighted in Table 9.

Polymerization is normally carried out by a free-radical
mechanism producing random copolymers of molecular
weight typically in the range 200,000–1,000,000. The Tg
of the resultant polymer can be controlled by the ratio of
hard and soft monomers, which will in turn affect the adhe-
sive properties. Varying the functionality of the monomers
allows particular properties to be imparted on the adhesive:



Adhesives for Medical Applications 713

Figure 26.12 Effect of alkyl chain length on the Tg of poly(alkyl) acrylates and methacrylates. (Adapted from Ref. 56.)

High MVTR. A high proportion of ether oxygen atoms
can be incorporated into the polymer to increase the
MVTR. Monomers such as methoxybutyl and butoxyethyl
acrylate therefore give increased MVTR to the PSA, as
does decreasing the alkyl chain length (58–60).

Sebum tolerance. An alkyl chain length of at least C6

is required to dissolve sebum, e.g., 2-ethylhexyl acrylate.
Tack. Low Tg acrylic monomers are required with

chain lengths of C4–C12 (61). These acrylates have lower
Tgs than corresponding methacrylates (Fig. 12).

Wet stick. Changing the surface energy by varying the
adhesive polarity (e.g., acrylic acid content) may affect the

Table 26.9 Adhesive Properties of Acrylic Monomers

Monomers Adhesive property

Hydrophobic Present as a large proportion
of the copolymer in order to

2-Ethylhexyl acrylate Impart low Tg
Isooctyl acrylate Provide pressure sensitivity
n-Butyl acrylate Impart sebum tolerance
Hydrophilic Present as a smaller proportion

of the copolymer in order to
(Meth)acrylic acid Increase cohesive strength
Vinyl acetate Provide surface polarity
Methyl acrylate Enhance wear performance on
Vinyl caprolactam skin
2-Hydroxyethyl methacrylate
Methoxybutyl acrylate
Butoxyethyl acrylate

wet stick ability of the PSA (62–64). Increasing the alkyl
chain length (e.g., n-butyl to n-lauryl acrylate) may also
increase the wet stick ability.

Cohesive strength. Increasing the molecular weight by
chain propagation or slight cross-linking will increase the
cohesive strength of the adhesive.

Although the majority of acrylic adhesives are solvent
based, there is a growing move towards solvent-free sys-
tems such as water-borne or hot-melt acrylics. Develop-
ments in water-borne PSAs have generally concentrated
on acrylic dispersions, which offer several advantages over
solvent-based PSAs such as higher coating speeds, reduced
impact on the environment (although water has a higher
evaporation enthalpy than most solvents used), and greater
resistance to aging.

The major development in this area concerns the surfac-
tants used for emulsion polymerization. Typically, non-
polymerizable surfactants were used in PSA formation,
which left the adhesives sensitive to water due to extraction
of the surfactant. However, in order to maintain good adhe-
sion to skin it is essential that water does not significantly
affect adhesive properties. To this end, polymerizable sur-
factants based on acrylic esters have been developed that
overcome this problem (Fig. 13) (65). Therefore a PSA
based on 2-ethylhexyl acrylate, n-butyl acrylate, and n-bu-
tyl methacrylate was produced that adhered well to human
skin under dry and wet conditions as well as to sweaty skin.

Hot-melt adhesives are increasing in importance due to
environmental pressure on solvent-based systems and the
performance shortcomings of aqueous systems. The use of
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Figure 26.13 Polymerizable surfactant based on acrylic esters
(M � metal).

hot-melt coating technology also offers superior econom-
ics to solvent- or water-based coatings.

The major health care applications of hot-melt PSAs
(HMPSAs) are in adhesive tapes, bandages, and transder-
mal drug delivery systems. HMPSAs are particularly
suited for use as combined adhesive/drug matrix media for
drug delivery, as they can be formulated to contain little
or no chemical functionality (66). This reduces the possi-
bility of medication/adhesive interactions. Hot melts are
also less prone to swelling when in contact with the alco-
hols used in certain medications, this being a particular
problem with acrylics.

The major disadvantage of using hot-melt adhesives in
skin contact applications is the high peel force required
for removal due to their low cohesive strength and hence
aggressive nature. Various examples do exist, however, of
high cohesive strength HMPSAs formulated for medical
use. Adhesives composed of soft acrylate (such as n-butyl
acrylate) and hard methacrylate (such as isobutyl methac-
rylate) polymers containing methyl-3-oxa-4-oxo-5-aza-
nonyl methacrylate as comonomer have been found to
have high adhesive strength to human skin but only negli-
gible adhesive transfer to the skin on removal (67,68). This
is believed to be due to the ability of the comonomer to
form hydrogen bonds and thus enhance cohesive strength.

Another approach to improving the cohesive strength
of the adhesives is to introduce cross-links. The technique
most suitable for cross-linking hot melts is radiation-in-
duced cross-linking, as thermally activated cross-linking
would occur prematurely during premelting. The polymer-
ization of an ultraviolet (UV) photoinitiator into an acrylic
PSA formulation has provided a novel route to a UV cur-
able hot melt PSA (69). The copolymerized acrylic esters
with substituted benzophenone terminal groups cross-link
on UV irradiation to produce PSAs with a range of proper-
ties that remain constant with no post-curing (Fig. 14).

2. Rubber-Based PSAs

Rubber-based PSAs only find limited use in the modern
medical field, as acrylic adhesive copolymers have been

Figure 26.14 Cross-linking mechanism of UV curable hot melt
PSA.

developed. Early medical adhesives, however, were most
commonly based on natural rubber, an early composition
is described as (1)

India rubber 5 lb
Gum of southern pine 1 lb
Balsam of Peru 6 oz
Ground litharge 1 lb
Extract of Capsicum annuum 4 oz
Solvent–turpentine

A more general formulation for a surgical tape adhesive
is given as (70)

Parts by weight
Natural rubber 100
Colophony or ester gum 100
Lanolin 20
Zinc oxide 50

These natural rubber–based formulations have largely
been superseded by synthetic elastomers such as polyiso-
prene and polyisobutylene (Fig. 15). Polyisobutylene tends
to pack tightly on a molecular level, which results in low
air and moisture permeability. The low Tgs of these poly-
mers produce flexible materials that are naturally tacky,
but because of their low polarity, adhesion of polyisobutyl-
enes to many surfaces is weak and tackifiers are often used
to impart a degree of polarity to the formulation (42). Low
molecular weight polyisobutylenes may also be incorpo-

Figure 26.15 Repeat unit of polyisobutylene.
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rated into the formulation in order to give suitable adhesive
properties. These lower molecular weight polyisobutylenes
(�50,000–100,000 molecular weight) are naturally tacky
materials and provide the PSA with softness and flexibility,
allowing the polymer to wet out on the skin surface. A
typical polyisobutylene-based PSA formulation is de-
scribed as (71)

Polyisobutylene (80,000) 50
Factice 29
Glyceryl ester of hydrogenated rosin 24
Liquid polyisobutylene 35
Lanolin 20
Beeswax 9
Titania 14
Hydrated alumina 62
Antioxidant 1.5

(Factice is used to limit the cold flow of the adhesive
mass.)

3. Silicones

Silicone-based PSAs have been used in medical applica-
tions since the mid-1960s and have been utilized for tapes,
dressings, and bandages. More recently, silicone adhesives
have found use in transdermal drug delivery systems, which
offer controlled entry of a pharmaceutical into the blood.
Silicone PSAs are typically formulated from silicone resins
and polydimethyl siloxane gum (72) (Fig. 16). In order to
impart sufficient cohesive strength to these systems, the
polymer and resin are cross-linked to form a network. The
properties of the final adhesive can be controlled by varying
the ratio of components and the cross-link density (73).

The properties attainable from silicones are summarized
in Table 10 and illustrate why they are suitable for trans-
dermal drug delivery. Firstly, silicones have excellent skin
compatibility as they contain no tackifiers, plasticisers, an-

Figure 26.16 Silicone PSA components—polydimethyl silox-
ane polymer and silicate resin.

Table 26.10 Typical Properties of Silicone Polymers for
Transdermal Drug Delivery

Biocompatibility Biologically inert
Low level of extractables
Nonsensitizing and nonirritating

Adhesion Low glass transition temperatures
Good formulation control

Permeability High gas permeability
Permeable to a variety of pharmaceuticals

Chemical stability Chemically inert to many substances
Compatible with pharmaceuticals

tioxidants, or stabilizers and therefore have low levels of
potential extractables (74). As well as satisfying the stan-
dard requirements for a medical PSA, it is especially im-
portant for drug delivery devices that the adhesive is bio-
compatible so as to be nonirritating and nonsensitizing as
well as to produce no systemic toxicity. This is enhanced
in silicone polymers by their surface activity and hy-
drophobic nature, which limits their interactions with body
fluids (73). However, it is their high permeability to a wide
variety of pharmaceuticals and their chemical resistance
that allow controlled rates of delivery of an active ingredi-
ent to a patient (35).

III. TISSUE ADHESIVES

A. Introduction

1. Techniques for Tissue Reattachment

Before reviewing the various tissue adhesive technologies,
it is worth considering the current practices with which
any new tissue bonding adhesive would have to compete.
Alternatives are dominated by the traditional approach of-
fered by mechanical devices such as sutures and staples
and more recently tissue welding with lasers. Sutures and
staples are effective, well established, and widely used
wound closure devices. Laser welding can also be used to
join tissue defects. The worldwide market in which all of
these technologies are to be found is worth in excess of
US$2.5 billion per annum (75).

a. Sutures and Staples

For many hundreds of years suturing has been the primary
means adopted by surgeons for most wound closure proce-
dures, both postsurgery and posttrauma (Fig. 17). The ma-
terials used in the manufacture of sutures have become in-
creasingly more high-tech, and it is now commonplace for
these materials to have a predictable and consistent resorp-
tion profile to match the requirements of the wound. It
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Figure 26.17 A typical suture line.

therefore comes as no surprise that sutures represent an
annual worldwide market worth in excess of US$1.6 bil-
lion (75). Despite the recent search for alternative technol-
ogies to replace suturing for difficult procedures involving
soft tissues such as liver and kidney, and harder tissues
such as bone and cartilage, the market for this simple prod-
uct continues to expand.

The suture market is dominated by Johnson & John-
son’s Ethicon, which retains approximately three-quarters
of the U.S. suture market worth US$550 million per annum
(75). The remainder of the market is evenly divided be-
tween Sherwood Davis & Geck and U.S. Surgical. Stain-
less steel staples were first invented in 1969, and although
they represent a sizeable market, staples have not replaced
sutures.

b. Laser Welding

Tissue defects can be repaired with the use of lasers (76)
in conjunction with minimally invasive surgery (MIS) via
a fiber-optic arm. The physical changes in the tissue are
dependent on the radiation parameters employed, such as
the wavelength, spot size, power, and exposure. The over-
all efficiency of welding can be considerably enhanced
with the use of protein solders such as fibrinogen or albu-
min-hyaluronic acid to reduce the damage to the irradiated
tissue (77,78). Laser welded tissue has the potential to pro-
duce watertight closures with less trauma to surrounding
tissues and much reduced operating times compared to su-
turing and stapling. This should also be the case for many
of the emerging tissue adhesives.

2. Key Requirements of a Tissue Adhesive

Each individual key requirement for a successful tissue ad-
hesive may appear obvious, but each one represents a sig-
nificant challenge to any scientist working in this field.
Only products that satisfy all these criteria can really ex-
pect to receive full recognition and widespread acceptance
by the surgical community. Table 11 lists the main require-
ments of any tissue adhesive.

Clearly there is a need for a product that can deliver all
these characteristics. Procedures that are inherently com-

Table 26.11 The Key Requirements of a Tissue Adhesive

In use, the adhesive must mimic the mechanical performance
of the undamaged tissue.

The adhesive should provide sufficient tack for ‘‘primary’’ fix-
ation with the opportunity for manipulation and realignment
prior to setting strongly.

The adhesive must not elicit any toxic response by the sur-
rounding healthy tissue and should facilitate the regrowth of
new tissue where possible.

The adhesive should not liberate harmful degradation products.
Any exothermic process involved in the curing of the adhesive

should not damage the surrounding tissue.
The adhesive should degrade, and as it does so, it should be re-

placed by new tissue with minimal scarring.
Any biodegradation products should not accumulate in the

body but should be eliminated naturally either by excretion
or incorporation into the natural biochemical cycle.

plicated, such as certain types of fracture repair involving
small bone fragments, are difficult to repair using tradi-
tional pins, screws, plates, and wiring. Hence there is a
need for a new type of adhesive product to be available to
surgeons around the world.

3. Factors Influencing the Choice
of Tissue Adhesives

In selecting the most appropriate wound closure technique,
the surgeon has a choice of technologies, which may be
used alone or in combination. A surgeon will base the deci-
sion on a number of factors, the relative importance of
which will vary from one patient or medical procedure to
another. These are listed in Table 12. In addition it should
be appreciated that the priority placed on delivering these
would vary with the surgeon, the patient, and the manufac-
turer. The aim must therefore be to deliver a product that
satisfies all of their needs.

Table 26.12 Factors Influencing the Use
of Tissue Adhesives

Cost (in terms of materials and time spent in
applying them to a patient)

Availability to the customer
Ease and reliability of the procedure
Properties and local effects of using the material
Applicability to the specific tissue site
Robustness of the treatment
Time to healing
Quality of the repair
Patient acceptability
Regulatory clearance
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B. Synthetic Tissue Adhesives

There are two main types of synthetic polymer systems
that readily adhere to moist tissue, synthetic and biological
adhesives (79). The alkyl-2-cyanoacrylates have been
evaluated as tissue adhesives quite widely and probably
now lead the field, inasmuch as they attract the most inter-
est from industries looking to enter this market. Other syn-
thetic tissue adhesives, which include gelatin and resor-
cinol mixtures that are cross-linked by formaldehyde, have
also been investigated, but the cross-linking reaction in-
volved is very complex, and this has made investigation
into the nature of the adhesion very difficult. Polyurethane
prepolymers have received much attention, as this chemis-
try is well established, and the properties of the adhesive
can be varied by choice of the polyol component and the
chemical nature of the polyisocyanate. There are also a
number of emerging technologies gaining interest from
many companies as encouraging results are reported. Each
will now be considered in turn.

1. Cyanoacrylates

a. Development and History of Cyanoacrylates

New developments in cyanoacrylate tissue adhesives are
beginning to compete in the wound closure market, which
has been traditionally dominated by sutures and staples. For
example, Ethicon has a distribution agreement with Closure
Medical, whose product, trademarked Dermabond, was
unanimously recommended for approval by the FDA’s
General and Plastic Surgery Devices Panel at the beginning
of 1998. Dermabond is the first synthetic cyanoacrylate ad-
hesive product to join the U.S. market for closure of skin
lacerations caused by trauma or small surgical incisions that
would normally have been repaired by sutures or staples.

The earliest patents on the preparation of cyanoacry-
lates were issued in 1949 to Alan Ardis (80,81) and as-
signed to the B. F. Goodrich Company. These patents refer
only to the applications of α-cyanoacrylates for the pro-
duction of ‘‘hard, clear, glass-like resins,’’ which were
simply obtained by heating the monomer. The adhesive
properties of α-cyanoacrylates were discovered by acci-
dent during the investigation of a series of 1,1-disubstituted
ethylenes in the Eastman Kodak laboratories. In attempting
to measure the refractive index of a sample of ethyl-α-
cyanoacrylate, a drop of the material was placed between
the prisms of an Abbé refractometer with the result that
these prisms became firmly bonded together.

Between the years 1955 and 1957, a number of patents
were issued to Eastman Kodak including the use of cyano-
acrylates as adhesives (82). The material only had special-
ity uses at first, partly due to its expense, although because

of the tiny amounts of material necessary to form a strong
bond, this adhesive was destined not to remain a curiosity
for much longer.

b. The Role of Cyanoacrylates
in the Medical Market

Most people have come across cyanoacrylates because of
their widespread availability and common usage around
the home as ‘‘superglues,’’ but cyanoacrylates also find
numerous applications in, among others, the automotive
and construction industries. The cyanoacrylate adhesive
family is now enjoying increasing popularity as fast-setting
‘‘instant’’ adhesives. The makers of these household su-
perglues have always warned the users that the glue can
bond skin in seconds, but today this well-known hazard
is being turned into a strong commercial selling point as
cyanoacrylates find uses in medicine. The properties of cy-
anoacrylates that set them apart from nearly all other adhe-
sives are that they are single-component, catalyst-free ad-
hesives capable of bonding at room temperature within just
a few seconds. Cyanoacrylates require no external initia-
tion and for the vast majority of applications rely solely
on the small amounts of water adsorbed on the surfaces of
the substrates for their almost universal adhesion.

Cyanoacrylates were first used for a clinical application
in the early 1960s (83,84), and among all the other syn-
thetic polymers that have been considered for medical ap-
plications, the cyanoacrylates have received the most at-
tention. Indeed, cyanoacrylates are now commonplace in
many accident and emergency departments in hospitals as
doctors and patients begin to realize their widespread ap-
peal and clinical advantages. In the early literature, East-
man 910 monomer (methyl-2-cyanoacrylate) was the most
noteworthy (the general structure of a cyanoacrylate mono-
mer is shown in Fig. 18). Unlike sutures, which leave be-
hind small openings in the wound (often called dehis-
cence), cyanoacrylates form a continuous sealing of the
wound, along which the load is evenly distributed. This
leads to formation of a bacterial barrier and also decreased
scarring around the site.

Skin closure is potentially a major application area for
cyanoacrylate tissue adhesives, and this has received ex-

Figure 26.18 General structure of cyanoacrylate monomer.
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tensive evaluation. Indeed, many of the products marketed
are aimed specifically at surface wound closure. There are
also literature reports documenting the use of cyanoacry-
lates to bond bone and cartilage (85–96), nervous tissue
(97–100), vascular tissue (97,98,101,102), and intestines
(103).

Many other cyanoacrylates have been experimented
with surgically. In early applications, methyl cyanoacryl-
ate was used almost exclusively both as the monomer and
as a commercial preparation with addition of a plasticizer
and a thickener. Later, long chain alkyl cyanoacrylates
were also used, especially isobutyl cyanoacrylate. The
longer chain cyanoacrylates are generally considered to be
less toxic due to their slower degradation when compared
to the short side chain versions. The issues of toxicity will
be addressed in a subsequent section.

Cyanoacrylates have been available commercially in
the U.S. since the 1960s but were removed from the medi-
cal market due to concerns over carcinogenicity. However,
products such as Histoacryl (trademark of B. Braun) have
been available on the European market for more than
two decades for external medical indications. Histoacryl,
which is an n-butyl-2-cyanoacrylate monomer colored
with a blue dye, has been widely used in hospital accident
and emergency departments for the treatment of pediatric
patients and traumatic skin incisions in adults. Histoacryl
tissue adhesive has been compared with silk sutures as a
means for closing incisions (104). The silk sutures were
found to cause a severe inflammatory and giant cell reac-
tion compared to Histoacryl, and the healing process was
slower with the sutures. The cyanoacrylate caused less
scarring and allowed shorter operation times by virtue of
its hemostatic properties.

Closure Medical’s Dermabond contains a different cya-
noacrylate monomer, octyl-2-cyanoacrylate, that is less
brittle than the butyl derivative and is used as a flexible
seal over wound edges. This monomer is slower to poly-
merize than its butyl counterpart, taking up to 1 minute to
polymerize sufficiently for a wound to hold itself together
without support. Typically, cyanoacrylates used for these
conditions would remain in place for about 7 days and then
slowly slough off as the skin cells regenerate themselves
and the natural healing process takes over. It is easy to
appreciate that the use of cyanoacrylate tissue adhesives in
the operating theater offers a much faster procedure when
compared to the use of sutures, resulting in a far more ac-
ceptable cosmetic effect and, most appealing to younger
patients, there is no need to make a second visit to the
hospital to have the stitches removed.

Quinn et al. examined the use of Dermabond in the
treatment of 136 lacerations in humans and recorded excel-
lent results (105). The cyanoacrylate was reported to close

the lacerations in a relatively rapid and painless manner.
The authors stressed the importance of ensuring that the
wound edges be well apposed to prevent the cyanoacrylate
getting between the wound edges and penetrating into the
underlying tissues, which may result in foreign body reac-
tions and impaired healing. When used topically, octyl cy-
anoacrylate can result in fewer foreign body reactions than
sutures and can decrease the infection rates in contami-
nated wounds.

Loctite (UK) has developed a product based on the
same chemical monomer, butyl-2-cyanoacrylate, but in a
clear formulation that does not tattoo the skin. This product
has been granted a CE mark and is sold in Europe under the
trademark Indermil. The product is sterilizable by gamma
irradiation (106) and may be applied through a cannula
attached to an electronic peristaltic pump (107) that helps
deliver the adhesive in precise doses to the surgical site.
The composition comprises a cyanoacrylate and a combi-
nation of an anionic stabilizer and a free-radical stabilizer
in amounts effective to stabilize the composition during
irradiation and to stabilize the sterilized composition dur-
ing storage prior to use. The glue will form strong bonds
almost immediately once the surgeon has applied it to the
tissue. In their current formulations, cyanoacrylate mono-
mers are not approved for use inside the body, although
resorbable versions are no doubt the target of much re-
search.

Many of the developments in cyanoacrylate technology
focus on altering its stability and reactivity with the accu-
rate use of inhibitors and stabilizers. Now researchers and
numerous health care companies are turning their attention
to developing cyanoacrylates for the medical market. This
places additional demands on the cyanoacrylates, and new
issues must be addressed that were not pertinent for their
more conventional applications, such as toxicity, biodegra-
dation profile, and sterilization issues.

c. Mechanism of Bonding

Adhesion is achieved through two independent mecha-
nisms, molecular interaction (covalent bonding) and the
mechanical interlocking of the poly(cyanoacrylate) with
the substrate.

Primary chemical or covalent bonds are obtained when
the adhesive undergoes a chemical reaction with the sub-
strate. There are many functional groups present in the tis-
sue substrate, particularly in proteins which are suitable
for covalent bonding, most notably amine groups.

Physical or mechanical bonds are formed when the ad-
hesive penetrates the substrate and forms interlocks when
the material sets. This can occur very easily with tissue,
and low-viscosity fluids such as cyanoacrylate monomers



Adhesives for Medical Applications 719

are particularly suited to this mode of action. The adhesive
‘‘enters’’ the substrate via cracks and channels and quickly
becomes locked and held strongly once the polymerization
process commences. This results in strong mechanical
bonds between closely apposed surfaces. In this case, bond
strengths would depend on the surface morphology of the
substrates and the mechanical properties of the specific ad-
hesive polymer.

In practice, many of the successful tissue bonds are
achieved via a combination of mechanical and chemical
bonds. Hence it is a combination of the properties of the
adhesive and the substrate that determines the bond
strength of the adhesive.

d. The Chemistry of Cyanoacrylates

Why are cyanoacrylates unique? The cyanoacrylate mono-
mer is extremely reactive due to the electron withdrawing
capacity of the nitrile and the ester groups, which results
in the double bond being very polarized in the presence of
even very weak nucleophiles. This effect can also be
caused by water, which can be responsible for the initiation
of the polymerization reaction. The properties of the adhe-
sive can be controlled by varying the length of the alkyl
group, by careful use of acidic substances to delay the
polymerization, and also by the addition of other polymers
to act as thickening agents. These minor components, such
as stabilizers, plasticizers, and other additives that improve
the viscosity, heat stability, bond strength, and shock resis-
tance, generally account for less than 10% of the total for-
mulation.

Like all acrylates, cyanoacrylates are capable of being
polymerized via a free-radical mechanism. However they
polymerize preferentially via an anionic mechanism that
is catalyzed by bases (including weak nucleophiles such as
water) so that the curing process of the single-component
monomer is fast on contact with moist tissue. The anionic
polymerization reaction is shown simply in Fig. 19.

The α-cyanoacrylates are prepared by depolymerization
of the corresponding polycyanoacrylate formed by the
Knoevenagel condensation reaction of an α-cyanoacetate
with formaldehyde. This depolymerization occurs at high
temperatures under high vacuum conditions, and pure mo-
nomer is distilled from the reaction. Water and bases must
be removed or neutralized prior to the depolymerization
reaction in order to prevent the polymer reforming during
the distillation process. Polymerization inhibitors are usu-
ally added immediately to the purified monomer.

Medical-grade cyanoacrylates are far purer than ‘‘su-
perglues’’ used elsewhere but have been formulated to
contain specific additives, for example to enable steriliza-
tion. Cyanoacrylates would obviously not survive some of

Figure 26.19 Anionic polymerization mechanism of alkylcya-
noacrylate.

the routine sterilization cycles used in the manufacture of
many medical products, and care must be taken to choose
a suitable procedure that excludes the possibility of un-
wanted free-radical polymerization.

In the process of polymerization, a bond is created be-
tween adjacent tissue surfaces. The poly(cyanoacrylates)
are considered to be relatively nonbiodegradable because
they break down very slowly both in water and in tissue
media. The main degradation products of poly(alkyl cya-
noacrylates) are formaldehyde and the corresponding alkyl
cyanoacetate. These degradation products, the monomer
itself, or other impurities in the monomer may give rise to
toxic species. The issues surrounding the toxicity of cyano-
acrylates will be discussed in the next section.

The success of the adhesive joint is often judged by how
well the tissue is replaced. It is therefore important that the
polymeric material is degraded and eliminated from the
body leading to the most widely debated area surrounding
the use of cyanoacrylates as medical adhesives, namely
toxicity.

e. Issues of Toxicity in Cyanoacrylates

All cyanoacrylate tissue adhesives are classed as medical
devices and are required to be subjected to rigorous safety
appraisal to prove that they are safe in use. It is therefore
no longer sufficient for a medical adhesive product to rely
on its mechanical performance.

Cyanoacrylates are used to bond two nonadherent sur-
faces and, in the case of external tissue, the adhesive either
falls off or can be washed off after a period of time. The
polymerization of the monomer at the tissue site can cause
localized heat-induced tissue damage, but with only small
volumes of adhesive being required, the temperatures
reached as a result of the polymerization reaction should
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not be sufficient to cause necrosis. The greatest in vivo
temperature rises for methyl cyanoacrylate have been re-
ported to be 4°C (108); higher homologues, the hexyl and
decyl esters, produce temperature rises of 2°C. It is, how-
ever, the chemical breakdown of the adhesive that may
result in toxic species.

Cyanoacrylates belong to a class of monomers con-
sisting of the alkyl esters of 2-cyanoacrylic acid. The
choice of the alkyl side group greatly affects the properties
of the adhesive formed when the monomer polymerizes.
The methyl ester is volatile and lachrymatory and polymer-
izes extremely rapidly to give a rigid polymer. With in-
creasing size of the alkyl group, volatility, polymerization
rate, and rate of polymer degradation decrease, whereas
the flexibility increases. As examples, methyl (102), ethyl
(109), n-butyl and isobutyl (103,110–113) and more re-
cently octyl (105) cyanoacrylates have been investigated
for surgical use. The study involving the methyl derivative
concluded that it caused tissue necrosis and did not spread
well on tissues. As a result of this negative finding, much
research has focused on the higher homologues, particu-
larly butyl cyanoacrylate. It was believed that increasing
the length of the alkyl ester side chain was associated with
a decrease in histotoxicity. However, it has been found that
the polymers disappear or degrade very slowly and still
have too low a flexibility compared with wound tissues
and hence are inadequate for use routinely as soft tissue
adhesives.

Cyanoacrylates have been used as adhesives in soft tis-
sues (110), arteriovenous malformations (97), opthalmol-
ogy, and as drug carriers (114). In practice, few surgeons
use cyanoacrylates except in unusual circumstances or in
emergency cases. Inflammatory response (113), delayed
healing and necrosis (113,115), thrombosis (97,101), and
inhibition of bone formation (116) have been noted,
whereas other researchers have found relative compatibil-
ity of the polymerized cyanoacrylates with the surrounding
tissues, resulting in normal healing processes following in-
jury (103,111,117).

It has been proposed that the toxic effects of cyanoacry-
late polymers are due to the release of the products of their
degradation (118). Cyanoacrylate degradation occurs by
the breakdown of the polymer backbone, and it occurs be-
cause the methylene hydrogen in the polymer is highly ac-
tivated inductively by the electron withdrawing neigh-
boring groups. Water associated with the tissue can induce
cyanoacrylate hydrolysis by a reverse Knoevenagel reac-
tion liberating formaldehyde and alkyl cyanoacetate.

The degradability of cyanoacrylate polymers has been
demonstrated to decrease with an increase in the size of
the alkyl side chain, as a result of steric hindrance (119).
Degradation also depends upon the molecular weight of

Figure 26.20 Degradation of cyanoacrylate polymer via a re-
verse Knoevenagel reaction.

the polymer; lower molecular weight cyanoacrylate poly-
mers exhibit a more rapid release of formaldehyde. The
reason for this is that for a fixed mass of polymer, lower
molecular weight materials will contain more chain ends
resulting in a higher probability of formaldehyde release
(Fig. 20).

An alternative degradation mechanism has been pro-
posed whereby the cyanoacrylates degrade by hydrolysis
of the ester group to produce cyanoacrylic acid and alco-
hol. Lenaerts et al. (114) studied degradation of isobutyl
cyanoacrylate nanoparticles at pH 7 in phosphate buffer
and found that the amount of formaldehyde produced after
1 day was 5% of the theoretical quantity that would have
been produced if the polymer had been entirely degraded
by this pathway. At pH 12 (in 0.01 N NaOH), this value
reached 7%. Conversely, isobutanol production was 85%
of the theoretical quantity in the alkaline medium.

This mechanism may occur to some extent in the physi-
ological environment and may be catalyzed by enzymatic
processes. Wade and Leonard (120) have shown the poor
contribution of the formaldehyde producing pathway to the
degradation of methyl cyanoacrylate in vivo and suggested
that both hydrolytic chain scission and ester hydrolysis
may be involved in the in vivo degradation of cyanoacry-
late polymers. This is shown in Fig. 21.

The liberation of formaldehyde inside the body repre-
sents a significant issue regarding the acceptance of cyano-
acrylates as internal tissue bonding adhesives. This is not
a major issue in the use of cyanoacrylates to close external

Figure 26.21 Ester hydrolysis of cyanoacrylate polymers.
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wounds, as care is taken not to use the adhesive inside the
wound but only on the surface. Although formaldehyde is
a product of the degradation of cyanoacrylate adhesives,
it may not be the agent solely responsible for observed
histotoxic effects. It is possible that formaldehyde levels
released from cyanoacrylates in vivo are low enough to be
processed by tissue metabolic systems and/or cleared by
the normal flow of physiological fluids over the site, thus
preventing buildup. If this is the case, the toxicity is attrib-
utable to other mechanisms.

Formaldehyde is a physiological metabolite and vital to
the synthesis of essential biochemical substances in man,
and it is not toxic at very low concentrations (121). It
should be noted, however, that, due to formaldehyde’s
highly reactive carbonyl group, it undergoes typical alde-
hyde reactions: it readily reacts with free amino groups in
proteins and forms methylol adducts with nucleic acids,
histones, proteins, and amino acids. These reactions may
be responsible for its toxic effects at higher concentrations.
Epidemiological evidence has arisen to suggest that for-
maldehyde may be a human carcinogen. This has led to
its regulation by U.S. federal agencies as a probable human
carcinogen (122).

f. Future Developments

To date, the use of cyanoacrylates in medicine has been
limited because of their physical properties and reports of
histotoxicity. The currently available cyanoacrylate tissue
bonding adhesives are only approved for external use in
most territories, but there are many internal medical proce-
dures that could be revolutionized by this type of product.
Any internal procedure involving the use of a biomaterial
inevitably relies on the polymer degrading safely inside
the body (or not degrading at all and remaining inert), and
it is well known that cyanoacrylate polymers are capable
of undergoing hydrolytic degradation to produce formalde-
hyde and the corresponding alkyl cyanoacetate. Internal
procedures therefore do not benefit from the adhesive be-
ing able to slough off the skin as in the case of an external
application.

Clearly the development of a cyanoacrylate adhesive
with a somewhat lower acute toxicity and faster degrada-
bility than butyl cyanoacrylate would go a long way to-
wards replacing sutures and provide a faster and more ef-
ficient method of tissue approximation and wound closure.
Further desirable design features would include flexibility
of the adhesive polymer, appropriate viscosity (although
this can easily be modified by the use of thickeners), and
a set time that can be tailored to the needs of the surgeon.

In summary, although the use of cyanoacrylates is be-
coming more widespread, they are not the ideal tissue ad-

hesive in their current form. Toxicity issues, improvement
in their degradation rate, and to a lesser extent flexibility
and viscosity will all need to be addressed before the use
of these materials becomes commonplace and they gain
full regulatory approval for the majority of surgical proce-
dures.

2. Other Synthetic Medical Adhesives

a. Polyurethane Adhesives

A polyurethane is formed by the addition polymerization
reaction of a diisocyanate and an oligomeric diol to form
a series of urethane bonds. If both ends of the prepolymer
that is formed are isocyanate functionalized, then the pre-
polymer will rapidly undergo gel formation in contact with
water or moist tissue. Such a prepolymer may be suitable
to act as a tissue adhesive, providing that the gel itself and
the products of biodegradation are nontoxic.

Polyurethane prepolymer was first applied to tissue
bonding in the late 1950s (123), and polyurethane adhe-
sives were first used for repairing bone fractures (124,125).
The adhesive, Ostamer, consisted of a prepolymer and an
accelerator that were mixed prior to use. Curing occurred
in an unacceptable time of 25 to 30 minutes, and maximum
strength was not obtained for 1 to 2 days. The mechanisms
of adhesion of polyurethane to living tissue have not been
fully investigated.

It is possible to synthesize oligomeric diols that are
readily biodegradable that can be built into a polyurethane
adhesive. As an example, Kobayashi et al. (126) synthe-
sized a copolymer of 
-caprolactone and d,l-lactide
(P(CL-co-LA)) using ethylene glycol or poly(ethylene gly-
col) as an initiator to obtain hydroxyl terminated biode-
gradable polyesters. This reaction was carried out at 140°C
under 1 � 10�3 mm Hg for six hours. These polyesters
were allowed to react with an excess of diisocyanate such
as hexamethylene diisocyanate (HMDI), tolylene diisocya-
nate (TDI), or diphenylmethane diisocyanate (MDI) in or-
der to produce polyesters with terminal isocyanate func-
tionalities. These materials were water curable, and their
synthesis is shown in Fig. 22. Various formulations were
prepared and evaluated in terms of set time, mechanical
properties, and in vitro and in vivo performance (126). The
set times were found to be greatly dependent on the com-
position of the polyesters and the nature of the isocyanate.
More hydrophilic systems, such as those containing more
polyethylene glycol, tended to cure more rapidly, as did
those possessing the more reactive isocyanate groups of
MDI. The in vivo degradation rate was almost the same as,
or slightly more enhanced than, the in vitro degradation
rate, with some adverse tissue responses being observed.
In summary, although it was concluded that the incorpora-
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Figure 26.22 Synthesis of biodegradable polyurethanes.

tion of hydrophilic units was essential for high curing and
degradation rates, because of the adverse tissue responses
observed, further improvements to the prepolymers are nec-
essary if these adhesives are to be used widely in surgery.

b. Gelatin–Resorcinol–Formaldehyde
(GRF) Adhesives

Certain aqueous polymer solutions are capable of setting
through gel formation in a few minutes when a cross-link-
ing agent is added to the solution. Gelatin is an excellent
example of such a polymer that is also bioresorbable. The
use of cross-linked gelatin as a tissue adhesive was first
reported in 1966 (127). A gelatin–resorcinol mixture cross-
linked with a combination of formaldehyde (GRF) and also
glutaraldehyde (GRFG) was also reported to give satisfac-
tory bond strengths in hepatic and renal tissues (128).

In 1968, Cooper and Falb studied gelatin cross-linked
with formaldehyde as a potential tissue adhesive (129).

They also added resorcinol to the gelatin–formaldehyde
mixtures in order to improve the bond strengths. Formalde-
hyde is able to condense with resorcinol to give a three-
dimensional cross-linked resin. Possible mechanisms for
the curing of gelatin–resorcinol–formaldehyde adhesive
are shown in Fig. 23 (130).

This polymerized gelatin chemical glue contains no
blood components and, outside the U.S., is a commercially
available product. The glue consists of gelatin, resorcinol,
and distilled water that is supplied in a sterile tube (usually
sterilized by ethylene oxide) that is warmed to 45°C prior
to use and applied to the operative site; a small volume of
formaldehyde (glutaraldehyde can be substituted for for-
maldehyde) is then added to polymerize the adhesive.

Gelatin–resorcinol–formaldehyde glue was used to
treat aortic dissections for the first time in the late 1970s
(131). Although no toxicity problems were observed at the
time, because of the presence of formaldehyde, questions
have always remained about possible toxic and carcino-
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Figure 26.23 Possible mechanisms for the curing of gelatin–resorcinol–formaldehyde adhesives.

genic effects (132). Even if all the formaldehyde mole-
cules are consumed in the condensation reactions with gel-
atin and resorcinol, formaldehyde will still be released
from the cured adhesive when the gelatin undergoes enzy-
matic degradation. These concerns have limited its accep-
tance.

These adhesives bond well even to moist surfaces and
have the advantage that they undergo a moderate degrada-
tion rate. The curing profile of these adhesives can be al-
tered by careful adjustment of the ratios of the components
used. However, the formaldehyde released can be respon-
sible for the considerable inflammatory response, which,
for a GRF adhesive, would interfere significantly with the
healing process of the surrounding tissues. This echoes the
primary concern with cyanoacrylate tissue bonding adhe-
sives, which is their ability to liberate toxic formaldehyde
on degradation.

Concerns about carcinogenicity of formaldehyde have
prompted the development of gelatin–resorcinol–formal-
dehyde tissue glues that do not contain the formaldehyde
component, this being replaced with both glutaraldehyde
and glyoxal (133). These adaptations are not possible for
cyanoacrylates.

A modification of GRF glue, so-called GR-DIAL glue
has also been developed to reduce the toxicity of GRF by
removing the formaldehyde component and replacing it
with two less toxic aldehydes, pentane-1,5-dial and
ethanedial (134). This type of adhesive is commercially
available from Fehling Medical AG under the trademark
Gluetiss.

3. Emerging Technologies

a. Bioabsorbable Synthetic Hydrogels
as Surgical Sealants

To address the medical need for a biocompatible sealant for
use in surgery a bioabsorbable hydrogel has been developed.
Hydrogel-based adhesives have several potential advantages
over cyanoacrylates such as a faster rate of degradation and
the ability to act as space-filling adhesives. One such adhe-
sive system is FocalSeal (trademark of Focal Inc.).

The hydrogel is formed by photopolymerization of
water-soluble macromers. Poly(ethylene glycol) (PEG) is
linked on both ends to hydrolyzable units, trimethylene
carbonate (TMC) or lactate (LA) oligomeric segments, and
end-capped with polymerizable acrylate groups (AA). In
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one embodiment, the hydrogel is polymerized in situ using
two parts, a primer and a sealant, as a laminate forming a
highly adherent coating of any desired thickness on tissue.
The laminate provides both the bonding to the tissue
(primer layer) and the desired mechanical properties (the
sealant layer).

The materials are applied to the tissue in aqueous solu-
tion formulations. The primer solution is first brushed onto
the tissue, and then the sealant is mixed with the primer
using the brush to provide a transition layer between the
primer and sealant layers. The final thicker sealant layer
is then flowed over the application area and the laminate
is photopolymerized. The primer and sealant macromers
are shown in Fig. 24, and the synthesis of these macromers
has been described (135) and is shown in Fig. 25.

Typically, photopolymerization is accomplished by for-
mulating the macromers in buffered saline solutions con-
taining triethanolamine and eosin Y as the photoinitiator.
Visible light illumination from a xenon arc lamp (470–520
nm) at an intensity of 100 mW cm�2 is used for 40 seconds
to initiate the polymerization (136). The general concern
of heat related tissue necrosis is minimized in that the for-
mulation contains a high proportion (�80%) of water.

Once implanted, the hydrogel breaks down by hydroly-
sis, releasing biocompatible components, as shown in the
mechanism, that are metabolized or cleared by the kidneys.
Tissue healing has been shown to occur unimpeded in the
presence of the sealant.

Burst strengths have been measured for Focal Seal at
377 � 98 mm Hg and compared to fibrin sealants at 23 �
17 mm Hg. The degradation of the sealant has been mea-

Figure 26.24 Primer and sealant macromers used in photopoly-
merizable adhesive.

Figure 26.25 Synthesis of poly(ethylene glycol)-co-poly(d,l-
lactide) diacrylate photopolymerizable monomer.

sured at various temperatures. At 67°C there is 100% mass
loss after 40 days.

C. Biological Adhesives

1. Fibrin Tissue Adhesives

The majority of biological glues are essentially protein ad-
hesives composed mainly of fibrin generated from fibrin-
ogen activated by thrombin. These glues were first used in
cerebral surgery by Grey (137) in 1915, though the hemo-
static properties of these materials had already been re-
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ported in 1909 (138). Although the biochemical process
of fibrin polymerization and cross-linking is well docu-
mented, studies in the mechanism of how these biological
adhesives actually bond to various tissues are not as widely
discussed.

a. General Introduction to Fibrin as a Biomaterial

Fibrin glues, or adhesives, have been used extensively in
Europe since 1978 for joining tissue in many surgical pro-
cedures through products sold under trademarks such as
Tissucol, Biocol, and Beriplast. Many of the concerns sur-
rounding fibrin products center on the possibilities of viral
transmission. All such products are therefore subjected to
rigorous screening procedures, and companies have to go
to great lengths to ensure that the risk of viral transmission
is minimal. This potential problem is also being addressed
by the use of fully recombinant materials that eliminate the
use of, for example, pooled human blood products. These
issues relating to their safety and efficacy had until recently
prevented the U.S. Food and Drug Administration from
approving fibrin adhesives (139). However, during 1998
approval was given to a human pooled plasma derived
sealant manufactured by Immuno AG and sold under the
trademark Tisseel. Tisseel has now been cleared for use in
indications such as to control bleeding during heart bypass
surgery, colon surgery, and traumatic spleen surgery, all
situations that could involve hemorrhage originating from
difficult-to-seal blood vessels. The product is marketed in
the U.S. under the trademark Hemaseel. These biodegrad-
able and biocompatible materials therefore realize three
major clinical goals: reducing hemorrhage, increasing tis-
sue adherance, and allowing the delivery of drugs and bio-
logics, which has resulted in a current worldwide market
for fibrin sealants worth in excess of US$300 million.

b. Components of Fibrin Tissue Adhesives and
Methods of Manufacture

Fibrin adhesives are made from a number of components
produced from pooled human plasma that enable the adhe-
sive to mimic the final stages of blood clotting. The main
constituents are fibrinogen, factor XIII, and thrombin,
which are typically supplied as two components and then
mixed in the presence of calcium ions. Component 1 typi-
cally contains concentrates of fibrinogen, factor XIII, and
an antifibrinolytic agent, such as aprotinin or in a few cases
tranexamic acid, with component 2 containing thrombin
and calcium chloride solution. Table 13 outlines a typical
formulation of a fibrin sealant product (140).

Fibrinogen. Fibrinogen is the polymeric precursor to
fibrin monomer with a molecular weight of about 330,000
(141). The main source of fibrinogen is pooled plasma of

Table 26.13 Typical Components of a Fibrin Sealant

Component Concentration Origin

Fibrinogen 80–120 g/L Human plasma
(clottable)

Factor XIII 10–30 IU/mL Human plasma or human
placenta

Fibronectin 5–20 g/L Human plasma
(antigen)

Thrombin 300–600 NIH-U/mL Human plasma or bovine
(activity) plasma

Aprotinin 3000 KIU/mL Bovine lung
Calcium 40–60 mM Inorganic

chloride

human origin from screened volunteers or plasma from an
autologous source. Blood is centrifuged to separate plasma
from cellular components and frozen at �80°C for 24
hours, after which the plasma is thawed and centrifuged.
The cryoprecipitate is concentrated in fibrinogen, which
may be used immediately or stored under the appropriate
conditions (142). Risks associated with possible viral
transmission when using large-pool fibrinogen may be
overcome using autologous sources (143–145), although
this option is not always practical. The strength of fibrin
glues is largely determined by the concentration of fibrin-
ogen in component 1 of the adhesive (146).

Thrombin. Thrombin is an enzyme that acts to gener-
ate fibrin monomer in the initial stages of the clotting pro-
cess. Until recently, commercial fibrin adhesives used
thrombin of bovine origin, but human derived thrombin is
now the preferred source, which, if virally inactivated, will
prevent possible transmission of infectious agents (140).
The concentration of thrombin in the formulation affects
the speed of clotting, with increased concentrations giving
reduced clotting times (147).

Factor XIII. Factor XIII is a cross-linking agent that,
when activated by thrombin and calcium ions to factor
XIIIa, catalyzes cross-linking of the fibrin polymer. This
hardens the clot and thereby increases its mechanical
strength and reduces susceptibility to proteolytic degrada-
tion by plasmin (148).

Fibrinolytic Inhibitors. Most fibrin adhesive compo-
sitions contain a fibrinolytic inhibitor that acts to stabilize
the fibrin clot against degradation by naturally occurring
proteolytic enzymes (140). Typically, an extract from bo-
vine lung called aprotinin is used, although other agents
such as tranexamic acid or aminocaproic acid have been
used (149). Studies have shown that tranexamic acid de-
creases early fibrin digestion, while aprotinin is more ef-
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Figure 26.26 Mechanistic cascade of fibrin tissue adhesive
clotting and degradation.

fective over longer time periods by increasing fibrin recov-
ery (150).

c. Mechanism of Action

Fibrin adhesives mimic the final step of the physiological
coagulation cascade (Fig. 26). Thrombin acts proteolyti-
cally to cleave fibrinopeptide A and B from fibrinogen to
produce fibrin monomer, which then polymerizes by hy-
drogen bonding and electrostatic reactions to form and un-
stable, soft clot. Thrombin also activates factor XIII to
XIIIa in the presence of calcium ions, which catalyzes the
cross-linking of the fibrin through the formation of amide
links between glutamine and lysine residues in a variety
of proteins (147,148,151). The cross-linking reaction stabi-
lizes the clot as well as increasing clot resistance to proteo-
lytic degradation by plasmin (152). Cross-linking between
fibrin and adhesive glycoproteins (collagen, fibronectin,
von Willebrand factor) as well as cellular glycoproteins
anchors the clot to the site of the injury (140,148).

Clotting time is dependent on the concentration of both
fibrinogen and thrombin (153). Figure 27 shows that the
gelation rate is inversely proportional to the concentration
of thrombin at a fixed level of fibrinogen. The dependency
on fibrinogen concentration is more complex, showing a
biphasic relationship at constant thrombin concentration
(Fig. 28). Studies have also shown the strong influence of
ionic strength and pH on clotting time (153).

d. Mechanical and Adhesive Properties

Fibrin sealants have typically been used for hemostasis in
surgical applications, but their use as tissue joining agents

Figure 26.27 Clotting time (CT) of 2 mg/mL pure fibrinogen
induced by various levels of thrombin or reptilase. (Reprinted
from Ref. 153 with permission from Technomic Publishing Co.
Inc., copyright 1996.)

Figure 26.28 Clotting time of various concentrations of fibrin-
ogen induced by 1 U/mL thrombin (with and without 2.5 mM
Ca2�). (Reprinted from Ref. 153 with permission from Tech-
nomic Publishing Co. Inc., copyright 1996.)

is a relatively new application. Within this area, other tech-
niques, such as staples and soldering, provide alternative
solutions. Therefore we must consider both the mechanical
and the adhesive properties when characterizing fibrin ad-
hesives.

The tensile strength of fibrin tissue adhesive is in-
creased with increasing thrombin concentration and also
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Table 26.14 Mean Tensile Strength of Wound Closures
Using Male Sprague–Dawley Rats

Tensile strength
(g/cm2)

Technique Day 0 Day 4

Staples — 530
Fibrin sealant (thrombin activated 99 733

cryoprecipitate)
Laser-activated cryoprecipitate 570 779
Laser-activated multicomponent 482 668

solder

increases proportionally with fibrinogen concentration
(149,154). When compared to other techniques, such as
soldering, fibrin glues suffer from low initial mechanical
strength, but after several days the strengths are compara-
ble (155) (Table 14). The internal breaking strength of fi-
brin adhesives has also been shown to increase linearly
with fibrinogen concentration at constant thrombin (5 U/
ml) and Ca2� (10 mM) levels (153) (Fig. 29). In the ab-
sence of Ca2�, the breaking strengths were reported to be
significantly lower, illustrating the importance of Ca ions
in factor XIII–induced cross-linking. Trends have been
identified between the breaking strength and the pH/ionic
strength. The strength of the adhesive increases in relation
to both parameters until a plateau is reached at 0.1 M and
pH 7.4. This indicates that the fibrin adhesives have their
highest strength at physiological pH.

Assessment of restored tissue has shown that cryopre-
cipitated fibrinogen concentrates compare favorably with
suturing (156). Over a period of 90 days, wound closures
on Wistar rats using sutures and a fibrin sealant were com-

Table 26.15 Tensile Data Comparing Fibrin Adhesive, Sutured, and Nonincised Sealing

Retrieval (days)

Sample 4 7 14 28 60 90

Tensile break force to failure (kg/cm2)
Control 13.65 14.71 13.96 14.44 16.17 13.92
Suture 0.104 0.386 0.738 2.770 8.649 8.763
Fibrin 0.089 0.461 0.949 3.306 9.292 14.56
Tensile modulus to failure (kg/cm2)
Control — 73.40 65.12 68.01 80.89 81.73
Suture 1.267 1.471 3.759 12.46 39.49 44.49
Fibrin 1.422 1.760 4.421 15.07 45.76 77.44
Tensile elongation to failure (% (cm/cm � 100))
Control — 149.3 177.1 149.2 136.1 124.5
Suture — 33.2 50.6 72.5 98.5 94.0
Fibrin — 52.3 42.4 68.7 86.8 113.0

Figure 26.29 Breaking strength (g to break a 0.4 cm2 cross sec-
tion) of fibrin adhesive at varying fibrinogen concentrations. (Re-
printed from Ref. 153 with permission from Technomic Publish-
ing Co. Inc., copyright 1996.)

pared to a nonincised control. The results show that tensile
break strength, tensile modulus, and tensile elongation for
fibrin healed wounds provided almost 100% restoration of
the biomechanical integrity of the control (Table 15).

e. Fibrin Adhesives as Delivery Vehicles

Fibrin tissue adhesives also find use as matrixes for the
controlled delivery of drugs and biologics. Fibrin acts as
an excellent carrier due to its hemostatic properties, natural
biocompatibility, and ability to break down as part of the
body’s healing process.
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One of the first delivery matrix applications of fibrin
sealants was for antibiotics (157–159). While the fibrin
clot forms during bonding, a suitable medium for microbial
growth is also formed. Therefore the controlled release of
antibiotics from the glue provides a local antimicrobial ef-
fect during wound healing (160). Requirements for the de-
livery of antibiotics must include biodegradability under
physiological conditions and ensure that the delivery ma-
trix remains at the site of application. Several examples
exist of the successful delivery of antibiotics (160), as ei-
ther a solution or a solid dispersed within the matrix, in-
cluding tetracycline (161), ampicillin, carbenicillin, genta-
mycin, and dibekacin. Some antibiotics, however, were
found either to increase the clotting time or to reduce the
strength of the resultant fibrin clot (149). Other issues sur-
round the small loadings of antibiotic that may be incorpo-
rated into the matrix and also the relatively fast rate at
which they are delivered. This rate may be controlled to
some degree by the use of insoluble forms of antibiotic.

Fibrin has also been used for the delivery of chemother-
apeutic agents (157,162), osteoinducers (163), and various
growth factors (157).

f. Clinical Applications of Fibrin Adhesives

Fibrin adhesives have found use in many surgical applica-
tions due to their ability to join tissue, their hemostatic
properties, and their ability to act as a barrier to fluid. De-
livery of these adhesives to the wound site can be achieved
by a dual syringe system, spray technique (164) or endo-
scopically (165). In reconstructive and aesthetic surgery,
fibrin glues have been shown to give high success rates
for skin graft take (166). For difficult wound sites, such as
on the neck, shoulder, buttocks, and back, the use of fibrin
glue to improve early adherence of skin grafts has reduced
the amount of postoperative care (149,167–169).

Other indications for fibrin tissue adhesives include oto-
laryngology (140,170), nerve repair (171), cardiovascular
surgery (140,172), thoracic surgery, opthalmology, den-
tistry (173), and general traumatology.

2. Protein Adhesives

The interest in synthetic adhesives, and the realization of
their associated problems, has prompted scientists to look
at how nature uses adhesion to perform various functions.
For example, in order to develop even better adhesives,
chemists have been looking at how common mussels ad-
here to objects underwater. None of the currently available
commercial glues even come close to the incredible stick-
ing power of the natural ‘‘glue’’ used by many molluscs.

There are many other adhesives found in nature, many of
which rely on the action of proteins on specific substrates.

a. Mussel Adhesive Proteins

Marine organisms including mussels and barnacles are ca-
pable of producing remarkable moisture-resistant adhe-
sives. Since these function in moist environments, often
underwater, they are potentially useful as medical adhe-
sives.

The byssus threads of a mussel will hold it strongly to
rocks, the hulls of ships, wood, or plant life. The adhesives
are even more remarkable in that they function perfectly
well over a wide range of temperatures and in fluctuating
salinities despite the rigors of waves, tides, and currents
in all marine environments.

In order for chemists to mimic the action of naturally
occurring adhesives, they must first understand how ma-
rine organisms such as the mussel make their bonds. By
placing its foot very close to a surface and expelling all
the water and creating a partial vacuum it pumps liquid
protein into the area through special glands in its foot. This
liquid immediately forms a sticky foam and then numerous
tiny threads of protein form within the foam. This is very
similar to the silk threads formed by spiders and silk-
worms. It consists of highly insoluble polymeric fibers,
much of which is keratin-like (the same protein which
makes our fingernails and horses’ hooves). Numerous de-
tailed reviews have been published on marine bioadhe-
sives, most notably those of Waite (174,175).

Scientists in laboratories all over the world have had
limited success in making adhesives to match the perfor-
mance and characteristics of the mussel’s byssus threads.
BioPolymers Inc. markets a glue based on mussel derived
proteins under the trademark Cell-Tak, which was
launched in 1986. This adhesive is used by scientists to
attach submerged cells to the surface of tissue culture
dishes. Another company, Gentex, has cloned the mussel
gene that codes for the preliminary proteins that make bys-
sus. They have been able to insert this gene into yeast cells,
which are then able to produce small batches of the protein
resin. They hope to make an adhesive that can be used
instead of sutures, and that can even reunite severed
nerves.

While this substance might make an excellent adhesive
for use in wet environments, isolation of the uncured adhe-
sive from mussels for commercial use is not practical since
the extraction of 1 kg of the adhesive substance would re-
quire the use of 5 to 10 million mussels. A totally synthetic
alternative would be a more realistic proposal.

Much of the initial work, however, in this area did con-
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centrate on harvesting the polyphenolic proteins from com-
mon mussels, Mytilus edulis, and purifying and stabilizing
these by isolating the high molecular weight fractions of
acid-soluble extracts. These proteins are digested in trypsin
to yield a specific decapeptide sequence. These decapep-
tides are then used as building blocks to make larger poly-
phenolic molecules possessing the adhesive capabilities of
the native bioadhesive protein comprising about 1 to 1000
decapeptide repeating units using amino acid, oligopep-
tide, or other bifunctional spacers. Methods for purifying
this protein and its uses have been published in U.S. pat-
ents (176–180).

The natural protein itself is rich in proline/hydroxypro-
line, serine, threonine, lysine, tyrosine/3,4-dihydroxyphe-
nylalanine (DOPA), and alanine, a composition that suits
the protein for interaction with biological surfaces, as
shown in Table 16 (181).

The natural adhesive can be mimicked by focusing on
the ten-acid sequence. This decapeptide is repeated many
times in the long chain polypeptide and is one of the keys
to the adhesive characteristics of these materials. In addi-
tion to the decapeptide sequence, other significant features
identified include the presence of lysine and tyrosine or
DOPA residues, which provide the essential cross-linking
sites. Furthermore, there is an unusually frequent appear-
ance of proline or hydroxyproline residues and an essen-
tially complete absence of glycine residues, i.e., the deca-
peptide sequence is not typical of connective tissue
proteins such as collagens.

Mytilus edulis, which has perhaps received the most at-
tention, is not the only marine organism that has evolved
an elaborate mechanism for adhering itself to surfaces. The
Atlantic mussel, Geukensia (Modiolus) demissa, also pos-
sesses an ability to bond in a marine environment. Its pro-
teinaceous adhesive is distinct from that of the common
mussel. The Atlantic ribbed mussel adhesive has glycine
as one of its most abundant amino acid residues, similar
to collagen (though not as plentiful), and one of the novel
sequences in this adhesive is based upon a tripeptide frag-

Table 26.16 Potential Adhesive Interactions of Frequently
Occurring Amino Acids in Mytilus edulis Adhesive Protein

Amino acid Chemical bond

Serine Hydrogen
Threonine Hydrogen
Lysine Ionic
Tyrosine Hydrogen
Hydroxyproline Hydrogen
DOPA Metal complex formation

ment that occurs with great frequency in the natural adhe-
sive. Other novel peptide sequences include octapeptide
and nonapeptides that contain the characteristic tripeptide
‘‘tail.’’ The tripeptide is GLY-DOP-LYS, where GLY is
glycine, DOP is dihydroxyphenylalanine, and LYS is ly-
sine. These specific sequences are covered in a U.S. patent
(182).

b. Synthetic Analogues of Protein Adhesives

The direct chemical synthesis in the laboratory of a poly-
peptide identical to those found in mussels represents a
huge challenge. Already, analogues of the marine mussel
extract have been formed using recombinant technology
as disclosed in U.S. patents (183,184).

Synthetic polymers (branch copolymers) have been pre-
pared with a free-amine-rich backbone onto which were
grafted variations of the natural decapeptide. These com-
pounds are the subject of a patent by BioPolymers Inc.
(185). A formulation based on polyphenolic proteins ex-
tracted from the marine mussel has already entered the
market under the trademark Cell-Tak. Cell-Tak has been
tested on cartilage surfaces and was found to be of very
low adhesive strength (186).

In order to produce large quantities of mussel adhesive
proteins for studying mechanisms and developing materi-
als for medical applications, microbial systems have been
developed (Genex Corporation) to produce the protein
(187). The expression system was based on yeast but con-
tains neither DOPA nor hydroxyproline residues. DOPA
residues are unusual in proteins, and it has been suggested
that these are crucial for moisture-resistant adhesion to sur-
faces and for cross-linking to build cohesive strength.
Studies with genetically engineered protein support this
and show that cross-linking and moisture-resistant adhe-
sion require the presence of the reactive, oxidized form of
DOPA, namely quinone. The DOPA adhesive proteins are
stable in an acidic solution or as lyophilized powders. The
DOPA protein is the preadhesive form of the protein. The
adhesive properties are generated when the DOPA residues
are oxidized to quinone. In order to achieve moisture-resis-
tant adhesion, there is a need for tyrosine to be hydroxyl-
ated. The sequence in Fig. 30 shows the posttranslational
modification of tyrosine residues in the Mytilus edulis pro-
tein (181). This reaction can be catalyzed by tyrosinases
derived from mushrooms and bacteria.

Adherence of the engineered mussel protein in an aque-
ous environment to various substrates including polysty-
rene, glass, hydrogel, and collagen has been tested. In each
case activation to the quinone form of the protein was re-
quired for good surface adhesion. The cohesive strength
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Figure 26.30 Posttranslational modifications of tyrosine resi-
dues in the Mytilus edulis adhesive protein.

of the engineered adhesive protein depends upon intermo-
lecular cross-linking, which requires formation of quinone
residues. The nature of the chemical bond involved in the
cross-linking has yet to be determined.

It has also been found that the stereochemistry of the
decapeptide oligomer is not essential to the adhesive be-
havior of the protein; the protein need only contain a cer-
tain amount of DOPA rather than the entire decapeptide
sequence.

A synthetic approach has recently been adopted by
Deming and Yu (188), who tested the premise that func-
tionality, and not amino acid sequence, was the only fea-
ture necessary for moisture-resistant adhesion. Using the
known composition of the natural adhesive proteins, se-
quentially random copolypeptides through copolymeriza-
tion of a few select α-amino acid N-carboxyanhydrides
(NCAs) were prepared. NCAs are readily prepared from

Figure 26.31 Preparation of lysine • HBr/DOPA copolymer.

amino acids by phosgenation and can be polymerized into
high molecular weight polypeptides via successive ring-
opening addition reactions that liberate carbon dioxide.
The resulting copolymers were oxidized under a variety of
conditions, and the effect of the oxidant on both cross-
linking and adhesive capabilities was evaluated.

Simple copolypeptides of l-lysine and DOPA con-
taining different compositions of the two monomers were
prepared as shown in Fig. 31. l-Lysine was chosen as the
other major component since (1) it is present in large quan-
tities in marine adhesive proteins, (2) it is thought to be
involved in protein cross-linking reactions, and (3) it
should provide good water solubility to the copolymers
when the side chain is ionized.

Many factors affect the bond strength in these synthetic
systems including copolymer ratio, cure time, temperature,
oxidant, and substrate. This system uses inexpensive oxi-
dizing materials, and there is a route defined to produce a
supply of adhesive polymers. Through adjustment of the
copolymer composition, molecular weight, or curing con-
ditions, the adhesive properties of these synthetic copoly-
peptides can, it is claimed, be tuned for specific applica-
tions (188).

Typical bond strengths for these materials have been
measured (188) on steel, aluminum, glass, poly(methyl
methacrylate), polystyrene, and poly(ethylene). The tensile
strengths range from 2–4 MPa for the steel, aluminum, and
glass substrates; the synthetic polymers were considerably
less. These results, representing a totally synthetic ap-
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Table 26.17 Characteristics of Currently Available
Tissue Adhesives

Fibrin glue Cyanoacrylate GRF

Handling Excellenta Poorb Poor
Set time Medium Short Medium
Tissue bonding Poor Good Excellent
Pliability Excellent Poor Poor
Toxicity Lowc Mediumd High
Resorbability Good Poor Poor
Cell infiltration Excellent Poor Poor

a Spray type.
b Low viscous type.
c Not autologous.
d Long alkyl chains.
Source: Ref. 130.

proach, compare favorably with natural precursor protein.
Natural adhesive precursor protein has been extracted from
the blue mussel Mytilus edulis, which has the sequence
Ala-Lys-Pro/Hyp-Ser-Tyr/DOPA-Hyp-Hyp-Thr-DOPA-
Lys. A polydecapeptide having the sequence of the adhe-
sive Mytilus edulis (Mw ca. 140,000) was reported to give
a tensile strength of 2.75 MPa when cured in water on steel
(189).

More recently, Deming has published experimental data
showing that the adhesion and cross-linking chemistry of
mussel adhesive model polymers is due primarily to the
DOPA residues in the materials (190). The studies con-
cluded that the catechol functionality is primarily respon-
sible for moisture-resistant adhesion, and the oxidized o-
quinone functionality is mainly responsible for cross-
linking.

A new generation of biocompatible adhesive materials
could soon be developed with the potential to become key
components in surgical procedures. Opportunities lie in
identifying novel peptide sequences that can be syntheti-
cally engineered to produce a strong adhesive. Initial re-
sults by key groups indicate that these characteristics are
being investigated and optimized.

D. Tissue Adhesive Summary

The general properties of currently available tissue adhe-
sives are summarized in Table 17 (130). Each adhesive
type has characteristics making it suitable for specific ap-
plications. For example, cyanoacrylates give excellent
bond strengths (186) (Table 18), and fibrin is rapidly re-
sorbed. These relative benefits and side effects are associ-
ated with the use of all tissue adhesives, which are summa-
rized in Table 19 (191).

Table 26.18 Mean Bond Strengths Between Different Tissue
Types for Butt Joints

Bone strength (MPa)

Cartilage Bone Skin

n-Butyl-2-cyanoacrylate 1.0 1.4 1.2
GRF 0.15 0.20 0.07
Fibrin 0.0049 0.011 0.019

Source: Ref. 186.

IV. CONCLUSIONS

The increasing understanding of wound management has
largely been responsible for the development and formula-
tion of polymers for PSAs that can facilitate the wound
healing process. Highly moisture vapor permeable adhe-
sives enable dressings to control wound exudate more ef-
fectively, the management of trauma has seen advances
made in ‘‘smart’’ PSAs that can change adhesive proper-
ties by use of external stimuli, and the controlled delivery
of active ingredients using transdermal delivery systems
have all required novel PSAs to further this technology.

There are still shortcomings in the currently available
tissue adhesives, and their widespread acceptance has been
inhibited by the often demanding requirements of many
clinical procedures. An ideal tissue adhesive should cure
rapidly in situ, form strong bonds to a variety of tissue
types, and ultimately be degraded to yield safe, nontoxic
by-products. Cyanoacrylates have been used in surgery,
but the cured polymers release formaldehyde on biodegra-
dation, which is believed to be responsible for toxicity to-

Table 26.19 Relative Benefits/Side Effects of Current
Tissue Adhesives

Property Ranking

Adhesive power Cyanoacrylate � GRF glue �
Fibrin sealant

Tensile strength Cyanoacrylate � GRF glue �
Fibrin sealant

Flexibility Fibrin sealant � GRF glue � Cya-
noacrylate

Thrombogenicity Cyanoacrylate � GRF glue �
Fibrin sealant

Resorption rate Fibrin sealant (10 days) � GRF
glue (6 weeks) � Cyanoacrylate
(12 months)

Chronic inflammation and Cyanoacrylate � GRF glue �
stimulation of fibrosis Fibrin sealant

Source: Ref. 190.
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wards tissue. Butyl-2-cyanoacrylate is now being used as
a safe cyanoacrylate for skin closure, although it is always
stressed that the monomer should not be allowed to pene-
trate below the level of the skin. Fibrin has been more
widely used in surgery than cyanoacrylates, not only as an
adhesive but also as a hemostatic agent and surgical seal-
ant, although fibrin only produces very weak adhesive
bonds.

Significant developments have therefore been made in
the area of medical adhesives over the last 20 years. Al-
though PSA technology is well established, there have
been many advances that have expanded their potential be-
yond a simple method of fixation. Research into tissue ad-
hesives, however, has yet to identify the ideal surgical ad-
hesive, although several candidate materials show promise
and are currently under development.
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I. INTRODUCTION

A. Hydrogels

Hydrogels are three-dimensional networks of hydrophilic
polymers that can absorb large amounts of water (usually
more than 20% of the total weight) but remain insoluble
(1–7). Three-dimensional networks are usually formed by
chemical or physical cross-linking of hydrophilic polymer
chains. In chemical gels, polymer chains are connected by
covalent bonds, and thus it is difficult to change the shape
of chemical gels. On the other hand, polymer chains of
physical gels are connected through noncovalent bonds,
such as van der Waals interactions, ionic interactions, hy-
drogen bonding, hydrophobic interactions, traces of crys-
tallinity, and multiple helices. Since these bonds are re-
versible, physical gels possess sol–gel reversibility. The
key characteristic property of hydrogels is the reversible
swelling/deswelling in aqueous solution. The hydrogels
swell in aqueous solution because hydrophilic polymer
chains of the cross-linked network try to dissolve in water.
Upon absorption of water (or swelling), the glassy polymer
network becomes elastic. The extent of swelling is deter-
mined by the nature of polymer chains and cross-linking
density. The extent of swelling is quantified by the ratio
of the volume (or weight) of the swollen hydrogel (Vs ) to
the volume (or weight) of the dried hydrogel (Vd). Thus
the swelling ratio (Q) is defined as Vs/Vd.
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B. Environment-Sensitive Hydrogels

All hydrogels have the same fundamental property of
swelling in the presence of water and deswelling (or
shrinking) in the absence of water. Some hydrogels have
additional properties, such as swelling or shrinking, in re-
sponse to changes in environmental conditions. The pres-
ence of thermodynamically active functional groups on
polymer chains makes the hydrogels sensitive to certain
stimulants, or environmental factors (8). These hydrogels
with additional functions are collectively called ‘‘environ-
ment-sensitive’’ hydrogels or ‘‘stimuli-responsive’’ hy-
drogels. Compared with ordinary hydrogels without such
additional properties, environment-sensitive hydrogels are
more advanced, and for this reason they are also called
‘‘smart’’ or ‘‘intelligent’’ hydrogels. One of the unique
properties of these types of hydrogels is that they change
their swelling ratio rather abruptly upon small changes in
environmental factors. This abrupt volume change is
known as volume transition. If the volume transition oc-
curs to make the volume smaller, it is called ‘‘volume col-
lapse.’’ The volume transition of smart hydrogels can oc-
cur by only a small change in environmental conditions,
such as pH, temperature, ionic strength, electric field, mag-
netic field, ultrasound, solvents, electrolytes, external
stress, light, pressure, specific molecules, or enzymes (8–
12). It is this unique property of smart hydrogels that
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makes them useful in various areas, such as pharmaceuti-
cal, biomedical, and biotechnological applications.

1. pH-Sensitive Hydrogels

Of the many smart hydrogels, pH-sensitive hydrogels have
been most frequently used in glucose-sensitive insulin re-
lease devices. pH-sensitive hydrogels are cross-linked
polyelectrolytes (i.e., polymers with a large number of ion-
izable groups) that display big differences in swelling
properties depending on the pH of the environment. When
a polymer becomes charged, its hydrogel swells substan-
tially more than at the neutral state. Figure 1 shows exam-
ples of pH-sensitive polymers. Hydrogels made of polyani-
ons, such as poly(acrylic acid) (PAA), swell less as pH
becomes lower due to the loss of charges. On the other
hand, polycations, such as poly(N,N′-diethylaminoethyl
methacrylate) (PDAEM) swell substantially more at lower
pH due to the generation of charges on the polymer chains.
Both types of polyelectrolyte hydrogels have been used for
preparing glucose-sensitive hydrogels.

2. Glucose-Sensitive Hydrogels

Some of the environment-sensitive hydrogels are glucose-
sensitive hydrogels that can be used for glucose sensing
and modulated (or self-regulating) insulin delivery. The
glucose-sensitive hydrogels undergo changes in the swell-
ing ratio or changes in physical states (i.e., sol and gel) in
response to small changes in the glucose concentration in
the environment (13). Development of glucose-sensitive
hydrogels is critical in the development of self-regulating

Figure 27.1 pH-dependent ionization of polyelectrolytes. Poly
(acrylic acid) becomes ionized at high pH, while poly(N,N′-dieth-
ylaminoethyl methacrylate) becomes ionized at low pH. Ionized
hydrogels swell more due to the presence of charges.

insulin delivery systems. Unlike other controlled release
drug delivery systems, the insulin delivery systems require
monitoring of glucose levels and the release of insulin just
enough to reduce the elevated blood glucose level. Since
the amount of insulin to be delivered will be different each
time and depend on the glucose level, this type of self-
regulating insulin delivery system presents the ultimate
challenge in controlled drug delivery technologies. This
chapter reviews various glucose-sensitive hydrogels that
have been developed for glucose sensing and self-regu-
lated insulin delivery.

II. GLUCOSE-SENSITIVE HYDROGELS
FOR SELF-REGULATED INSULIN
DELIVERY

Conventional methods of controlled drug delivery are
mainly based on diffusion at a certain rate through polymer
membranes or matrices. This mode of drug delivery results
in relatively constant drug levels in blood, but it may not
be suitable for insulin delivery. For management of diabe-
tes, the level of insulin delivery has to be adjusted de-
pending on the blood glucose level. Daily injections of in-
sulin are known to be inadequate for maintaining normal
blood glucose levels and preventing long-term complica-
tions of diabetes, and this increases demands for self-regu-
lated insulin delivery systems. Since insulin release has to
be in harmony with increase in the blood glucose level, the
most desirable insulin delivery system requires a glucose-
sensing ability and an ability to trigger release of the neces-
sary amount of insulin (14). The methods that have been
used for development of glucose-sensitive insulin delivery
systems can be divided into biological and bioengineering
approaches. In the biological approach, cultured, living
pancreatic β-cells are used after encapsulation in poly-
meric membranes. Improvement has to be made for the
long-term survival of encapsulated cells for this approach
to be practical. In the bioengineering approach, mechanical
glucose sensor and insulin delivery pumps are used. This
approach has to overcome substantial hurdles in terms of
reliability and convenience.

Recently, many researchers have focused on an alterna-
tive approach utilizing glucose-sensitive hydrogels. For the
hydrogels to possess glucose sensitivity, they have to con-
tain molecules that specifically interact with glucose mole-
cules. Currently used glucose-sensitive molecules are con-
canavalin A (Con A), phenylboronic acid, glucose oxidase,
and glucose dehydrogenase. These molecules have been
incorporated into hydrogels for glucose sensing and modu-
lated insulin delivery.
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A. Con A as a Glucose Responsive Unit

1. Complexes of Con A and Glycosylated Insulin

a. Initial Concept

This approach, which was first introduced by Brownlee
and Cerami (15,16), is based on competitive binding be-
tween glucose and glycosylated insulin for carbohydrate
specific binding sites on Con A. Con A is a globular lectin
that is composed of 237 amino acid residues and four poly-
peptide subunits. Each subunit has a molecular weight of
26,000 daltons and a dimension of 44 � 40 � 39 Å3

(17,18). The glycosylated insulin molecules can be bound
to each subunit of Con A and reversibly displaced from
Con A by glucose in direct proportion to the concentration
of external glucose. In this approach, the Con A/glycosyl-
ated insulin complex is enclosed in a polymer membrane
that is permeable to glucose and glycosylated insulin, but
not to Con A or antibodies. It is important to prevent re-
lease of Con A from the membrane of the device, because
Con A is known to be immunotoxic (19–22). When the
blood glucose level rises, glucose enters the reservoir and
competitively displaces glycosylated insulin from Con A
(23). The glycosylated insulin is then released by diffusion
through the membrane into the body as shown in Fig. 2.

While the idea behind this approach is strikingly elegant
and serves as a role model for other approaches, it has a
few inherent limitations. First, each insulin molecule has to
be modified with glucose, and this creates a new chemical
entity. The glycosylated insulin is not the same as native
insulin, and it has to go through the approval process as a
new chemical entity. Second, Con A is a relatively large
molecule but has only four glucose binding sites. This cre-
ates a problem of small reservoir capacity that is not suit-
able for long-term delivery. The binding constant of the
glycosylated insulin to Con A needs to be higher than that
of glucose to prevent easy displacement of glycosylated
insulin with consequent danger of hypoglycemia.

Figure 27.2 Schematic representation of self-regulated insulin
delivery system.

b. Various Insulin Formulations

The glycosylated insulin approach has been further investi-
gated by Kim and his coworkers (23–29). Various insulin
derivatives having variable binding constants to Con A
were synthesized and examined for their stability and bio-
logical activity. As shown in Fig. 2, the complexes of Con
A and insulin derivatives are enclosed in a porous polymer
membrane. Initially, poly(hydroxyl methacrylate) (poly-
HEMA) membrane was used, but it was replaced later with
cellulose acetate tubing or thin nylon membrane due to its
weak mechanical strength.

The main drawbacks of the encapsulation system were
leakage of potentially immunogenic Con A through the
polymer membrane and the slow onset of insulin release
when the device was challenged by high glucose concen-
tration. To avoid the leakage, Con A was immobilized to
Sepharose beads, which were then enclosed in a macropo-
rous membrane (30). This device still suffered in perfor-
mance due to the settling of the beads by gravity and the
bulk size of the beads. A cross-linked Con A gel was also
synthesized to further prevent Con A leakage through the
membrane (30). The long unwanted lag phase for the onset
of glycosylated insulin release was partly the result of the
limited solubility of Con A/glycosylated insulin complex
(31). The limited solubility was due to the tetrameric na-
ture of Con A and the formation of dimers or hexamers
by glycosylated insulin derivatives (32,33). In an effort to
prevent dimerization or hexamerization of insulin deriva-
tives, insulin was derivatized with gylcosyl polyethylene
glycol (PEG) for improved solubility and solution stability
at physiological pH (34). To reduce the response time, the
surface area was also increased by applying microcapsules
and microspheres (30,35,36). A series of improvements
made in this system is shown in Table 1.

2. Complexes of Con A and Glucose-Containing
Polymers

A Con A-loaded hydrogel system was shown to undergo
swelling and deswelling in response to different saccha-
rides (38). The gel consisted of a covalently cross-linked
network of poly(N-isopropyl acrylamide) and physically
entrapped Con A associated with dextran sulfate. Since the
hydrogel swelled due to ionic osmotic pressure induced by
the anionic inclusion, it shrank when the dextran sulfate
was displaced from the Con A binding site by uncharged
saccharides.

Con A also reacts with glucose-containing polymers to
form precipitates (39,40) or hydrogels (41). The hydrogels
made of Con A and poly(2-glucosyloxyethyl methacrylate)
swelled in the presence of glucose due to the dissociation
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Table 27.1 Self-Regulated Insulin Delivery Systems Using Con A as a Glucose Sensing Unit

Binding substrate Insulin derivative Membrane Comments

I Soluble Con A tetramer SAPG-insulin PolyHEMA, cellulose acetate. Con A leakage. Decreased permeability
SAPM-insulin of glucose and G-insulin resulting in

long lag times.
II Con A immobilized onto SAPG-insulin Cellulose acetate, Necleopore Con A leakage. Settling of Con A beads.

Sepharose beads SAPM-insulin membranes. Poor response by glucose increase.
III Con A hydrogel SAPG-insulin Durapore membrane fabricated No Con A leakage. Increased permeabil-

into a pouch ity of glucose and G-insulin. Heat seal-
able membrane for easy fabrication.

IV Con A microcapsules SAPG-insulin Durapore membrane fabricated Microcapsules (30–250 µm containing
into a pouch Con A/SAPG-insulin resulted in short

response time.
V Soluble Con A oligomer SAPG-insulin Hollow fiber recirculation system Con A oligomers were not permeable to

hollow fiber membrane. Short lag time.
Refillable system.

G-insulin: glycosylated insulin.
SAPG-insulin: succinyl amidophenyl glucopyranosyl-insulin.
SAPM-insulin: succinyl amidophenyl mannopyranosyl-insulin.
polyHEMA: poly(hydroxyethyl methacrylate).
Source: Ref. 37.

of the Con A–polymer complex by competitive binding of
free glucose. The hydrogels made of Con A and polysu-
crose complexes were used as rate-determining mem-
branes for release of a solute in the reservoir as a function
of the glucose concentration (42–44). The solute release
through the membrane was controlled by the viscosity
change resulting from the gel-to-sol transition of Con A/
polysucrose complexes.

3. Sol–Gel Phase-Reversible Hydrogels

Con A and glucose-containing polymers were used to form
stable hydrogels undergoing phase transition between sol
and gel (14,45–48). To prepare phase-reversible glucose-
sensitive hydrogels, Con A was used as a physical cross-
linking agent for glucose-containing polymers, such as

Figure 27.3 A gel–sol phase-reversible hydrogel system sensitive to glucose. (From Ref. 46.)

poly(allyl glucose-co-acrylamide) (poly(AG-co-AM)), poly-
(allyl glucose-co-vinylpyrrolidone) (poly(AG-co-VP)),
and poly(allyl glucose-co-3-sulfopropylacrylate potas-
sium) (poly(AG-co-SPAK). The gel–sol phase transition
of this system is schematically described in Fig. 3 (46). In
the absence of free glucose, Con A interacts with polymer-
bound glucose to form a hydrogel. The increase in free
glucose, however, results in detachment of polymer-bound
glucose from Con A and thus transition to a sol. Upon
removal of free glucose, the sol becomes a gel again, and
this process can be repeated. In the sol state, the increased
mobility of polymer chains allows solute molecules to dif-
fuse more easily. Indeed, the release of insulin was shown
to be faster in the sol state of the glucose-sensitive hy-
drogel membrane (14). The free glucose concentration
necessary to induce phase transition of the hydrogels can
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Figure 27.4 Insulin release profiles from glucose-sensitive hy-
drogel matrices. The matrices were prepared by MPEG5–Con A
conjugate (14 w/v%) and different glucose-containing polymers.
∆, poly(AG-co-AM) (2 w/v%); �, poly(AG-co-VP2) (2 w/v%);
�, poly(AG-co-SPAK3) (3 w/v%). (From Ref. 49.)

be made within the physiological range (which is 1 � 4
mg/mL) by adjusting the molar ratio of Con A to glucose-
containing polymer.

One of the difficulties in preparation of Con A–based
glucose-sensitive hydrogels is the poor water solubility of
Con A. To alleviate this problem, Con A was conjugated
with monomethoxy poly(ethylene glycol) (MPEG) (49).
The MPEG–Con A conjugate showed increased solubility
and stability in aqueous solution. The hydrogels made of
MPEG-Con A showed pulsatile release of insulin in re-
sponse to the changes in glucose concentration between 1
mg/mL and 4 mg/mL as shown in Fig. 4 (49). The insulin
release at the glucose concentration of 4 mg/mL, repre-
senting the hyperglycemic level, was several times higher
than that at 1 mg/mL of glucose, representing the normal
blood glucose level. Such pulsatile release of insulin can
be continued as long as the membrane remains intact.

B. Phenylboronic Acid as a
Glucose-Responsive Unit

In addition to Con A, phenylboronic acid (PBA) was used
as a glucose-responsive unit. PBA is known to have a re-
versible binding property to dihydroxyl compounds when
the two hydroxyl groups are in a coplanar configuration
(50–53). Since most carbohydrates, including glucose,

possess a cis-diol moiety in the structure, they can form a
relatively strong complex with borate. A polymer having
pendant PBA groups can form a gel with a polyol, such as
polyvinyl alcohol (PVA), through the complex formation.
When glucose is added to this complex gel, the gel swells
and dissolves due to a decrease in the cross-linking density
caused by the substitution reaction of glucose with the pen-
dant hydroxyl groups of the polymer. This swelling results
in increased release of loaded insulin. Reduction in free
glucose concentration leads to reformation of borate–
polyol cross-linking in the complex gel with subsequent
reduction in insulin release. This concept was used to pre-
pare glucose-sensitive insulin delivery formulations based
on a reservoir system (54–57). An example of the reservoir
system is schematically shown in Fig. 5. Poly(vinylpyrroli-
done-co-m-acrylamidophenylboronic acid) is commonly
used as a PBA-containing polymer. One of the problems
of this system is that the complex gel is sensitive to glucose
only under alkaline conditions (pH � �9.0). This problem
was partly overcome by incorporating amino groups into
the PBA polymer (57).

Figure 27.5 Concept of polymer capsule type glucose-sensitive
insulin delivery system using PVA/poly(VP-co-PBA) complex.
Polymer A, poly(VP-co-PBA); polymer B, PVA. (From Ref. 55.)
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The borate–polyol cross-linked gel was also used as a
glucose-sensitive erodible matrix system (58). In this erod-
ible system, a gel is formed between m-aminophenylbor-
onic acid-substituted polyacrylamide (poly(PBA-co-AM))
and diglucosyl hexanediamine (DGHDA). In the presence
of free glucose, the gel matrix is disrupted by replacement
of DGHDA with glucose through competitive binding to
PBA, and this results in solubilization of the matrix and a
significant increase in the insulin release rate. One of the
advantages of using PBA is that it is a synthetic molecule
that may not be immunotoxic as Con A is. For this system
to be practical, however, the glucose-specificity of the
PBA moiety has to be improved.

C. Glucose Oxidase as a Glucose
Responsive Unit

pH-sensitive hydrogels (such as those shown in Fig. 1) can
be used to prepare glucose-sensitive insulin delivery sys-
tems. In this approach, pH-sensitive hydrogels usually con-
tain immobilized glucose oxidase (GOD), which converts
glucose to gluconic acid in the presence of oxygen:

Glucose � O2 � H2 O →GOD
Gluconate- � H� � H2 O2

The formation of acid results in lowering of the pH of the
medium, and pH-sensitive hydrogels change their swelling

Figure 27.6 Schematic representation of mechanism of action of glucose-sensitive membrane. A, in the absence of glucose, at physio-
logic pH, few of the amine groups are protonated; B, in the presence of glucose (G), glucose oxidase (GOD) produces gluconic acid;
C, gluconic acid can protonate the amine groups. The fixed positive charge on the polymeric network leads to electrostatic repulsion
and membrane swelling. (From Ref. 59.)

ratio, i.e., the pore sizes inside the hydrogels change to
affect the diffusion of solutes such as insulin molecules.
Since the mechanism of insulin release depends on the type
of polyelectrolyte used, this approach can be further classi-
fied based on the charge type used.

1. Hydrogels Made of Cationic Polyelectrolytes

Commonly used cationic polyelectrolytes are polymers
made of cationic monomers, such as N,N-dimethylamino-
ethyl methacrylate (DMAEM) and N,N-diethylaminoethyl
methacrylate (DEAEM) (59–66). Hydrogels made of these
polymers undergo swelling as the pH is lowered as a result
of formation of gluconic acid (Fig. 6). The increased swell-
ing, in turn, results in more release of insulin. One of the
problems of this system is the leveling off of the response
as the glucose concentration is increased above 0.5 mg/
mL, while the glucose concentration in the body can be as
high as 10 mg/ml (65). This limited glucose sensitivity is
due to the fact that GOD is a flavoprotein. GOD requires an
electron acceptor, such as oxygen, to reoxidize the flavin
adenine dinucleotide that is reduced as glucose is con-
sumed (65). Thus the sensitivity of this system depends on
the presence of oxygen in the medium. The same mecha-
nism has been used to prepare variations of glucose-sensi-
tive insulin delivery systems. Both matrix type (67) and
reservoir type (68–71) devices have been prepared.
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2. Hydrogels Made of Anionic Polyelectrolytes

a. ‘‘Squeezing’’ Hydrogels.

Glucose-sensitive polyanionic hydrogels were prepared us-
ing poly(methacrylic acid-g-ethylene glycol) (poly(MAA-
g-EG)) (10). Methacrylic acid and PEG monomethacrylate
were copolymerized in the presence of GOD. At low pH,
interpolymer complexes are formed in these hydrogels due
to hydrogen bonding between the hydrogen atoms of the
methacrylic acid units and the oxygen atoms on the ether
groups of the PEG chains. Such hydrogen bonding results
in the collapse of the gel due to increased hydrophobicity
in the polymer network. As the carboxylic groups become
ionized at high pH, the polymer chains in complexes be-
come separated and the gel swells. If GOD is incorporated
into the hydrogels at high pH, lowering of pH in the pres-
ence of free glucose results in ‘‘squeezing’’ of the hy-
drogels. if the glucose level decreases, less gluconic acid
is produced, resulting in slow increase in pH of the envi-
ronment. The squeezed hydrogel would then swell, and
this cycle can be repeated.

b. ‘‘Chemical Gate’’ Hydrogel Layers

Poly(acrylic acid) and GOD were grafted to porous films,
such as porous cellulose and poly(vinylidene fluoride)
membranes (72,73). At neutral pH, negatively charged
poly(acrylic acid) chains are fully extended to close up the
pores of the membrane for poor diffusion of insulin. As pH
decreases below 5 as a result of GOD action on glucose,
poly(acrylic acid) chains become protonated and the chains
collapse into coils on the pore walls, leading to the opening
of the pores for the free diffusion of insulin (Fig. 7). The

Figure 27.7 Principle of controlled release system of insulin.
(Left) In the absence of glucose, the chains of poly(acrylic acid)
grafts are rodlike, lowering the porosity of the membrane and
suppressing insulin permeation. (Right) In the presence of glu-
cose, gluconic acid produced by GOD protonates the poly(acrylic
acid), making the graft chains coillike and opening the pores to
enhance insulin permeation. (From Ref. 72.)

insulin diffusion through the open gate, however, was only
a few times higher than the diffusion in the closed state.
Poly(acrylic acid) was grafted onto the cellulose mem-
brane by either plasma polymerization or ceric ion-induced
radical polymerization, and GOD was immobilized by
coupling with l-ethyl-3-(3-dimethylaminopropyl) carbodi-
imide.

3. Hydrogels Made of pH/Temperature-Sensitive
Polymers

pH/temperature-sensitive polymers were used to prepare
glucose-sensitive insulin delivery systems (74,75). GOD
was incorporated into the poly(N,N-dimethylaminoethyl
methacrylate-co-ethylacrylamide) (poly(DMAEM-co-EAM))
matrix. Hydrogels made of poly(DMAEM-co-EAM) have
different temperature-responsive swelling properties at dif-
ferent pH values, e.g., pH 4.0 and 7.4. The lower critical
solution temperature (LCST) of the copolymer at pH 4.0
is higher than the LCST at pH 7.4 due to the increased
electrostatic repulsion of DMAEM groups at pH 4.0. This
means that at a given temperature the copolymer does not
dissolve at pH 7.4. but become dissolved at pH 4.0. As
shown in Fig. 8, the generation of gluconic acid from free
glucose results in a lowering of the pH, and thus an in-
crease in the LCST. The ultimate outcome is the dissolu-
tion of the copolymer and the subsequent release of the
incorporated insulin.

Figure 27.8 Schematic representation of glucose-responsive
insulin delivery system using poly(DMA-co-EMA). (From Ref.
75.)
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4. Erodible Polymers Surrounded by
GOD-Containing Hydrogels

The pH-dependent erodible poly(ortho esters) were used
to develop glucose-sensitive insulin delivery systems (76–
80). The erosion rate of the poly(ortho esters) increases
as the pH decreases. Insulin is physically dispersed in the
poly(ortho esters) matrix, which is surrounded by a hy-
drogel containing immobilized GOD (80). When external
glucose diffuses into the hydrogel to be oxidized by GOD
to gluconic acid, the pH within the hydrogel drops and
the erosion of the polymer matrix accelerates. When the
concentration of external glucose drops, production of glu-
conic acid ceases, and the pH within the hydrogel rises
again as gluconic acid diffuses from the hydrogel. This
process leads to modulated insulin release from the device.
One problem related with this device is that the amount of
insulin released may not be proportional to the decrease
in pH, and the on-and-off process of insulin release is not
fast enough (80).

D. Glucose Dehydrogenase as a Glucose
Responsive Unit

In addition to GOD, glucose dehydrogenase (GDH) was
also used as a glucose-responsive unit (72,81). The reason
for using GDH was to provide better glucose sensitivity
than GOD does (81). For higher and faster glucose-sensi-
tive insulin release, insulin molecules are grafted to the
substrate surface through a disulfide bond. When glucose
molecules are present in solution, GDH oxidizes the glu-
cose molecules to generate electrons that reduce the disul-
fide bonds for release of the grafted insulin (Fig. 9). This
process requires enzyme cofactors, nicotinamide adenine
dinucleotide (NAD), and flavin adenine dinucleotide
(FAD), which act as electron mediators. The glucose sensi-

Figure 27.9 Design of glucose-sensitive insulin-releasing
membrane systems. PMMA, poly(methyl methacrylate); Ins, in-
sulin; S–S, disulfide bond; GDH, glucose dehydrogenase; NAD,
nicotinamide adenine dinucleotide; FAD, flavin adenine dinucle-
otide. (From Ref. 81.)

tivity was increased as NAD and FAD were immobilized
to the surface and further enhanced by coimmobilization
of GDH (Fig. 9). While this type of system can provide
improved sensitivity to glucose and faster release of the
immobilized insulin, the system has a major drawback in
the limited amount of insulin that can be grafted onto the
surface.

III. GLUCOSE-SENSITIVE HYDROGELS AS
GLUCOSE SENSORS

The detection and quantification of glucose in blood plays
a vital role in the diagnosis and management of diabetes.
Glucose levels are dynamically changing throughout the
day depending on food intake, insulin availability, exer-
cise, stress, and illness (82). Measurement of the accurate
blood glucose levels and timely delivery of exact amounts
of insulin are critical to the maintenance of normal life
for diabetic patients. Currently, diabetic patients determine
their blood glucose levels by obtaining a small amount of
blood with a finger stick, followed by external analysis of
the blood sample for the glucose content. This method,
although accurate, is painful, inconvenient, and discontinu-
ous, and it has a risk of infection (83). Devising a reliable
noninvasive technique for continuous monitoring of glu-
cose levels in the blood has important medical implica-
tions. The desired characteristics of in vivo glucose sensors
are safety, clinical accuracy and reliability, feasibility of
in vivo recalibration, long-term stability, small size, ease
of insertion and removal, and a sufficiently fast response
to allow timely intervention (84).

Several attempts have been made to prepare noninva-
sive glucose sensing devices. One of the most desirable
noninvasive methods is near-infrared spectroscopy, which,
unlike electrochemical sensors, responds directly to the
glucose molecule (85–91). The main practical limitation
of this system is that the glucose signal is very weak in
the midst of much larger signals from proteins, lipids, and
scattered light (92). Table 2 summarizes the blood glucose
measurement techniques currently under evaluation (82).
Regardless of the approaches, the lack of proper calibration
in each system remains as the main limitation.

More realistic approaches in continuous glucose sens-
ing may involve implanting glucose-sensitive devices.
Two types of implantable glucose sensors have been re-
ported, fully implantable and percutaneous (worn through
the skin) (93). The fully implantable devices, which in-
clude electronics and a battery, are designed for longevity
and intended to be implanted by a physician either subcuta-
neously or in a blood vessel. Glucose-sensitive hydrogels,
e.g., sol–gel phase-reversible hydrogels, can be implanted,
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Table 27.2 Techniques Used for
Measuring Glucose Concentrations

1. Invasive techniques
Implanted electrochemical sensors
Suction blister extraction
Microdialysis extraction
Wick extraction
Competitive fluorescence implants
Needle puncture and extraction

2. Minimally invasive techniques
Iontophoretic extraction
Sontophoretic extraction
Chemically enhanced extraction

3. Noninvasive techniques
Infrared spectroscopy
Near-infrared spectroscopy
Raman spectroscopy
Photoacoustic spectroscopy
Scatter changes
Polarization changes

Source: Ref. 82.

Table 27.3 Glucose-Sensitive Hydrogels Used for Glucose Sensing

Glucose
sensing unit Hydrogel system Detection method References

GOD Poly(HEMA) H2 O2 103, 104
Poly(VP) or poly(VP-VI)/OS derivative/PEG redox hydrogels Current 84, 99, 101, 105–109
Poly(allylamine)/OS derivative Current 110
Heparin/PDMAA/PAzSt Current 111
Poly(DMAA/AzSt/VFe) Current 112
Poly(PEG diacrylate-VFe) redox hydrogel Current 113
� charged hydrogels/PTFE of PC membrane Current 114, 115
Polyacrylamide Current 116
APEG/SPA hydrogel Current 102
Gelatin Photoacoustic wave 117
Poly(carbamoyl sulphonate) Chemiluminescence 118
Polyacrylamide-based colloidal crystal hydrogel Optical intensity 119, 120

Con A FITC-dextran Fluorescence 121
Poly(GEMA) Optical intensity 40

PBA Poly(IPPm-co-PBA-co-DMA-PAA) Optical intensity 122
GDH Poly(ether amine quinone) Current 123

Poly(VI)/Os derivative/PEG redox hydrogel Current 124

APEG: 8-armed, amine-terminated PEG. FITC-dextran: fluorescein-labeled dextran. Os: osmium. PAzSt: poly(m-azidostyrene). PC: polycarbonate.
PDMAA: poly(dimethyl acrylamide-co-2-cinnamoylethyl methacrylate). Poly(DMAA/AzSt /VFe): poly(dimethylacrylamide-co-azidostyrene-co-
vinylferrocene). Poly(GEMA): poly(glycosyl-ethyl methacrylate). Poly(HEMA): poly(hydroxyethyl methacrylate). Poly(IPPm-co-PBA-co-DMA-
PAA): poly(N-isopropylacrylamide-co-3-acrylamido-phenylboronic acid-co-N-(3-dimethylaminopropyl)acrylamide. Poly(VP): poly(vinylpyrroli-
done). Poly(VP-VI): poly(vinylpyrrolidone-co-1-vinylimidazole). PTFE: polytetrafluoroethylene. SPA: di-succinimidyl ester of PEG α, ω-dipropionic
acid.

and the glucose concentration–dependent changes of the
hydrogels can be monitored using external spectroscopic
devices (94). The percutaneous sensors are needlelike or
inserted through a needle and are designed to operate for a
few days and be replaced by the patient. Those implantable
glucose sensors are mostly amperometric enzymatic sen-
sors (95–98). GOD has been most widely used as a glucose
sensing unit in amperometric glucose sensors because
GOD transfers electrons to diffusing and nondiffusing me-
diators, withstands chemical immobilization techniques,
and has a high turnover rate (�103 s�1) at ambient tempera-
tures (99). However, conventional GOD-based glucose
sensors have some disadvantages. Variations in the level of
dissolved oxygen may cause fluctuations in the electrode
response, and the dynamic range of glucose detection can
be limited by lack of dissolved oxygen (100,101). Diffu-
sion mediators for electron transport such as quinones and
ferrocenes have been used in enzyme electrodes to over-
come oxygen dependence. However, in vivo leaching of
the mediator has been a serious problem. To eliminate me-
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diator leaching, the mediator has been immobilized in dif-
ferent hydrogels. Sensors for in vivo monitoring of glucose
also require biocompatible interfaces with the tissue in
which they have been implanted (102). The interface mate-
rial must be permeable to glucose and the product of its
oxidation, gluconolactone. It also must not be fouled by
proteins, cellular attachment, or fibrous encapsulation. Fast
inactivation of the implanted sensors has been attributed
to protein adsorption and cell adhesion. Hydrogels are
known to have excellent biocompatibility due to large wa-
ter contents and the ability to prevent protein adsorption
and cell adhesion. Thus coating the surface of implantable
glucose sensors with hydrogel layers would be a good ap-
proach for extending the lifetime of the sensors. Table 3
briefly summarizes the approaches used for glucose sens-
ing using glucose-sensitive hydrogels. Glucose-sensitive
hydrogel systems are those described in the previous sec-
tion of this chapter.

IV. PROPERTIES TO IMPROVE FOR
PRACTICAL APPLICATIONS

There are many hurdles to overcome to develop clinically
useful self-regulated insulin delivery systems based on glu-
cose-sensitive hydrogels. Those systems that work very
well in the laboratory rarely work as well when applied
in vivo. A number of improvements need to be made for
practical applications. First, to be clinically useful, self-
regulated insulin delivery devices should react fast to
changes in the blood glucose concentration and release the
necessary amount of insulin. The fast on-and-off function
is critical for adequate control of the dynamically changing
glucose levels in the blood. The response time of hydrogels
depends on the time for diffusion of glucose molecules,
and the hydrogel thickness has a big impact on the re-
sponse time. Second, more biocompatible glucose-sensi-
tive molecules need to be developed. Currently used glu-
cose sensing moieties are proteins, such as Con A, GOD,
and GDH. To minimize any side effects resulting from
long-term use, glucose sensing moieties based on nonpro-
teinaceous molecules are preferred. Implantable glucose
sensing moieties should be biocompatible, nontoxic, cost-
effective, and independent of environmental factors such
as pH, ionic strength, or the presence of divalent cations
(125). Third, the implantable devices, if used for the long
term, tend to be isolated from the body by tissue remodel-
ing around the implants. The formation of new tissues
around the implant significantly retards the diffusion of
glucose, which in turn delays the response time and sensi-
tivity. This necessitates frequent recalibration of the im-
planted devices, since there is no clear understanding of

the relationship between glucose levels in the blood and
in the tissue (93). Continued research on these hurdles will
undoubtedly present answers in the future. For now, how-
ever, biodegradable glucose-sensitive hydrogels can be
developed so that they can be used to develop short-
term glucose sensing as well as self-regulated insulin de-
livery.
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I. INTRODUCTION

The fate of a drug after administration in vivo is deter-
mined by a combination of several processes: distribution
and elimination when given intravenously; absorption, dis-
tribution, and elimination when an extravascular route is
used. Regardless of the mechanisms involved, each of
these processes depends mainly on the physicochemical
properties of the drug and therefore, for the most part, on
its chemical structure.

During the last few decades, research workers have
been trying to develop delivery systems that would allow
them to control the fate of drugs within the patient. Using
dosage forms known as controlled release systems, phar-
macists have succeeded, at least in part, in governing the
first process, i.e., drug absorption. The aim of current re-
search is to control the second process, drug distribution
within the organism, by the use of carriers (Fig. 1).

As shown in Table 1, the carriers available at present
can be divided into three main groups: first-, second-, and
third-generation carriers.

The so-called first-generation carriers are systems capa-
ble of delivering the active substance specifically to the
intended target but are not true carriers. Indeed, in order
to do this, they have to be implanted as closely as possible
to the site of action. Microcapsules and microspheres for
chemoembolization belong to this group, as do similar sys-
tems used for the controlled release of proteins and pep-
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tides. Recently, much interest has been directed towards
the use of small (10 µm or less) microparticles by the oral
route, because of their selective uptake by Peyer’s patches,
which gives them great potential as carriers for oral vac-
cines.

In contrast, the carriers known as second-generation are
true carriers (usually of colloidal size). Indeed they are ca-
pable not only of releasing an active product at the in-
tended target but also of carrying it there after administra-
tion by a general route. This group includes so-called
passive carriers such as liposomes, nanocapsules and na-
nospheres, and certain active carriers such as temperature-
sensitive liposomes and magnetic nanospheres. It should
be noted, however, that after intravenous administration,
most colloidal carriers are rapidly removed from the circu-
lation by phagocytic cells in the liver and spleen. This lim-

Figure 1 Illustration of the drug carrier concept.
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Table 1 Definition of Different Carrier Systems

Generation Size Definition Examples

First �1 µm Systems able to release a drug at the target site but Microspheres and microcapsules for chemoemboliza-
necessitating a particular type of administration tion and for controlled release of proteins and

peptides
Second �1 µm Carriers that can be given by a general route able to Passive carriers:

transport a drug to the target site Erythrocytes, liposomes, nanoparticles, sterically sta-
bilized liposomes, and nanoparticles

Active carriers:
Temperature or pH-sensitive liposomes, magnetic

nanoparticles
Third �1 µm Carriers able to recognize the target specifically Monoclonal antibodies, second-generation carriers,

usually sterically stabilized, targeted with mono-
clonal antibodies or other ligands

Source: Adapted from Ref. 1.

its their targeting potential. Over the last ten years, system
surface properties have been modified to avoid the depo-
sition of plasma proteins and thus avoid recognition by
phagocytes. These are known as sterically stabilized carri-
ers and may remain in the blood compartment for a consid-
erable time. Although such colloidal particles cannot cross
normal continuous capillary endothelium, they have been
shown to extravasate into sites where the endothelium is
more permeable, such as solid tumors or regions of in-
flammation and infection.

The carriers referred to as third-generation are also true
carriers and are capable of specific recognition of the tar-
get. For example, monoclonal antibodies belong to this
group, as do certain second-generation carriers (liposomes,
nanocapsules, nanospheres) piloted by monoclonal anti-
bodies or other ligands. Of course, targeted colloidal carri-
ers will be much more effective if they are also sterically
stabilized.

This chapter, dealing with polymeric micro- and nano-
particles as drug carriers, is mainly based on the work car-
ried out in our laboratory. Rather than giving a catalogue
of our research we will concentrate on some of the most
important areas. The chapter is divided into two main sec-
tions. The first deals with microparticles (microspheres and
microcapsules) for the encapsulation of peptides and pro-
teins, including vaccines. The second focuses on nanopar-
ticles (nanospheres and nanocapsules). After a review of
the general properties and therapeutic potential of these
two different systems, we make special mention of nano-
particles with bioadhesive properties for drug delivery at
mucosal surfaces and sterically stabilized nanoparticles
that avoid phagocytosis, as described above.

As a preliminary remark, we would like to mention that
the term ‘‘nanoparticle’’ is considered in this chapter as a
submicron drug carrier system of polymeric nature. Thus

this term is somewhat general, since it does not take into
account the morphological and structural organization of
the polymer. In this respect ‘‘nanosphere’’ is used to iden-
tify a nanoparticle system with a matrix character and con-
stituted by a solid core with a dense polymeric network
(Fig. 2). In contrast, ‘‘nanocapsules’’ are formed by a thin
polymeric envelope surrounding an oil-filled cavity. Nano-
capsules may thus be considered as a ‘‘reservoir’’ system
(Fig. 2). Despite these definitions, in practice the term na-
noparticles is also used (instead of nanospheres) to desig-
nate polymeric colloidal systems with a matrix structure.
Most of the work described in this chapter is of a multidis-
ciplinary nature and was carried out in collaboration with
a large number of other groups both within and outside
France, especially insofar as the biological evaluation of
these systems is concerned. They are too many to mention
individually but their names will be found in the reference
list.

Figure 2 Schematic representation of nanospheres and nano-
capsules.



Polymeric Micro- and Nanoparticles as Drug Carriers 755

For a more comprehensive description of micro and na-
noparticles as drug carriers, readers are referred to several
recent books and reviews (2–6).

II. CONTROLLED DELIVERY OF
PEPTIDES AND VACCINES BY
PLGA MICROSPHERES

During the last years, the design of preparation methods
able to encapsulate hydrophilic drugs in biodegradable mi-
croparticles has allowed the development of several lines
of research on the delivery of peptides and vaccines. This
has led to the market several drugs mainly for the delivery
of LHRH agonist peptides, and many research teams have
approached the development of single-shot vaccines. Re-
cent studies have focused on the delivery of neuropeptides
and mucosal vaccines.

A. Delivery of Cholecystokinin (CCK) Analogs

One example of the delivery of neuropeptides is given by
cholecystokinin (CCK) analogs. Peptide cholecystokinin,
which is widely distributed in the central nervous system
and in the gastrointestinal tract, plays a critical role as a
neuromodulator in the central nervous system and seems
to control emotional and adaptation processes through spe-
cific binding sites located in various brain regions. Chole-
cystokinin octapeptide (CCK-8), the predominant form in
the brain, fulfills the criteria of a neurotransmitter or a neu-
romodulator (7). Numerous studies suggest that CCK is
involved in satiety (8), motivated behavior (9), memory
(10,11), nociception (12,13) and anxiety (14,15). More-
over, in humans, I.V. injection of CCK-4, the C-terminal
fragment of CCK-8, was shown to induce panic attacks,
which were suppressed by selective CCK-B antagonists
(16). However, the site and the mechanism of action of
CCK-4 remain unclear. To study the long-term effect of
CCK agonist, a CCK-8 analog, pBC 264 (Boc-Tyr(SO3H)-
gNle-mGly-Trp-Nle-Asp-Phe-NH2), which is a very potent
and selective agonist for CCK-B receptors, was developed
(17). This compound has been shown to give responses
at low doses in behavioral and electrophysiological tests
following local administration (18–20). However, chronic
local stimulation of CCK-B receptors is hindered by the
rapid elimination of pBC 264 from the brain after central
administration (21). In order to study the long-term effects
resulting from local stimulation of CCK-B receptors, the
possibility of slowly delivering pBC 264 into a particular
brain structure for a long period of time has been consid-
ered by its encapsulation into poly(lactide-co-glycolide)
(PLGA) microspheres.

pBC 264 was encapsulated into microspheres sized be-
tween 1 and 10 µm. Using the basic multiple emulsion
solvent evaporation procedure, the encapsulation effi-
ciency of pBC 264 in microspheres was very low, How-
ever, when introducing in the inner aqueous phase a stabi-
lizing agent such as ovalbumin (OVA) at a concentration
of 2%, the encapsulation efficiency was significantly im-
proved (22). An additional and dramatic improvement of
the encapsulation rate was also observed when the pH of
the internal aqueous phase was basic (pH 8 corresponding
to the optimal solubility of pBC 264) and when the pH of
the external aqueous phase was acid (pH 2.5 corresponding
to a lower solubility of pBC 264) (23). In this case, the
internal aqueous phase was playing the role of a real
‘‘trap’’ for the peptide. Therefore the simultaneous stabi-
lizing effect of the OVA and the adjustment of the pH
allowed an optimal entrapment to be obtained. OVA was
believed to prevent the destruction of the internal globules
during the process of preparation, therefore avoiding leak-
age of the peptide into the outer aqueous phase. The inner
emulsion should also be stabilized due to the rigid structure
formation (hydrophobic barrier) surrounding the drug
cores following interaction between basic compounds and
dissociated polymers. This improved stability resulted in
a better entrapment of pBC 264.

Release kinetic experiments were performed in phos-
phate buffer solution (pH 7.4). pBC 264 was rapidly re-
leased from microspheres exhibiting a dramatic burst ef-
fect (22). Thus the microspheres obtained did not exhibit
a typical controlled release profile. The presence of OVA
as a stabilizer was shown to be responsible for the observed
burst effect. Electron microscopy observations clearly
showed that OVA induced the formation of pores at the
surface of the microspheres (22). Actually, as OVA is to-
tally insoluble in methylene chloride, it did not interact
with the polymer as suggested by DSC measurements (22).
The protein was assumed to be located at the interface be-
tween the first and second emulsion. Therefore OVA might
have formed aggregates on the surface of the microspheres.
The elution of the OVA aggregates from the surface during
the microsphere washing process is probably responsible
for the formation of pores. These pores could constitute a
pathway for the observed fast release of pBC 264.

To reduce the porosity of the microspheres, other sur-
factants were used as stabilizers of the internal aqueous
phase (PVA or Pluronic F68) (23). The influence of the
surfactant on the stability of the first emulsion as well as
the encapsulation efficiency and the release of pBC 264
were examined. The encapsulation efficiency was very low
for the formulation containing PVA. Pluronic F68–
containing microspheres displayed a lower encapsulation
efficiency as compared to OVA-stabilized microspheres
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(23). The most important factor for the successful encapsu-
lation of hydrophilic compounds in microspheres prepared
by the W/O/W solvent evaporation method is the stability
of the first inner emulsion. From the stability studies, it
was shown that when PVA was used as a stabilizer, the
internal emulsion was unstable and the droplets coalesced.
Thus it was assumed that in these conditions the peptide
leaked out to the external aqueous phase. A similar phe-
nomenon occurred with Pluronic F68 but to a lesser ex-
ent, since the stability of the emulsion was improved. Plur-
onic F68 and PVA are hydrophilic surfactants that are not
suitable for stabilizing W/O emulsions. On the contrary,
proteins have a tendency to localize at the interfaces, in-
creasing the stability of emulsions, therefore reducing the
leakage of the peptide to the external aqueous phase.

Release of pBC 264 from microspheres prepared with
Pluronic F68 was compared to the release obtained from
OVA-stabilized microspheres. The burst observed was
much smaller when the microspheres were prepared in the
presence of Pluronic F68 (23). The release profile and the
extent of the initial peptide burst was significantly influ-
enced by the structure of the microspheres. As mentioned
above, the microspheres prepared with OVA had a porous
structure and thus provide a fast release profile with a large
peptide burst. In contrast, microspheres prepared in the
presence of Pluronic F68 did not have pores and were
characterized by a smooth surface (23). With Pluronic

F68 it may be hypothesized that the inner drug cores were
more finely dispersed throughout the polymer matrix with-
out any aqueous channels. Therefore the differences in the
initial burst from the tested formulations seemed to result
from morphological differences.

For in vivo studies, microspheres were implanted into
the rat brain in the anterior part of the Nucleus Accumbens
(N. Acc.). After the administration of fluorescently labeled
microspheres, observations of histological coronal sections
confirmed that the microspheres were effectively localized
in the anterior part of the N. Acc., and one hour after im-
plantation the microspheres remained located around the
injection site (24). The behavioral testing was carried out
by placing rats in the open field (24). The behavioral effect
was quantified by recording for 6 min: (a) the latency (or
time)(s) to move out from the corner where the animal was
placed and to cross two squares; (b) locomotion scores of
the total number of squares crossed; (c) total number of
rears; (d) number of defecation boli left on the field; and
(e) number of grooming bouts. No behavioral change was
observed 24 hours or 8 days after administration of un-
loaded microspheres as compared to the control group,
whatever the parameters measured in the open field test
were (24). Finally, implanted microspheres were well
tolerated and minimally reactive, since only a localized

inflammatory reaction was observed. This reaction was
similar to the one induced by the administration of carbox-
ymethylcellulose (24). Two different kinds of micro-
spheres differing only by the stabilizing agent added to the
inner aqueous phase (OVA or Pluronic F68) were im-
planted into the rat brain. The in vivo studies showed that
pBC 264 was almost completely released from the micro-
spheres prepared with OVA within the first hour, whereas
only 35% of peptide was released after 8 days when micro-
spheres prepared with Pluronic F68 as the stabilizing
agent were administered (24). This was in agreement with
the in vitro results (22,23). Intact pBC 218 was found to
be released from PLGA microspheres containing Pluro-
nic F68 both in vitro and in vivo (23,24). In addition, the
brain diffusion of pBC 218 was very limited, and its pres-
ence in the blood could not be detected. The peptide was
essentially found concentrated near the site of administra-
tion in the N. Acc., showing that chronic behavioral studies
using pBC 218 microspheres were made possible using the
right formulation (24).

B. Delivery of Vaccines

One recent application of microspheres is the mucosal de-
livery of vaccines. For this application, the antigen deliv-
ery systems consisting of biodegradable microspheres are
designed to increase antigen uptake by the M cells if the
diameter of the particles is smaller than 10 µm (25), to
enhance the mucosal immune response (26), and to induce
long and slow antigen release (27). This approach was vali-
dated by showing that oral immunization of mice with
phosphorylcholine (PC) could induce a mucosal secretion
of specific anti-PC IgA. PC was chosen as an antigen be-
cause it is a ubiquitous hapten present on different patho-
genic microorganisms that colonize or invade host mucosa
at different epithelial sites (28–30). Since it has been dem-
onstrated that an immune response disseminated to several
effector mucosal sites can be obtained after stimulation of
a unique mucosal inductor, one can now hope for unique
mucosal vaccines with several potentialities. This is of in-
terest because mucosal vaccines have a number of obvious
advantages over invasive vaccines, particularly with re-
spect to simplicity, safety, and cost effectiveness.

PC was conjugated to thyroglobulin (PC-Thyr) and en-
trapped in PLGA microspheres (31). The preparation used
contained 97% of the microspheres with a diameter lower
than 10 µm. The encapsulation efficiency of the conjugate
was as high as 80% when the initial protein-to-polymer
ratio was 1:8, the total protein load being approximately
9% w/w of the microspheres. It was also shown that only
about 30% of the PC-Thyr entrapped in the microspheres
was released within 30 minutes under acidic gastriclike
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conditions, and that the preparation was stable thereafer
(31). Also, a major drawback of microencapsulation by the
solvent evaporation method of antigens for vaccine devel-
opment is the potential degradation of the antigen during
the preparation process. However, this risk was lowered
in the multiple emulsion solvent evaporation method used
in the present study, because the contact between the com-
pound and the organic solvent was limited. Indeed, the ab-
sorbance spectrum of PC-Thyr was not modified by the
microencapsulation process, nor was its PC-immunologic
reactivity, as judged in an ELISA using a monoclonal anti-
phosphorylcholine antibody (31). This strongly suggested
that only minor, if any, modifications of PC integrity oc-
curred.

Oral administration of PC-Thyr, entrapped in PLGA
microspheres, induced in mice a specific IgA response in
intestinal, pulmonary, and vaginal secretions in addition to
a strong specific systemic immune response. When mice
were challenged with an oral infection induced by Salmo-
nella typhimurium, only the animals that were vaccinated
with microspheres containing the PC-Thyr conjugate were
protected (32). However, only nasal administration, and
not oral, was able to protect mice against the pulmonary
infection by Streptococcus pneumoniae (33,34).

Very recently, a milk protein, β-lactoglobulin (BLG),
was entrapped in PLGA microparticles sized around 7 µm
(35,36). These particles were able to induce after oral ad-
ministration an immunological oral tolerance against BLG.
In addition, the amount of protein necessary to reduce the
IgE response was 10,000 times lower when the BLG was
entrapped into microspheres as compared with the native
BLG (37). These results allow us to broaden the field of
application of biodegradable microparticles to their use in
the reduction of oral allergies.

III. POLYMERIC NANOPARTICLES AS
DRUG CARRIERS

A. Nanospheres

1. Preparation and Characterization
of Nanospheres

Submicronic macromolecular particles can be obtained
following an emulsion or micellar polymerization of poly-
merizable monomers dispersed in an aqueous phase, or
from preformed—natural and synthetic—macromolecules
such as polymers, proteins, and polysaccharides. For drug-
delivery purposes, the colloidal material needs to meet
physicochemical and biological requirements adapted and
optimized for these specific applications. Among these re-
quirements, biocompatibility, safety, and biodegradability
to nontoxic metabolites are of crucial importance, thus

limiting the number of materials available. Methods for
nanosphere production have been reviewed in Ref. 38.

a. Nanosphere Preparation by Polymerization
of Monomers

In our laboratory, we have concentrated on poly(alkylcya-
noacrylate) nanospheres. The most significant advantage
of alkylcyanoacrylate is that, in contrast to other acrylic
derivatives that require an energy input for the polymeriza-
tion step, which could affect the stability of the adsorbed
drug, alkylcyanoacrylates can be polymerized easily with-
out such a contribution (39). These nanospheres are pre-
pared by an emulsion polymerization process, in which
droplets of water-insoluble monomers are emulsified in an
aqueous phase (40). Anionic polymerization takes place in
micelles after diffusion of monomer molecules through the
water phase and is initiated by the water itself. The pH of
the medium determines both the polymerization rate and
the adsorption of the drug when the latter is ionizable (31).
Drugs can be combined with nanospheres after dissolution
in the polymerization medium either before the introduc-
tion of the monomer or after its polymerization. Since only
nontoxic additives are used, no further purification is
needed, and freshly prepared nanospheres may be freeze-
dried with their drug content.

This preparation method is easily reproducible regard-
ing size and drug adsorption rate, even after preparation
at a semi-industrial level. Moreover, when prepared under
sterile conditions in an aseptic room under laminar flow,
poly(alkylcyanoacrylic) nanospheres met the usual re-
quirements needed for intravenous administration such as
sterility and lack of bacterial endotoxins (42).

Scanning electron microscopy of nanospheres generally
shows spherical particles with a diameter of approximately
150 nm. Freeze-fracture studies revealed that the internal
structure of the poly(alkylcyanoacrylic) nanospheres con-
sisted of a matrix made up of a dense polymeric network
(43). Molecular weight determinations made by gel perme-
ation chromatography (GPC) suggested that nanospheres
are built up from an entanglement of numerous small
oligomeric subunits rather than from the rolling-up of one
or a few long polymer chains (44). The low molecular
weight of oligomeric subunits is consistent with obser-
vations concerning metabolism and elimination of nano-
spheres after the in vivo administration discussed below.
The density of poly(isobutyl-cyanoacrylate) and poly
(ethyl-butyl-cyanoacrylate) have been determined by iso-
pycnic centrifugation in sucrose gradients and found to be
1.14 and 1.10 g/cm3, respectively (45).

As far as drug association is concerned, it was found
that nanospheres can entrap drug according to a Langmuir
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adsorption mechanism, due to their large specific surface
area (46). The drug can either be incorporated into na-
nospheres during the polymerization process or be ad-
sorbed onto the surface of preformed particles. In the for-
mer case, the drug–polymer interaction may result in the
covalent linkage of the drug with the polymer. This was
observed with vidarabine, an antiviral agent, whose nu-
cleophilic N in position 3 and 7 may play the role of ini-
tiator for the anionic polymerization mechanism of the
cyanoacrylic monomer (47). A similar interaction was ob-
served, to a lower extent when a peptide, growth hormone
releasing factor (GRF), was associated with nanospheres
(48). In contrast, other drugs such as ampicillin are simply
adsorbed. Based on the surface potential and surface pres-
sure experiments, models of poly(isobutylcyanoacrylate)–
ampicillin arrangements in the interfacial region have been
proposed for low and high polymer surface densities (49).

Both the nature and the quantity of monomer influence
the adsorption capacity of the carrier. Generally, the longer
the alkyl chain length, the higher the affinity of the drug; the
capacity for drug adsorption is related to the hydropho-
bicity of the polymer and to the specific surface area of
the carrier. Moreover, the percentage of drug adsorption
generally decreases with the quantity of drug dissolved in
the polymerization medium, according to the Langmuir
isotherm (50).

Poly(alkylcyanoacrylate) particles are degraded by sur-
face erosion process (51), through enzymatic hydrolysis of
the ester side chains of the polymer (52). Thus the poly-
meric backbone remains intact but gradually becomes
more and more hydrophilic until it is water soluble. The
rate of degradation is dependent on the length of their alkyl
chain (53). Therefore it is possible to choose a monomer
whose polymerized form has a biodegradability corre-
sponding to the required profile for drug release (54). In-
deed, by using a double radiolabel technique (14C-labeled
nanospheres loaded with 3H-actinomycin), it was found
that drug was released from nanospheres as a direct conse-
quence of polymer bioerosion (52). This was confirmed
using the peptide GRF (48).

Biodegradable nanospheres suitable for pharmaceutical
applications can also be prepared from another monomer,
poly(methylidene malonate 2.1.2), using a similar emul-
sion polymerization technique (55).

b. Preparation of Nanospheres from
Preformed Polymers

In order to avoid some of the limitations associated with
polymerization of a monomer, in particular the possibility
of residual monomer and the risk of drug interaction and
inactivation, methods of obtaining colloidal drug-delivery

systems from preformed, well-defined macromolecular
materials with known physicochemical and biological
properties have been developed. These methods were ini-
tially adapted from industrial techniques available for the
preparation of the artificial latexes used in surface-coating
applications: paints, adhesives, textile sizing, paper coat-
ing. Original methods based on nanoprecipitation have
been developed in our group, capable of yielding nano-
spheres from both preformed synthetic polymers and from
natural macromolecules such as proteins or polysaccha-
rides.

Among many other water-insoluble synthetic polymers,
polyesters such as poly(lactide), poly(glycolide), and their
copolymers meet the biological requirements of safety and
biodegradability to nontoxic metabolites. The methods ini-
tially developed for the preparation of nanospheres from
these polymers were derived from solution-emulsification
techniques. Gurny et al. (56) and Krause et al. (57) pre-
pared poly(lactide) nanospheres according to the solution-
emulsification technique. A polyester is dissolved in an
organic volatile solvent immiscible with water, such as
chloroform, and the organic solution is dispersed in an
aqueous phase to form an O/W emulsion. Continuous
emulsification under mixing prevents coalescence of or-
ganic droplets and allows the spontaneous evaporation of
the solvent at room temperature and the formation of the
colloidal particles. Residual organic solvent is removed
under reduced pressure. The emulsifiers can, if necessary,
be removed by dialysis of the suspension, or by washing
following the separation of nanospheres by ultracentrifuga-
tion.

One major limitation of the method is the size and the
homogeneity of the droplets containing the macromolecu-
lar material. An ultrafine emulsification is necessary to ob-
tain particles smaller than one micron, and it is very diffi-
cult to obtain a monodisperse population of nanospheres.
More recently, microfluidization has been used in this step,
for example, to prepare poly(lactic acid) nanoparticles
coated with human serum albumin (58). As an alternative
to the solution-emulsification technique, methods based on
the desolvation of macromolecules have been developed.

Desolvation is a well-known method for isolating mac-
romolecules from liquid media. Thus polymers can be pre-
cipitated from organic solutions following the addition of
a third component, or of a nonsolvent miscible with the
organic solvent. The same effect is obtained with an aque-
ous solution of proteins when neutral salts, i.e., sodium
or ammonium sulfate, or alcohol are added. However, the
process leads to a bulk precipitate of polymeric or protein
material, but not to colloidal particles.

Fessi et al. (59) were the first to propose a new and
simple method yielding polymeric nanospheres without
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the use of preliminary solution-emulsification or the use
of autoemulsifying polymeric material. Briefly, an organic
solution of the polymer is prepared and added to a nonsol-
vent. Both solvent and nonsolvent must have low viscosity
and high mixing capacity in all proportions. As an exam-
ple, acetone and water meet these conditions. The only
complementary operation following the mixing of the two
phases is thus to remove the volatile solvent by vaporiza-
tion under reduced pressure. Further concentrations of the
aqueous suspension can be carried out under the same con-
ditions or by freeze-drying. This method has been success-
fully applied to various polymeric materials such as poly
(lactic acid) and poly(lactic acid)-co(glycolic acid), poly
(ε-caprolactone), ethylcellulose and cellulose acetophta-
late, poly(alkylcyanoacrylate), poly(vinyl chloride-coace-
tate), poly(styrene), and poly(acrylic acid). The mean di-
ameter of the particles obtained was about 200 nm with
low polydispersity.

Small amounts of surfactants, either lipophilic or hydro-
philic, can be added to the solvent and/or to the nonsol-
vent. The presence of a surfactant was not necessary to
obtain the colloidal dispersion, which forms spontane-
ously, but only to stabilize it and to facilitate its redisper-
sion following sedimentation. It was observed that the size
of particles was mainly related to the polymer used and
less to the experimental conditions. It was also noteworthy
that the sense and the rate of mixing of the two phases had
no influence; the organic solution of the polymer could be
slowly or rapidly added to the nonsolvent or vice-versa,
with or without the aid of additional stirring. In fact, the
most critical conditions for obtaining the spontaneous for-
mation of colloidal particles alone, avoiding any bulk pre-
cipitation of the material, were the concentration of the
polymer in the organic phase and the ratio of solvent to
nonsolvent. Depending on its physicochemical nature, the
drug of interest can be added either to the solvent or to
the nonsolvent. In the first case, it can be incorporated into
the polymeric matrix, and its release will be determined
by its rate of diffusion with this matrix and by the rate of
degradation of the polymer. On the other hand, drug pres-
ent in the nonsolvent will be adsorbed on the particle sur-
face, and its release will be the result of partitioning. Zeta
potential measurements can be a useful tool to determine
the location of the drug in nanoparticulate systems (60).

Chang et al. (61) and Bodmeier et al. (62) have de-
scribed a similar method to prepare nanospheres without
any surfactant, using acrylic copolymers bearing quater-
nary ammonium groups. These autoemulsifying polymers
are sensitive to the pH of the dispersing phase and may
become soluble, thus limiting both the applications and the
choice of the starting material. By using carboxylated poly-
mers, i.e., acrylic Eudragit S, Fessi et al. (59) were able

to prepare colloidal particles by simple addition of an aque-
ous alkaline solution of the macromolecular material to an
acidic medium. However, subsequent neutralization of the
suspension to physiological pH led to a clear colloidal so-
lution.

Allemann et al. (63) have described a method of na-
nosphere preparation by reverse salting out. An organic
solution of the polymer is included in a O/W emulsion by
using an aqueous phase with a high salt concentration, with
which the organic solvent is not miscible. Addition of pure
water to the system reduces the ionic strength and leads
to mixing of the two solvents and deposition of the poly-
mer as nanoparticles. However, the resulting suspension is
very dilute and requires subsequent concentration by re-
moval of large amounts of water.

The method of Fessi et al. (59) can be adapted to pre-
pare nanospheres from natural macromolecules. Thus
Stainmesse et al. (64) developed a technique to prepare
protein nanospheres in a single step by pouring an aqueous
solution of the protein (e.g., albumin) into a nonsolvent.
In particular, the nonsolvent can be boiling water, thus
leading to heat-denaturation of albumin and formation of
colloidal particles as small as 80 nm. Further strengthening
of the albumin nanospheres can be obtained either by heat-
sterilization (121°C) or by chemical cross-linking. It is
noteworthy that no surfactant was necessary to obtain a
stable dispersion of albumin nanospheres, due to the small
and monodisperse size of the particles, even under the con-
ditions of heat-sterilization. More recently, the nanopreci-
pitation technique has also been applied to amphiphilic
cyclodextrins (65). An advantage of using these cyclic glu-
cose oligomers would be that it provides a third possibility
for drug association; as well as entrapment within the ma-
trix and adsorption on the surface, suitable molecules could
be included within the hydrophobic core of the cyclodex-
trin.

2. Therapeutic Applications of Nanospheres

Nanospheres have been designed mainly for administra-
tion by the intravenous route. In this case, particles whose
surface has not been modified to avoid opsonisation will
be limited in their applications by their distribution, which
is mainly characterized by a rapid uptake into phagocytic
cells of the liver, spleen, and bone marrow. These can be
summarized as follows: concentrating drugs in accessible
sites, rerouting drugs away from sites of toxicity, and in-
creasing the circulation time of labile or rapidly eliminated
drugs. Within these limits, nanospheres can not only
change the distribution of the drug at the organ or tissue
level, but also at the cellular level, by increasing uptake or
modifying the intracellular localization of the drug. These
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properties will be illustrated by work done in our labora-
tory with three different classes of molecules: antibiotics,
anticancer drugs (in particular doxorubicin), and oligo
deoxynucleotides (ODN).

a. Application to the Treatment of
Intracellular Infections

The need for intracellular chemotherapy has been recog-
nized for many years, since a variety of bacterial diseases
originate from so-called obligate or facultative intracellu-
lar parasites, which are often located within macrophages,
often within the lysosomes (66). These infections are often
resistant to commonly used antibiotics because of low in-
tracellular uptake or reduced activity at the acidic pH of
lysosomes. An alternative strategy to the development of
new antibiotics would be the use of drug-delivery systems
to obtain controlled release or targeting to specific sites,
thereby improving the efficiency of existing drugs. In par-
ticular, the need for antibiotics with intracellular efficacy
led to the association of antibiotics with colloidal systems:
liposomes or nanoparticles, which can be endocytosed by
the infected cells (reviewed in Ref. 67). In particular, our
laboratory has developed antibiotics bound to poly(alkyl-
cyanoacrylate) nanospheres.

It has been shown that linkage of ampicillin to poly(iso-
hexylcyanoacrylate) (PIHCA) nanospheres increased its
efficacy in treating Salmonella typhimurium infection in
C57BL/6 mice by a factor of 120. A single injection of 0.8
mg of nanosphere-bound ampicillin was just as efficient as
3 doses of free drug in suppressing all mortality. The bacte-
rial counts of the liver and spleen were 10 to 10,000 times
lower in the mice given free ampicillin mixed with, or
bound to, nanospheres than in control mice. None of the
treatments tested was, however, able to sterilize the organs
of the mice, since living bacteria were found in the livers
and spleens of all mice still alive 60 days after bacterial
inoculation, although the use of the nanosphere-bound
form greatly increased the ampicillin concentration in
these organs (68).

This high efficacy of nanosphere-bound ampicillin ob-
served in the treatment of acute murine experimental sal-
monellosis is probably attributable to the combined effect
of two types of targeting: first, the linkage of ampicillin to
nanospheres led to the concentration of the drug in the liver
and spleen; second, the uptake of ampicillin by infected
macrophages was higher when the drug was bound to na-
nospheres than when it was in the free form (69). Trans-
mission electron microscopy showed nanospheres coloca-
lized with intracellular bacteria (70), and ultrastructural
autoradiography showed that ampicillin itself could reach

the bacterial cell walls, both by direct contact with na-
nospheres and by diffusion through the cell (71).

Ampicillin bound to PIHCA nanospheres was also ef-
fective against experimental listeriosis in athymic nude
mice, a model involving a chronic infection of both liver
and spleen macrophages (72). The nanosphere-bound form
of ampicillin was capable of ensuring liver sterilization
after two injections of 0.8 mg of nanosphere-bound drug,
whereas no such sterilization was ever observed with any
of the other regimens tested (free ampicillin or free ampi-
cillin � unloaded nanospheres). On the other hand, spleen
bacterial counts were less affected by the treatments (free
or bound ampicillin). This was consistent with the in vivo
distribution profile of nanospheres after intravenous ad-
ministration. Autoradiographic studies performed with
PIHCA nanospheres have shown that most of these parti-
cles were present in the liver 5 min after intravenous ad-
ministration. Later, they also concentrated in the spleen,
but to a lesser extent (73). The distribution profile of [14C]-
PIHCA nanospheres in mice showed that 60–80% of the
polymer concentrated in the liver, whereas only 2–6% was
in the spleen (74). This probably explains the fact that the
spleen bacterial counts were less affected than the liver
ones by ampicillin targeted by means of nanospheres.

In an attempt to kill both dividing and nondividing bac-
teria, a fluoroquinolone antibiotic, ciprofloxacin, has been
associated with poly(isobutylcyanoacrylate) (PIBCA) and
PIHCA nanospheres. In an animal model of persisting sal-
monella infection, although an effect on the early phase of
the infection was observed, neither free nor nanoparticle-
bound ciprofloxacin was able to eradicate truly persisting
bacteria (75).

b. Application to the Treatment of Cancer

Intravenously administered anticancer drugs are distrib-
uted throughout the body as a function of the physicochem-
ical properties of the molecule. A pharmacologically active
concentration is reached in the tumor tissue at the expense
of massive contamination of the rest of the body. For cyto-
static compounds, this poor specificity raises a toxicologi-
cal problem that presents a serious obstacle to effective
therapy. The use of colloidal drug carriers could represent
a more rational approach to specific cancer therapy. This
section focus on the increase of the therapeutic index of
doxorubicin when attached to poly(alkylcyanoacrylate) na-
nospheres. The possibility that multidrug resistance might
be overcome by using doxorubicin-loaded nanospheres
will also be considered.

The antitumor efficacy of doxorubicin-loaded nano-
spheres was first tested using the lymphoid leukemia L-
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1210 as a tumor model. In this study, one intravenous
injection of doxorubicin-loaded PIBCA nanospheres was
found to be more effective against L1210 leukemia than
when the drug was administered in its free form following
the same dosing schedule (76). Although the increased life
span (ILS%) of mice injected with doxorubicin-loaded
PIBCA nanospheres was twice as high as the ILS% for
free doxorubicin, there were no long-term survivors.

The effectiveness of doxorubicin-loaded poly(isohexyl-
cyanoacrylate) (PIHCA) nanospheres against L1210 leuke-
mia was even more pronounced than that of doxorubicin
loaded onto PIBCA nanospheres. The drug toxicity was
markedly decreased when it was bound to this sort of na-
nosphere, so that impressive results were obtained with this
formulation at doses for which the therapeutic efficiency of
free doxorubicin was completely masked by the overpower-
ing toxicity of the drug (76). Furthermore, preliminary
experiments suggested that one I.V. bolus injection of doxo-
rubicin-loaded nanospheres was more active, in L1210-
bearing mice, than perfusion of the free drug for 24 h.

The superiority of doxorubicin targeted with the aid of
poly(alkylcyanoacrylate) nanospheres was later confirmed
in a murine hepatic metastases model (M5076 reticulosar-
coma) (77). Irrespective of the dose and the administration
schedule, the reduction in the number of metastases was
much greater with doxorubicin-loaded nanospheres than
with free doxorubicin, particularly if treatment was given
only when the metastases were well established. The im-
proved efficacy of the targeted drug was clearly confirmed
by histological examinations showing that both the number
and the size of the tumor nodules were lower when doxoru-
bicin was administered in its nanoparticulate form (77).
Furthermore, liver biopsies of animals treated with the na-
nosphere-targeted drug showed a lower cancer cell density
inside tumor tissue. Necrosis was often less widespread
with the nanosphere-associated drug than in the control
group and the group treated with free doxorubicin.

Studies performed on total homogenates of livers from
both healthy and metastases-bearing mice showed exten-
sive capture of nanoparticulate doxorubicin by the liver;
no difference in hepatic concentrations was noted between
healthy and tumor-bearing animals (77). In order to eluci-
date the mechanism behind the enhanced efficiency of dox-
orubicin-loaded nanospheres, doxorubicin measurements
were made in both metastatic nodules and neighboring
healthy hepatic tissue. This provided quantitative informa-
tion concerning the drug distribution within these tissues
(78). During the first 6 h after administration the exposure
of the liver to doxorubicin was 18 times greater for na-
nosphere-associated doxorubicin. However, no special
affinity for the tumor tissue was detected, and the nano-

spheres were seen by electron microscopy to be located
within Küpffer cells (macrophages). However, at later time
points, the amount of drug in the tumor tissue increased
in nanosphere-treated animals to 2.5 times the level found
in animals given free doxorubicin. Since uptake of na-
nospheres by neoplastic tissue is unlikely, this increase in
the doxorubicin concentration in tumor tissue probably re-
sulted from doxorubicin released from healthy tissue, in
particular Küpffer cells. Hepatic tissue could play the role
of drug reservoir from which prolonged diffusion of the
free drug (from nanospheres entrapped in Küpffer cell ly-
sosomes) toward the neighboring malignant cells occurs.
Similar results were obtained with doxorubicin-containing
liposomes (79).

This hypothesis raises the question of the long-term ef-
fect of an 18-fold increase of doxorubicin concentration
in the liver. Although toxicological data have shown that
doxorubicin-loaded nanospheres were not significantly or
unexpectedly toxic to the liver in terms of survival rate at
high doses, body weight loss, and histological appearance
(80), this possibility should be borne in mind, especially
since a temporary depletion in the number of Küpffer cells,
and hence the ability to clear bacteria, was observed in rats
treated with doxorubicin-loaded liposomes (81). A system-
atic study using unloaded poly(alkylcyanoacrylate) nano-
particles confirmed a reversible decline in the phagocytic
capacity of the liver after repeated dosing, as well as a
slight inflammatory response (82,83). Nanoparticle-associ-
ated doxorubicin also accumulated in bone marrow, lead-
ing to myelosuppression (84). However, this tropism of
carriers might be useful to deliver myelostimulating com-
pounds such as granulocyte colony stimulating factor to
reverse the suppressive effects of intense chemotherapy
(85). Nanospheres are also captured by splenic macro-
phages (86). In this study, the spleen architecture was
shown to play a role in the localization of the nanospheres:
in the mouse, uptake was mainly in metallophilic macro-
phages of the marginal zone, whereas in the rat, which has
a sinusoidal spleen similar to that of the human, particles
were found in the red pulp macrophages.

On the other hand, alteration of the drug distribution
profile by linkage to nanospheres can in some cases consid-
erably reduce the toxicity of a drug because of reduced
accumulation in organs where the most acute toxic effects
are exerted. This concept was indeed illustrated with doxo-
rubicin, which displays severe acute and chronic cardio-
myopathy. After intravenous administration to mice,
plasma levels of doxorubicin were higher when the drug
was adsorbed onto nanospheres, and at the same time the
cardiac concentration of the drug was dramatically reduced
(87). In accordance with the observed distribution profile,
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doxorubicin associated with nanospheres was found to be
less toxic than free doxorubicin (80).

The ability of tumor cells to develop simultaneous resis-
tance to multiple lipophilic compounds represents a major
problem in cancer chemotherapy. Cellular resistance to an-
thracyclines has been attributed to an active drug efflux
from resistant cells linked to the presence of transmem-
brane P-glycoprotein, which was not detectable in the pa-
rental drug-sensitive cell line. Drugs, such as doxorubicin,
appear to enter the cell by passive diffusion through the
lipid bilayer. Upon entering the cell, these drugs bind to
P-glycoprotein, which forms transmembrane channels and
uses energy from ATP hydrolysis to pump these com-
pounds out of the cell (88). To solve this problem, many
authors have proposed the use of competitive P-glycopro-
tein inhibitors, such as the calcium channel blocker vera-
pamil, which are able to bind to P-glycoprotein and to
overcome pleiotropic resistance. However, since the ad-
verse effects of verapamil are serious, its clinical use to
overcome multidrug resistance is limited.

During the past few years, many studies have been de-
voted to evaluating the antitumor potential of carrier–drug
complexes (89). We have evaluated the effect of nano-
spheres loaded with doxorubicin, resistance to which is
known to be related to the presence of P-glycoprotein. We
compared the cytotoxicity of free-Dox, Dox-loaded
PIHCA nanospheres (NP-Dox) (mean diameter 300 nm),
and nanospheres without drug (NP) against sensitive
(MCF7) and multidrug-resistant (Dox R MCF7) human
breast cancer cell lines (90). MCF7 cells were more sensi-
tive to free-Dox than Dox R MCF7 cells with a 150-fold
difference in the IC50. No significant difference was ob-
served in the survival rate of MCF7 treated with free-Dox
or NP-Dox. In contrast, for Dox R MCF7, the IC50 for Dox
was 130-fold lower when NP-Dox was used instead of
free-Dox (90). These results indicated that nanospheres
provided an effective carrier for introducing a cytotoxic
dose of doxorubicin into the pleiotropic resistant human
cancer cell line Dox R MCF7.

Complementary experiments, conducted with other sen-
sitive and resistant cell lines, have confirmed this efficacy
of nanospheres (91,92). Doxorubicin resistance was cir-
cumvented in the majority of the cell lines tested, and some
encouraging results were obtained in vivo in a P388 model
growing as ascites (91). Further studies were undertaken
to elucidate the mechanism of action of poly(alkylcyano-
acrylate) nanospheres. The incubation time and number of
particles per cell were important factors (93), and, when
PIBCA nanospheres were used, doxorubicin accumulation
within P388/ADR resistant leukemic cells was increased
compared with free drug, although no endocytosis of na-
nospheres occurred (94). On the other hand, when the less

rapidly degradable PIHCA nanospheres were used, rever-
sion was observed in the absence of increased intracellular
drug (95). The degradation products of poly(alkylcyanoa-
crylate) nanospheres [mainly poly(cyanoacrylic acid)]
were also able to increase both accumulation and cytotox-
icity of doxorubicin, although they were soluble in the cul-
ture medium. Hence the reversion of resistance seems to
be due both to the adsorption of nanospheres on the cell
surface and to the formation of a doxorubicin-poly(cyano-
acrylic acid) ion pair that facilitates the transport of the
drug across the cell membrane (95).

In the light of the results obtained with doxorubicin-
loaded nanospheres in the liver metastases model de-
scribed above (78), the role of macrophages as a reservoir
for doxorubicin was tested in a two-compartment coculture
system in vitro with both resistant and sensitive P388 cells
(96). Even after prior uptake by macrophages, doxorubi-
cin-loaded PIBCA nanospheres were able to overcome re-
sistance. However, this reversion was only partial. It was
decided to take advantage of the particulate drug carrier
offers to associate an anticancer drug and a compound ca-
pable of inhibiting the P-gp. This approach was tested with
doxorubicin and cyclosporin A bound to the same nano-
spheres and was found to be extremely effective in re-
versing P388 resistance (96). The association of cyclospo-
rin A with nanospheres would ensure that it reaches the
same sites as the anticancer drug at the same time and
would also reduce its toxic side effects.

c. Nanospheres for Oligonucleotide Delivery

Oligodeoxynucleotides are potentially powerful new drugs
because of their selectivity for particular gene products in
both sense and antisense strategies. However, they pose a
challenge to pharmaceutical technology because of their
susceptibility to enzymatic degradation and their poor
penetration across biological membranes. Liposomal sys-
tems have been shown to protect oligonucleotides from
nucleases and to improve their efficacy in vitro (97,98).
Nanoparticulate preparations might be an interesting alter-
native because of better stability in the presence of biologi-
cal fluids. In the case of nanospheres, since oligonucleo-
tides have no affinity for the polymeric matrix, association
with nanoparticles has been achieved by ion pairing with
a cationic surfactant, cetyl trimethyl ammonium bromide
(CTAB) adsorbed onto the nanoparticle surface. Oligonu-
cleotides bound to poly(alkylcyanoacrylate) nanospheres
in this way were protected from nucleases in vitro (99), and
their intracellular uptake was increased (100). Antisense
oligonucleotides formulated in this way were able specifi-
cally to inhibit mutated Ha-ras-mediated cell proliferation
and tumorigenicity in nude mice (101).
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This approach has recently been applied to the associa-
tion of a phosphodiester antisense oligonucleotide directed
against the 3′ nontranslated region of the PKCα gene with
nanoparticles prepared from poly(isobutylcyanoacrylate).
These nanospheres were able to inhibit PKCα neoexpres-
sion in cultured Hep G6 cells (102).

Nanospheres containing oligonucleotides have also
been formulated from a naturally occurring polysaccha-
ride, alginate, which forms a gel in the presence of calcium
ions. In this case, the oligonucleotides penetrate into the
gel matrix by reptation, thus providing a high loading yield
and good protection against nucleases (103).

B. Nanocapsules

1. Preparation and Characterization
of Nanocapsules

As explained in the introduction, nanocapsules are charac-
terized by an oily core surrounded by a thin polymeric wall
(Fig. 2).

a. Preparation of Nanocapsules

A wide range of oils are suitable for the preparation of
nanocapsules, including vegetal or mineral oils as well as
pure compounds such as ethyl oleate and benzyl benzoate.
The criteria of selection for oils are the absence of toxicity,
the absence of risk of degradation of the polymer, and a
high capacity to dissolve the drug in question.

Polymers, generally used at 0.2–2% (w/w), can be
of different origins: natural (arabic gum, gelatine), hemi-
synthetic (ethylcellulose, hydroxypropylmethylcellulose
phthalate, diacyl β cyclodextrins), or, more commonly,
synthetic [poly(d,l-lactide), poly(ε-caprolactone), poly
(alkylcyanoacrylate)].

Both lipophilic and hydrophilic surfactants are used in
the preparation of nanocapsules, usually at 0.2–2% (w/w).
Generally the lipophilic surfactant is a natural lecithin of
relatively low phosphatidylcholine content, while the hy-
drophilic one is synthetic: anionic (lauryl sulfate), cationic
(quaternary ammonium), or, more commonly, nonionic
(poly(oxyethylene)-poly(oxypropylene) glycol).

Two main techniques for the preparation of nanocap-
sules have been described: interfacial deposition processes
and an emulsification diffusion technique.

The interfacial deposition processes may begin with ei-
ther a preformed polymer (104,105) or a monomer (usually
alkylcyanoacrylate) that polymerizes at the oil–water in-
terface (106). In both cases, the procedure generally con-
sists of mixing a water-miscible organic phase such as an
alcohol or a ketone containing oil (with or without lipo-
philic surfactant) with an aqueous phase containing a hy-

drophilic surfactant. In the first case a preformed synthetic,
hemisynthetic, or natural polymer is solubilized in the or-
ganic phase (or in a phase in which the polymer is soluble).
After addition of the organic phase to the aqueous phase,
the polymer diffuses with the organic solvent and is
stranded at the interface between oil and water. In the sec-
ond case, monomers of alkylcyanoacrylates are solubilized
in ethanol and oil and then dispersed in water containing
surfactants. Anionic polymerization of the cyanoacrylate
in the oily phase is initiated at the interface by nucleophiles
such as hydroxyl ions in the aqueous phase, leading to the
formation of nanocapsules.

Gallardo et al. (107) reported that the most important
factor that leads to the structure of nanocapsules is the dif-
fusion of the organic solvent, with a complete miscibility
of the organic phase in the aqueous phase and an insolubil-
ity of the polymer in both the oily phase and the aqueous
phase. On the other hand, the stirring and the temperature
of the aqueous phase do not seem to influence the charac-
teristics of the nanoparticles formed.

Although the preparation of nanocapsules by interfacial
deposition of preformed polymer is a simple, reproducible,
easily scaled-up technique, applicable to many polymers,
the interfacial polymerization process could also be inter-
esting. In fact, in some cases (depending on the drug to be
encapsulated) polymerization can lead to covalent reac-
tions that could improve its encapsulation and retard its
release (47).

The emulsification diffusion technique described by
Quintanar et al. (108) is based on the initial formation of
an O/W emulsion containing an oil, a polymer, and a drug
in the organic solvent, in an aqueous solution of a stabilizing
agent. Finally, the organic solvent is displaced into the exter-
nal phase by addition of excess water. This alternative tech-
nique to prepare biodegradable nanocapsules, also starting
from preformed polymers, is an interesting method of prepa-
ration that has several advantages: large choice and small
quantities of solvents, simplicity, control of the size of the
nanocapsules obtained (from 80 to 900 nm), control of the
thickness of the polymeric wall by increased concentrations
of the polymer (109), and the possibility of preparing nano-
capsules with an inner aqueous core (110); however, a large
amount of water has to be removed by evaporation if the
organic solvent is highly miscible with water.

b. Characterization of Nanocapsules

The size of nanocapsules is usually found to be between
100 and 500 nm and depends on several factors: the nature
and the concentration of the polymer and encapsulated
drug, the amount of surfactants, the ratio of organic solvent
to water, the concentration of oil in the organic solution
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(111) or the speed of diffusion of the organic phase in the
aqueous phase. This size evaluation is most frequently
made by quasi elastic-light scattering. Scanning and trans-
mission electron microscopy and scanning electron mi-
croscopy without or after freeze fracture have also been
used to check their size and evaluate the structure of nano-
capsules (105,108,112–114). Rollot et al. (112) estimated
the thickness of polymeric wall of the particles prepared
by interfacial deposition process as about 5 nm based on
freeze-fracture microscopy. This agrees with theoretical
calculations based on the relative volumes of oil and poly-
mer in the formulations. Freeze-fracture microscopy also
allowed visualization of different possible organizations of
lipophilic surfactant, which can form vesicles, micelles,
bilayers, or monolayers depending on the concentration
(105). Quintanar et al. (108) have recently confirmed the
spherical shape of these nanocapsules, which also ap-
peared as smooth spheres by atomic force microscopy.

Measurement of the zeta potential is the technique most
frequently used to characterize the surface of nanocapsules
(60). The zeta potential reflects the electrical surface poten-
tial of particules, which is influenced by the charge of the
different components of the nanocapsules located at the in-
terface with the dispersing medium. High zeta potential val-
ues, above 30 mV (positive or negative value), lead to more
stable nanocapsule suspensions, because repulsion between
particles prevents their aggregation. Lecithins, poloxamer,
and polymer are the major components that can affect this
potential; while the polymers, especially the α-hydroxya-
cids such as poly(d,l-lactide) and lecithins impart a nega-
tive charge to the interface; poloxamer, a nonionic surfac-
tant, tends to reduce the absolute value of the zeta potential
(116). Chouinard et al. (117) showed that the molecular
weight of poly(alkylcyanoacrylate) polymers influenced the
surface charge of nanocapsules. Higher zeta potential val-
ues were observed with lower molecular weight polymers,
presumably because the number of charged end groups was
greater. As described by Benita and Levy (118) for emul-
sions, it is possible to modulate the negative charge by the
choice of the lecithins and their purity, since the negative
charge is due to phospholipids other than phosphatidylcho-
line in the lecithin. Monolayer studies carried out with
mixed surfactant monolayers by Santos-Magalhaes et al.
(119) have shown that the adsorption of the poloxamer sur-
factant is enhanced by the presence of phospholipids. Re-
cently Calvo et al. (120) proposed alternative nanocapsules
coated with positively charged hydrophilic polymer based
on polysaccharide chitosan. Their surface charge depends
mainly on the viscosity of the chitosan used.

Atomic force microscopy also allowed the surface of
nanocapsules prepared by the emulsification diffusion
technique to be observed (109). These surfaces are smooth

with contrasting shiny regions, as compared with images
of nanospheres, that could be due to free oil or to resonance
frequencies during the scanning process.

Gallardo et al. (107) showed that ultracentrifugation of
nanocapsules prepared from IBCA and Miglyol 812
yielded both a floating layer (nanocapsules) and a small
pellet (nanospheres). This could be explained by the postu-
lated mechanism of formation of nanoparticles at the inter-
face of the rapidly diffusing organic solvent and water,
which fragments to produce nanocapsules and nano-
spheres, depending on whether oil is entrapped or not.

Centrifugation in a density gradient is an accurate
method to confirm the existence of nanocapsules by
comparison with colloidal carriers prepared without poly-
mer or without oil. Chouinard et al. (117) and Quintanar
et al. (109) have reported isopycnic centrifugation in a
density gradient of Percoll with respectively poly
(alkylcyanoacrylate)/Miglyol and PLA/Miglyol nano-
capsules. The density of nanocapsules was found to be
intermediate between that of nanospheres and that of emul-
sions. They also demonstrated that the density of nanocap-
sules and the band thickness increased when the quantity
of polymer increased.

One of the advantage of nanocapsules over nanospheres
is their low polymer content and a high loading capacity
for lipophilic drugs. The percentage of encapsulation is
generally related to the solubility of the drug in the oily
inner core, as demonstrated by Fresta et al. (114) with dif-
ferent antiepileptic drugs.

The conservation of nanocapsules can be also improved
by freeze-drying (121,122). However, these carriers need
large amounts of cryoprotectors such as trehalose to pre-
vent the capsules from disintegrating and to avoid aggre-
gation on their rehydration. Recently Calvo et al. (120)
showed that chitosan coated nanocapsules can be freeze-
dried with lower amounts of cryoprotective agents than un-
coated negatively charged nanocapsules.

Release of encapsulated drugs from nanocapsules ap-
pears only to be by the partition coefficient of the drug
between oily core and the aqueous external medium and
the relative volumes of these two phases. The rate of diffu-
sion of the drug through the thin polymeric barrier does
not seem to be a limiting factor, nor does the nature of
polymeric wall. On the other hand, the nature of the exter-
nal aqueous phase is of prime importance. For example,
Ammoury et al. (115,123) showed variations in the release
profile of indomethacin as a function of the medium: drug
release was faster and more complete in the presence of
albumin, which acts as an acceptor in the aqueous phase.
Similarly, release of halofantrine, a highly lipophilic anti-
malarial drug, was only observed in the presence of serum,
since the drug has a high affinity for lipoproteins (124).
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However, the nature of the nanocapsule surface can
modulate the release rate in some cases. For example, the
presence of excess lecithin at the interface could decrease
the rate of release of indomethacin (123). Release of halo-
fantrine from surface-modified nanocapsules bearing poly-
(ethylene glycol) chains (see Section III. D) was reduced
compared with conventional nanocapsules (124).

2. Therapeutic Applications of Nanocapsules

The potential of nanocapsules as carriers for liposoluble
drugs will be discussed with respect to the route of admin-
istration: oral, parenteral, or ocular.

a. Oral Route

The oral route was the first route of administration of nano-
capsules loaded with indomethacin and insulin in the mid-
1980s with the aim of avoiding local side effects and/or
improving the biological response. Several in vitro studies
have evaluated the release rate of drugs encapsulated in
nanocapsules prepared from polyester and poly(alkylcya-
noacrylate) polymers in media mimicking pH of the gut
(125–127). The results seemed to indicate that the kinetics
were more sensitive to changes in drug partitioning related
to the change of pH than the nature of polymers as sug-
gested by Magalhaes et al. (113). Although acidification
may catalyze hydrolysis of the ester linkages of the poly-
mer, the release of drugs is not dependent on the destruc-
tion of the nanocapsules. In order better to understand
the behavior of nanocapsules after oral administration,
Marchais et al. (126), Kedzierewicz et al. (127), and Lowe
and Temple (128) also analysed the interactions of nano-
capsules with digestive enzymes. Drug release from nano-
capsules was accelerated in the presence of proteases and
esterases. In the latter case, this was correlated with a de-
crease in polymer molecular weight.

Damgé et al. (129) studied the fate of nanocapsules after
oral administration in vivo using an iodized oil (Lipiodol),
a contrast agent for tomography, as a marker. This showed
that encapsulation increased the plasma concentration of
the marker, which remained at a high level for a few hours.
This improved absorption was attributed to the prolonga-
tion of the contact between the encapsulated iodized oil
and mucosa, or to a transfer of the drug still associated
with nanocapsules through the intestinal mucosa by a para-
cellular pathway. Evidence of the latter pathway was given
by the observation of nanocapsules in the intestinal capil-
laries by electron microscopy coupled with atomic absorp-
tion spectroscopy, but this technique did not allow the ex-
tent of passage to the blood to be quantified.

Mucosal protection. Two major nonsteroidal antiin-
flammatory agents have been encapsulated in this carrier

in order to reduce their side effects on the gastric mucosa.
The pharmaceutical activity of diclofenac (130) and indo-
methacin (131) after oral administration does not seem to
be influenced by the encapsulation of the drug in nanocap-
sules. In fact, nanocapsules containing these two drugs ex-
hibited drug concentration–time profiles in the plasma of
rats similar to those obtained with the corresponding aque-
ous solutions. These observations seemed to be indepen-
dent of the nature of the polymer coating (132). In contrast,
the side effects of both drugs were completely modified
and reduced by encapsulation in nanocapsules. In fact, na-
nocapsules induced a marked protective effect on the gas-
trointestinal mucosa as compared with the ulcerative effect
observed with the drug solutions. Fawaz et al. (133) also
observed a reduced rectal irritability of indomethacin after
administration of nanocapsules by the rectal route. These
results suggested that mucosal side effects after oral ad-
ministration were of local rather than systemic origin, since
intravenous administration of nanocapsules did not reduce
the gastrointestinal side effects. This protection could be
attributed to a slow release of the drugs in the acidic gastric
environment or to the reduced toxicity of the acidic form of
diclofenac or indomethacin encapsulated in nanocapsules
compared with the sodium salt in the aqueous solution
(130).

Improvement of biological response. Poly(isobutyl-
cyanoacrylate) nanocapsules were shown 10 years ago to
be able to encapsulate insulin and to increase its activity
as assessed by a reduction of glycemia (134). Several as-
pects of this phenomenon are surprising: encapsulation of
a hydrophilic drug in the oily core of nanocapsules; reduc-
tion of glycemia was only obtained with diabetic animals;
hypoglycemia appeared two days after administration and
was maintained for up to 20 days depending on the insulin
doses, although the amplitude of the pharmacological ef-
fect (minimum level of blood glucose) did not depend on
the insulin dose. Damgé et al. (135) and Lowe and Temple
(128) suggested that nanocapsules could protect insulin
from proteolytic degradation in intestinal fluids, based on
the protection of encapsulated insulin, observed in the
presence of different enzymes in vitro. Later studies
showed that insulin did not react with the alkylcyanoacry-
late monomer during the formation of nanocapsules and
was located within the oily core rather than adsorbed on
their surface (136,137).

The capacity of insulin nanocapsules to reduce glyce-
mia could be explained by their translocation through the
intestinal barrier, as suggested by Damgé et al. (135), for
example by paracellular pathway or via M cells in Peyer’s
patches (138). Recently, the use of Texas Red–labelled
insulin allowed this translocation to be visualized more
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readily (139). One hour after oral administration, nanocap-
sules reached the ileum. The presence of fluorescent areas
within the mucosa and even in the lamina propria sug-
gested that insulin-loaded nanocapsules could cross the in-
testinal epithelium. Although this passage is certainly an
important factor, it does not explain the duration of the
hypoglycemia. This prolonged action could be due to the
retention of a part of the colloidal system in the gastrointes-
tinal tract.

Interestingly, a prolonged hypoglycemic effect was also
observed with insulin entrapped in poly(alkyl cyanoacry-
late) nanospheres when these were dispersed in an oily
phase containing surfactant (140). This suggests that some
components of nanocapsules could act as promoters of ab-
sorption.

Recently, Damgé et al. (141) showed that the incorpora-
tion of octreotide, a somatostatin analogue, in poly(alkyl-
cyanoacrylate) nanocapsules also improved and prolonged
the therapeutic effect of this peptide, after administration
by the oral route.

Another application by the oral route concerns anti-in-
fectious agents such as atovaquone and rifabutine, two
compounds active against Toxoplasma gondii, an opportu-
nistic parasite whose antiparasitic activity is limited by
their poor bioavailability due to their insolubility in water.
Encapsulation of atovaquone resulted in an increase of
both the survival of mice infected by the parasite and of
its activity after an intragastric administration (142). This
improvement of activity translated as a decrease in the
brain parasitic burden, which was more pronounced in
mice treated with loaded nanocapsules than in those treated
with free drug.

b. Parenteral Route

As far as the parenteral route is concerned, nanocapsules
are useful for formulating poorly soluble drugs for injec-
tion and for modulating the distribution of a drug after in-
jection according to the properties of the carrier.

Encapsulation of poorly soluble drugs. Two poorly
water-soluble nonsteroidal anti-inflammatory agents that
showed different behavior after I.V. administration have
been studied: indomethacin and diclofenac. Diclofenac in
solution or in nanocapsules showed similar plasma con-
centration profiles, whereas encapsulated indomethacin
showed lower plasma concentrations than free drug, due
to enhanced hepatic uptake of loaded nanocapsules (143).
In contrast to the oral route, the similar pharmacokinetic
parameters obtained after I.V. administration were accom-
panied by similar deleterious effects at the level of the in-
testinal mucosa. Subcutaneous injection did not lead to a
slow release of the drug either. One possible explanation
about the lack of modification of the pharmacokinetics of

anti-inflammatory agents could be the rapid rate of release
of these drugs into the circulation in the presence of plasma
proteins. Nevertheless, after I.M. administration, nanocap-
sules of diclofenac showed significantly reduced inflam-
mation at the site of injection as compared with the free
drug in solution (144). Similar observations were made by
Hubert et al. (145) with nanocapsules of darodipine, a
poorly soluble antihypertensive.

Passive targeting to macrophages. As early as 1986,
Al Khouri et al. (106) observed that, like other colloidal
carriers, nanocapsules, administered by the I.V. route in
rabbits, were taken up rapidly by organs of the mononu-
clear phagocyte system.

As well as changing the distribution of a drug, nanocap-
sules may also affect its elimination. Since encapsulated
drug is concentrated in the Küpffer cells of the liver, the
proximity to the hepatic parenchymal cells may increase
its secretion into bile. This was found to be the case in
rabbits, when indomethacin-loaded PLA nanocapsules
were administered intravenously (143). Both the biliary
excretion and the enterohepatic circulation were increased
with the nanocapule form.

One application that takes advantage of this uptake con-
cerns nanocapsules of MTP-Chol (Muramyl tripeptide
cholesterol) developed in our laboratory. This immunosti-
mulating agent is able to activate macrophages and induce
toxicity towards tumor cells and would therefore be a use-
ful agent to treat metastatic cancer. The mechanisms by
which activated macrophages arrest tumor proliferation in-
clude production of nitric oxide and TNF-α. We showed
in in vitro models of rat alveolar macrophages and RAW
264.7 mouse monocyte macrophage line that nanocapsules
based on poly(d,l-lactide) containing MTP-Chol are more
efficient activators than the free drug (146,147). This ac-
tion could be due to an intracellular delivery of the immu-
nomodulator encapsulated in nanocapsules after phagocy-
tosis and to an intermediate transfer of the drug to serum
proteins (148). This system has also demonstrated its effi-
ciency in vivo; in fact Barratt et al. (149) reported antimet-
astatic effects of nanocapsules containing MTP-Chol in a
model of liver metastases. Some antimetastatic activity
was also seen after oral administration.

c. Ocular Delivery

Tear turnover, lachrymal drainage, and the hydrophobic
structure of the corneal epithelium combine to reduce
greatly the ocular bioavailability of drugs formulated as
eye drops. First studies carried out with nanocapsules, as
ocular drug carriers, attempted to increase the penetration
of lipophilic drugs into the eye by prolonging the precor-
neal residence time, as observed with other colloidal sys-
tems, liposomes, and nanospheres. These studies, which
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concerned antiglaucomatous agents such as betaxolol,
carteolol, and metipranolol encapsulated in nanocapsules,
only showed a reduction of the noncorneal absorption (sys-
temic circulation) leading to reduced side effects as com-
pared with the free drug (150–152). These systemic side
effects are due to a poor ocular retention of drugs, which
are directly absorbed into the systemic circulation by con-
junctival and nasal blood vessels. In two cases (carteolol
and betaxolol), encapsulation in nanocapsules produced a
better pharmacological effect (reduction of intraocular
pressure) than free drug and nanospheres (although the
penetration of nanocapsules was not tested) and reduced
cardiovascular systemic side effects (150,151). Metiprano-
lol showed the same activity alone and associated with na-
nocapsules but, as in the case of carteolol and betaxolol,
its side effects were reduced. When betaxolol was used,
the nature of the polymer making up the nanocapsule wall
was found to be important, and poly (ε-caprolactone) was
more efficient than poly(isobutylcyanocrylate) or poly(lac-
tic-co-glycolic acid) (151).

Calvo et al. (153) explored the mechanisms of inter-
action of nanocapsules with ocular tissues the better to
understand the pharmacological responses obtained with
antiglaucomatous agents. By confocal microscopy, they
showed that poly(ε-caprolactone) nanocapsules could spe-
cifically penetrate the corneal epithelium by an endocytic
process without causing any damage to the cells, in con-
trast with poly(isobutylcyanoacrylate) nanoparticles, the
uptake of which was associated with cellular lysis (154).
These results explained the improved therapeutic effect
and the reduction of systemic side effects as a result of
drug loss through the conjunctiva provided by poly(ε-ca-
prolactone) nanocapsules by increasing corneal epithelium
penetration of lipophilic drugs. Calvo et al. (155) also ex-
cluded the influence of the oily inner structure in the ac-
tivity of the nanocapsules, in the light of the absence of
differences in penetration between nanospheres and nano-
capsules, in contrast with Marchal-Heussler et al. (150),
who observed a better therapeutic effect with nanocapsules
than with nanospheres. Moreover, Calvo et al. (155) dem-
onstrated with indomethacin-loaded nanocapsules that the
colloidal nature of the carrier was the main factor influenc-
ing its ocular bioavailability. The same authors were also
interested in the influence of the nature and the charge of
the surface of the nanocapsules on their physical stability
and on their ocular bioavailability (156,157). They found
that coating the negatively charged surface of poly ε-capro-
lactone nanocapsules with cationic polymers could prevent
their degradation caused by the adsorption of lysozyme, a
positively charged enzyme found in tear fluid (156). More-
over, they noticed that a cationic polymer, chitosan, ad-
sorbed on the surface of nanocapsules, was able to provide
the best corneal drug penetration without any local intoler-

ance as compared to another positively charged polymer.
This was achieved by a combination of effects: penetration
of particles into the corneal epithelial cells, mucoadhesion
of positively charged particles onto negatively charged
membranes, and a specific effect on the tight junctions
(157).

This effect of improvement of ocular absorption was
also reported by Calvo et al. (158) with the immunosup-
pressive peptide cyclosporin A. The corneal level of the
drug was increased fivefold as compared with an oily solu-
tion of the drug owing to a highly loaded nanocapsule
preparation, also containing poly(ε-caprolactone). The ef-
ficacy of this topical formulation has also been observed
on a penetrating keratoplasty rejection model in the rat
(159). Le Bourlais et al. (160) also proposed an alternative
preparation of cyclosporin nanocapsules based on poly(al-
kylcyanoacrylate) dispersed in poly(acrylic acid) gel able
to reduce drastically the toxicity of poly(alkylcyanocry-
lates) on the cornea and to promote absorption of the drug.

C. Bioadhesive Interactions of Nanoparticles
with Intestinal Mucosae

Controlled drug delivery not only consists in the release
of drugs in a time-controlled manner but also often necessi-
tates an adequate and finely tuned localization of the deliv-
ery system in the body. In this respect, nanoparticles are
of considerable interest, since their physicochemical prop-
erties can be modulated for increasing their interactions
with specific tissues or cells. In the last decade, the bioad-
hesive potential of nanoparticles in contact with intestinal
mucosae has been thoroughly explored, for improving the
delivery of poorly absorbed drugs.

Different targets can be considered in the gastrointesti-
nal tract for immobilizing nano- or microparticles in close
contact with the intestinal mucosa, including (1) epithelial
cells, (2) specialized immunocompetent cells organized in
Peyer’s patches and (3) the mucus layer covering the mu-
cosa with a continuous adherent blanket. Interactions can
be mediated by nonspecific forces, which are driven by
the surface properties of the particles and the intestine, or
specific interactions can occur when a ligand attached to
the particle is used for the recognition and attachment to
a specific site at the mucosal surface.

1. Nonspecific Bioadhesive Interactions
of Nanoparticles

a. In Vitro Experiments

Nonspecific adhesion of nanoparticles have been reported
in vitro and in vivo. Adsorption experiments have been
conducted under flow (161,162) or static conditions (163–
166) by placing suspensions of nanospheres made of vari-
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ous polymers in contact with excised gut fragments. Inter-
action equilibria are generally reached rapidly [e.g., 10 min
for 230 nm poly(styrene) nanospheres], and it has been
shown that it was controlled by the kinetics of diffusion
of the particles in the suspension medium (163).

Interactions of poly(styrene) latex (163–165) and poly
(isobutyl cyanoacrylate) nanoparticle suspensions (167,
168) with rat intestinal mucosa have been described by
using adsorption models. The shape of adsorption iso-
therms of poly(styrene) latexes were dependent on a parti-
cle size threshold (163,164). For nanoparticles up to 670
nm, the isotherm consisted in a linear increase in adsorbed
amounts up to a plateau that was reached suddenly for par-
ticle concentrations in the bulk particle suspension of about
2.5 g/L, indicating a sudden saturation of the mucus layer
by the particles. The saturation values, expressed as the
mass of polymer per unit of apparent mucosal surface,
ranged typically between 0.5 and 1.0 g/m2 depending on
the type of particles, which corresponded to multilayers of
particles. In contrast, the adsorption of 2-µm polystyrene
particles increased progressively, and saturation could be
obtained for polymer concentrations in the bulk particle
suspension higher than 10 g/L. The saturation values were
in the range of 2 g/m2 but, due to the larger size of the
particles, it could be calculated that it corresponded ap-
proximately only to a single layer of particles on the muco-
sal surface. Adsorption isotherm of poly(isobutylcyano-
acrylate) nanoparticles showed a linear increase in particle
adsorption at least up to a bulk concentration of 20 g/L in
the particle suspension (168). For poly(isobutylcyanoacry-
late) nanoparticles, the slope of the linear segments of the
isotherms is lower than the slope for poly(styrene) latex,
suggesting a lower affinity of poly(isobutylcyanoacrylate)
nanoparticles for the rat intestinal mucosa compared to
poly(styrene) particles in the same size range (i.e., 200 nm).

The characteristics of adsorbing species (e.g., concen-
tration, size, surface properties) and adsorbent (e.g., num-
ber of sites available for adsorption, geometry) determine
the shape of adsorption isotherms. Giles et al. (169) has
proposed a general classification of isotherms based on the
shape of the isotherms. Nanoparticle adsorption isotherms
have been analyzed in this framework (164). Isotherms of
200 nm poly(isobutylcyanoacrylate) nanoparticles and 230
and 670 nm poly(styrene) latexes had the characteristic
isotherm shape of adsorbates that penetrate into a porous
adsorbent. In this situation, the linear increase of the iso-
therm corresponds to the creation of new adsorption sites
when the bulk particle concentration is increased. These
sites are available for further adsorption up to the isotherm
plateau, which corresponds to a saturation of the available
sites. The porous nature of the hydrogel mucus layer for
undermicron particles is likely. The possibility of a diffu-

sion of particles into the mucus layer has been demon-
strated by diffusion studies for polystyrene nanoparticles
in gastrointestinal mucus (170). Confocal microscopy
studies by Scherrer et al. (171) have shown that fluores-
cently labeled poly(isobutylcyanoacrylate) particles (211
nm in diameter) could penetrate at least 60 µm deep into
the mucus layer of rat intestine mucosal fragments. Alter-
natively, scanning electron microscopic photographs made
by Damgé et al. (135) showed 200-nm nanocapsules in
close contact with the mucous network a short time after
oral administration to rats.

In the case of larger particles, such as 2-µm poly(sty-
rene) particles, Langmuir-type isotherms are observed.
The adsorbate adsorbs in a monolayer on the adsorbent
surface, which behaves like a smooth surface.

b. In Vivo Considerations

After oral administration, nanoparticles can transit directly
and/or adhere to the mucosa before fecal elimination.
However, oral absorption (translocation) can also occur
(172–175), and nanoparticles are likely to cross the gastro-
intestinal barrier to deliver their drug content in the blood,
lymph, or even target organ. A direct contact and/or adhe-
sion of the particles to the mucosal surface is a prerequisite
for the translocation process. Obviously, the capture of na-
noparticles by M cells in the Peyer’s patches and further
translocation of the particles is rate limited and quantita-
tively secondary.

After peroral administration of radiolabeled poly(hexyl-
cyanoacrylate) nanoparticles to mice, whole-body autora-
diography showed that thirty minutes after administration
the particles were exclusively localized in the stomach
(174,176). After 4 h, a large quantity of radioactivity was
found in the intestine in the form of clusters without mac-
roradiographic evidence of accumulation at specific intes-
tinal sites. On the contrary, a persistent film of nanopar-
ticles adhering to the stomach wall was observed. In this
study, very little of the radioactivity was found to be ab-
sorbed. In a similar study, microautoradiographs con-
firmed the presence of radioactivity throughout the whole
gut (174,177). The amount of radioactivity dropped to 30–
40% of the 90-min value within 4 to 8 h and to 5%, 24 h
after dosing. Histological investigation showed radioactiv-
ity adjacent to the brush border, incorporated into the un-
derlying cell layers, and in goblet cells up to 6 days after
administration.

After intragastric administration of 14C-labeled poly
(lactide) micron-range microspheres a dynamic description
of the intestinal transit of a suspension of colloidal parti-
cles has been proposed (178). Firstly, the suspension of
particles immediately enters in contact with a portion of
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the oral mucosa (step 1). From this moment, the concen-
trated suspension acts as a reservoir of particles, and very
rapidly an adsorption process takes place, leading to the
adsorption of a fraction of the available particles (step 2).
Adsorption occurs with the mucus layer and is an irrevers-
ible process. The luminal particle suspension transits
through the intestine, sweeping progressively the whole
mucosa. The simultaneous adsorption process results in a
progressive covering of the intestinal mucosa by adherent
particles (step 3). Finally, due to mucus turnover, detach-
ment of the particles from the mucosa begins to occur in
the proximal region and is progressively extended to the
distal region (step 4). Nonadherent particles from the lu-
men pool and detached particles from the mucoadherent
pool are finally eliminated in the feces. Quantitatively, in
this description, particle translocation through the intesti-
nal mucosa remains a marginal phenomenon.

2. Specific Bioadhesive Interactions
of Nanoparticles

In order to increase the adhesivity of the nanoparticles as
well as their site specificity, modifying nanoparticles for
exploiting receptor-mediated interactions within the gas-
trointestinal tract has been suggested. For this purpose,
nanoparticles have been conjugated to different ligands
which show an affinity for a receptor located into the gas-
trointestinal cavity. The attachment is generally obtained
by grafting onto the polymer making up the particles.
Different targets within the gastrointestinal tract can be
foreseen, including (1) mucus glycoproteins (mucins),
(2) epithelial cell membranes, (3) M-cell membranes, Pey-
er’s patches, or gut-associated lymphoid tissue (GALT),
and (4) abnormal glycoproteins secreted by cancerous cells
(local tumors). Different ligands have been suggested, in-
cluding plant, viral, and bacterial lectins, invasins, antibod-
ies (179–182), and vitamin B12 (183).

Lectins are proteins that bind with considerable speci-
ficity to carbohydrate moieties expressed by large mole-
cules, such as glycoproteins. So far, the capacities and lim-
its of tomato lectin (TL) conjugates have been extensively
studied.

According to Kilpatrick and coworkers (184), the to-
mato lectin resists digestion and binds to rat intestinal mu-
cosa without any obvious deleterious effects. Furthermore,
it is recognized as a natural component of our diet. The
potential of this lectin as an oral drug delivery agent was
first shown by Naisbett and Woodley (185) who reported
that this lectin bound avidly to the small intestine epithelial
surface and that this interaction was mediated through N-
acetylglucosamine-containing glycoconjugates. The use of
fluorescently labeled polystyrene latex coated by adsorp-

tion with TL revealed that these conjugates avidly adhered
to isolated fixed pig enterocytes in vitro, while the albumin
coated control conjugates did not (186). Later, adhesion
experiments were carried out by placing a suspension of
conjugated microspheres in contact with isolated rat intes-
tinal segments (187,188). Two sets of intestinal mucosa
were assayed, with or without Peyer’s patches (PP). For
intestinal samples without PP, the extent of interaction of
TL conjugates decreased from duodenum to ileum, which
was attributed to a progressive decrease in the mucin con-
centration along the gastrointestinal tract, although interac-
tions could also take place with enterocytes after diffusion
of the particle conjugates through the mucus layer. About
1.5 g of TL conjugate per m2 of apparent surface of intes-
tine were adhered to the mucosa, which was significantly
higher than the 0.3 g/m2 observed for control BSA conju-
gates. Nevertheless, the interaction of TL conjugates with
mucosa samples having PP was dramatically decreased.
Fluorescence microscopy gave clear evidence of the ab-
sence of surface interactions between TL conjugates and
PP regions (188).

Recently, some in vivo experiments have been per-
formed in rats. On the one hand, fluorescently labeled TL–
latex conjugates were intraduodenally administered to
study the transit time of the conjugates. After killing the
animals 4 h after a single dose administration, no signifi-
cant difference was found in the distribution of TL conju-
gates and controls (189). On the other hand, after multiple
dosing, TL–latex conjugates showed unusual absorption.
Simple dosing produced no evidence of uptake, whereas
5 or 10 days daily dosing caused uptake of 18% of the
dose, not due to tissue damage but perhaps to the induction
of receptor expression by the lectin (172). Therefore TL
conjugates induced a marked increase in systemic uptake
(a 10-fold increase in absorption over plain latex after 5
days daily dosing), which could only be accounted for
by induction of uptake through enterocytes as well as
lymphoid tissue (190). Analysis of tissue samples revealed
that significant amounts of TL conjugates remained bound
to the mucosa for several hours in spite of peristalsism and
mucus turnover (191). By microscopy, these authors have
demonstrated the accumulation of conjugates within the
mucus layer, their penetration through the gel layer, and
their passage along the serosa layer indicative of the ab-
sorption. In contrast with controls, low uptake of TL conju-
gates by the PP was found (187). Further, TL conjugates
showed high circulating levels in the blood, suggesting the
low ability of the reticuloendothelial system to sequester
them (192).

Finally, the specificity of asparagus pea (Lotus tetra-
gonologus) lectin (AL) conjugates to various structures of
the intestinal mucosa ex vivo was tested. It appears that
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these conjugates, which are specific for l-fucose residues,
moderately interacted with regular intestinal segments
(188). By using intestinal segments containing PP, a 25%
increase in the interaction was observed when compared
with segments without PP. This last result is in agreement
with the reported presence of l-fucose residues on PP re-
gions, especially in M cells (193) and may be of interest
for oral vaccination.

3. Increased Oral Bioavailability after Drug
Delivery by Nanoparticles

Immobilization of drug carrying particles at the mucosal
surface would result in (1) a prolonged residence time at
the site of drug action or absorption, (2) a localization of
the delivery system at a given target site, (3) an increase
in the drug concentration gradient due to intense contact
of the particles with the mucosal surface, and (4) a direct
contact with intestinal cells, which is the first step before
particle absorption. Therefore association to nanoparticles
may be of benefit for poorly absorbed or unstable drugs.

The pharmacokinetics of several drugs after oral admin-
istration have been improved by means of nanoparticles
(128,129,131,135,141,194–197). Most of these studies
were carried out with conventional formulations, which
means that the carriers were generally not specifically de-
signed for improving the bioadhesion performances of the
particles. Some results obtained with nanocapsules by the
oral route have been discussed in Section III.B.2.a; these
concern mainly peptides such as insulin, calcitonin, and
somatostatin. Cyclosporin loaded into poly(isohexylcya-
noacrylate) nanocapsules had an increased bioavailability
when compared to emulsions (194).

The bioavailability of vincamine was about 25% when
administered as an aqueous solution to rabbits, whereas
after oral administration adsorbed on poly(hexylcyanoa-
crylate) nanoparticles, its bioavailability reached 40%,
probably due to a prolonged period of contact of the drug
delivery system with the mucosa (195). The bioavail-
ability of avarol was also improved by association with
poly(alkylcyanoacrylate) nanoparticles (196). The anti-
inflammatory effect of hydrocortisone was also increased
when the drug was incorporated into microspheres (197),
while less significative results were obtained for interferon
(198). Interesting results have also been obtained for hu-
man growth hormone and heparin by using proteinoid mi-
crospheres in the micron range (199). Microparticles made
of a copolymer of fumaric acid and sebacic acid (FA:SA)
and specifically designed with bioadhesive properties were
shown to be efficient in transfecting epithelial cells in
vivo by a model plasmid DNA pCMV/βgal, coding for
the β galactosidase (200).

These pharmacological observations suggest a high po-
tential for nanoparticles as a peroral drug delivery system.
However, most of those studies make no attempt to relate
the pharmacological modifications to the fate of the parti-
cles in the GI tract, which is generally not characterized.
In these examples, it can be estimated that bioadhesion is
likely to occur to some extent (as demonstrated in vitro
and in vivo for model particles), but the exact incidence of
the extent and duration of the adhesion on drug absorption
remains unknown. This point should be determined in de-
tail in the future, since it will be crucial for evaluating the
interest of the concept of bioadhesive particulate systems
for oral delivery.

D. Nanoparticles Avoiding Uptake by
Phagocytic Cells

Despite the promising results with some first-generation
drug carrier systems, their usefulness is limited by their
distribution and in particular by their recognition by the
mononuclear phagocyte system. Recently, a great deal of
work has been devoted to developing so-called Stealth

particles, which are invisible to macrophages (Stealth is
a registered trademark of Liposome Technology Inc.). A
major breakthrough in the liposome field consisted in the
use of phospholipids substituted with poly(ethylene gly-
col) (PEG) chains of molecular weight from 1 to 5 kDa
(201). This provides a cloud of hydrophilic chains at the
particle surface that repels plasma proteins, as discussed
theoretically by Jeon et al. (202). These ‘‘sterically stabi-
lized’’ liposomes have circulating half-lives of up to 45 h,
as opposed to a few hours or even minutes for conven-
tional liposomes. They have been shown to function as
reservoir systems and can penetrate into sites such as solid
tumors (203,204). A similar strategy has been applied to
nanoparticles. PEG can be introduced at the surface in two
ways, either by adsorption of surfactants or by the use of
block or branched copolymers, usually with poly(lactide)
(PLA).

As far as the adsorption of hydrophilic surfactants onto
the particle surface is concerned, Illum et al. (205) studied
the use of surfactants with polyoxyethylene blocks, such
as the poloxamer and poloxamine series onto polystyrene
latex surfaces. In particular, they found that coating with
poloxamer 407 avoided uptake by Küppfer cells but pro-
moted uptake by the bone marrow (206). Moghimi and
coworkers (207) found that poloxamine 908 reduced liver
uptake of polystyrene particles, which they interpreted as
being due to reduced adsorption of opsonins and increased
adsorption of dysopsonins. However, this surfactant, even
when not associated with particles, also activated phago-
cytic cells so that a second dose some days later was
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cleared rapidly by the liver. The group of Müller (208,209)
confirmed reduced plasma protein deposition and uptake
by phagocytes of particles coated with these two surfac-
tants, for polystyrene and for biodegradable poly(ester)
particles. However, with the more hydrophilic biodegrad-
able polymeric surfaces, reversible adsorption in vivo was
observed (210). On the other hand, biodegradable na-
nospheres prepared from PLGA coated with PLA-PEG
diblock copolymers showed a significant increase in blood
circulation time and reduced liver uptake in a rat model,
as compared to naked PLGA nanospheres (211).

Polysorbate 80 coated nanospheres (212) have been
shown to accumulate in the brain, and to allow the delivery
of analgesics that do not normally penetrate the blood–
brain barrier, but this may be due to the toxicity of the
surfactant.

The same approach has been applied to nanocapsules.
Lenaerts et al. (213) encapsulated phthalocyanines, impor-
tant agents in photodynamic tumor therapy, and modified
the surface of nanocapsules by adsorption of different po-
loxamers with various lengths of their POE and POP do-
mains. Their results indicated that some poloxamers, such
as poloxamer 407, decreased the uptake of nanocapsules
by organs rich in phagocytic cells and increased accumula-
tion of phthalocyanines in primary tumors. Concentration
of photosensitizers in the tumor were maximal 12 h after
injection of loaded nanocapsules. These carriers allowed
an accumulation 200-fold higher in the tumor compared
with blood.

Despite these results, the use of copolymers in which
PEG is covalently attached to a hydrophobic block would
seem to be the better choice, since it avoids the possibility
of desorption. Nanospheres prepared from copolymers of
PLA, PLGA, or poly(ε-caprolactone) (PCL) with one or
more PEG chains of molecular weight 2–20 kDa have been
extensively studied in order to optimize their surface char-
acteristics (length and density of PEG chains) for minimiz-
ing their interactions with plasma proteins and maximizing
their circulating half-life (214–216). It was found that the
average calculated distance between two terminally
attached PEG 2 kDa chains had to be 2.2 nm or less for
repulsion of complement proteins (217). Steric repulsion
was also sufficient to avoid strong interactions with the
plasma factors of the coagulation system and formation
of aggregates between particles and calcium ions in the
presence of sodium cholate (218). Recently, nanospheres
have been prepared from a series of PEG–PLA copolymers
in which the Mw of both the PLA and PEG blocks were
varied (219,220). Moreover, the use of blends of PLA and
PEG–PLA allowed nanospheres to be prepared coated
with a PEG ‘‘brush’’ of varying thickness (related to the
PEG Mw) and density (related to the content of PEG in

the nanospheres). It was thus possible to study the effect of
these coatings on competitive plasma protein adsorption,
surface charge, and interaction with phagocytic cells.

Although PEG of 5 kDa was more effective than PEG
of 2 kDa in terms of reduction of the total amount of
plasma protein adsorption, increasing the chain length fur-
ther, up to 20 kDa, gave no additional advantage (219).
The major plasma proteins adsorbed onto these nano-
spheres were albumin, immunoglobulin G, immunoglobu-
lin light chains, and the apolipoproteins apoA-I and apoE.
It was shown further that at optimal PEG chain length (5
kDa) a PEG surface density corresponding to a distance
of less than 1.5 nm between two terminally attached PEG
chains is required to minimize the total amount of plasma
protein adsorbed. A study of phagocytosis by polymorpho-
nuclear (PMN) cells as measured by chemiluminescence
and zeta potential carried on with these particles agreed
well with these findings: the same PEG surface density
threshold (1.5 nm) was found both to ensure efficient steric
stabilization and to avoid the uptake by PMN cells. Finally,
at optimal coating conditions, it was shown that the nature
of the core material (PLA, PLGA, or PCL) played a major
role in determining the nature and the amount of the
plasma proteins adsorbed (220). On the other hand, a better
avoidance of uptake by THP-1 monocytes was provided
by 5 kDa PEG chains than by 2 kDa PEG chains at a dis-
tance of 1.2–1.4 nm (215).

Lidocaine was used as a model lipophilic drug in an
attempt to establish the main factors that determine the en-
capsulation efficiencies and the release kinetics (221). Hu-
man serum albumin (HSA), as a model protein, was also
encapsulated in PLA–PEG nanospheres (222,223). HSA
loading as high as 7 wt% was thus obtained with 200 nm
nanospheres, and controlled release over several days was
observed. Surface analysis techniques established that
HSA was mainly entrapped deep inside the cores and not
adsorbed on their surface (222). As well as their potential
as circulating microreservoirs, such systems might be use-
ful for controlled release of antigens. Tetanus toxoid (TT)
could also be entrapped in nanospheres of about 150 nm,
with high efficiency. When gelatin was included as a stabi-
lizer, active antigen could be released for at least 28 days
(224). The transport of radiolabeled TT through the rat na-
sal mucosa was highly dependent on the surface properties
of the nanospheres: the PEG coated ones led to a much
higher penetration of TT into the blood circulation and the
lymph nodes than the uncoated PLA ones.

PEG chains have also been attached covalently to poly
(alkylcyanoacrylate) polymers by two different chemical
strategies. In the first, PEG was added during the emulsion-
polymerization of alkylcyanoacrylate monomers (225).
When PEG blocked at one terminal (MePEG) was used, a
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brushlike configuration would be expected, whereas when
unblocked PEG was added, both ends could be linked to
the poly(alkylcyanoacrylate), yielding a loop structure.
Studies of complement consumption suggested that this
latter structure was the most effective in repelling proteins
from the particle surface. The second strategy consisted in
the synthesis of a cyanoacrylate monomer substituted with
PEG and its copolymerization with hexadecylcyanoacry-
late in a 1:4 ratio (226). Both types of particle have shown
long-circulating properties in vivo (225,226).

Recently, we have prepared nanocapsules from PLA–
PEG copolymers, with the aim of creating circulating res-
ervoirs with a high capacity for lipophilic drugs. In this
case, both PEG chain length and density were found to be
important in reducing interactions with phagocytic cells in
vitro and prolonging circulation time in vivo (227). We
compared systems containing PLA–PEG with those stabi-
lized by poloxamer F68. The latter showed some Stealth

properties in vitro at low dilution, but these were lost at
higher dilution and in vivo. The nanocapsules containing
PLA–PEG of 5 kDa, with a spacing of 4.3 nm, avoided
capture by the liver better and remained longer in the circu-
lation than those containing PLA–PEG of 20 kDa (spacing
7.8 nm), and both were better than nanocapsules with ad-
sorbed poloxamer F68. When a denser coverage of PLA–
PEG 20 kDa was used, better Stealth properties were ob-
tained than with PLA–PEG 5 kDa at the same spacing
(228). These nanocapsules have been used to encapsulate
an antimalarial drug, halofantrine (124), in order to prepare
a well tolerated, injectable form for the treatment of severe
disease.

Another strategy for preparing long-circulating colloi-
dal systems can be considered as biomimetic in that it
seeks to imitate cells or pathogens that avoid phagocytosis
by reducing or inhibiting complement activation. One ex-
ample is the development of liposomes with a membrane
composition similar to that of erythrocytes, e.g., liposomes
containing GM1, (229) and those coated with poly(sialic
acid) (230). These systems may show circulating half-lives
as long as liposomes bearing PEG. Attempts to introduce
sialic acid onto the surface of nanospheres, either by ad-
sorption of glycoproteins (231) or by synthesis of a PLA-
poly(sialic acid) copolymer (232), were not successful, in
the first case because of desorption in the presence of
plasma proteins and in the second because of either the
water-solubility of the polymer or an inappropriate confor-
mation of the polysaccharide.

Another biomimetic approach, which has yielded more
promising results, is the use of heparin, the anionic poly-
saccharidic anticoagulant, also known to inhibit several
steps of the complement cascade, as the hydrophilic part
of amphiphilic diblock copolymers capable of forming

nanospheres (233). The hydrophobic segment was poly
(methylmethacrylate) (PMMA), a nonbiodegradable poly-
mer, which was however suitable for validating the con-
cept. These systems were indeed able to avoid complement
activation, as shown by two-dimensional immunoelectro-
phoresis of C3 (234). Using a fluorescent marker randomly
copolymerized in the PMMA segment, it was possible to
demonstrate reduced uptake by macrophages in vitro
(235), and an increased half-life in vivo (5 h or more de-
pending on the injected dose, compared with a few minutes
for PMMA nanospheres) for the heparin-bearing systems
(236). It is interesting to note that nanospheres prepared
from a diblock copolymer with dextran, intended as con-
trols, had only low complement-activating potential, in
contrast to cross-linked dextran, i.e. Sephadex, and also
showed long-circulating properties; thus a steric hindrance
effect caused by a brushlike arrangement of end-attached
polysaccharide chains may also contribute to the long-
circulating properties of these nanospheres.
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Stutzmann, J. Féger, J. C. Blanchard, B. P. Roques. Inves-
tigation of behavioral and electrophysiological responses
induced by selective stimulation of CCK-B receptors by
using a new highly potent CCK analog, BC 264. Synapse
6:73 (1990).

19. P. Branchereau, G. A. Böhme, J. Champagnat, M. P.
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interactions with functionalized poly(styrene) latexes. J.
Colloid Interf. Sci. 170:555 (1995).

167. A. Dembri, M.-J. Montisci, D. Duchêne, G. Ponchel. Deg-
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I. INTRODUCTION

Liposomes or (phospho)lipid vesicles are self-assembled
colloidal particles that occur in nature or can be prepared
artificially. In the beginning, liposomes were used to study
biological membranes, while several practical applica-
tions, most notably in drug delivery, emerged in the 1970s.
After three decades of research, several products are com-
mercially available. They rely on liposome colloidal, mi-
croencapsulating, and surface properties. Products range
from drug dosage forms (antifungals, anticancer agents,
and vaccines) and cosmetic formulations (skin care prod-
ucts, shampoos) to diagnostics and food industry products.
However, at present, it seems that drug delivery applica-
tions are now the most widely investigated area of their
practical applications.

A. Properties of Amphiphiles, Bilayers,
and Liposomes

Amphiphiles are a class of organic molecules that contain
both polar (or in most cases charged) and nonpolar seg-
ments and are therefore simultaneously hydrophobic and
hydrophilic. Typical examples of these molecules are
detergents and phospholipids. Due to hydrophobic and
hydrophilic interactions, these molecules orient and self-
organize in polar and nonpolar solvents. Aqueous systems
of amphiphiles exhibit a very rich phase behavior, and
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some of the structures formed are schematically shown
in Fig. 1. The most common structures that most phos-
pholipids adopt spontaneously are the concentric bilayer
vesicles in excess water (see Fig. 2). In the bilayer struc-
ture the lipid hydrophilic head groups orient toward the
aqueous phase, and the nonpolar hydrocarbons are asso-
ciated at the center, away from water molecules. In com-
parison most detergents and lysophospholipids form mi-
celles that vary in size and shape depending on the type
of detergents. Certain amphiphiles, such as long-chain
phosphatidylethanolamine (PE), do not form bilayers
but adopt a structure known as the inverted hexagonal
(HII) phase (see Figs. 1 and 2). Various types of cubic
phases have also been discovered (42). In drug delivery,
the dispersed, self-closed lamellar phase—the lipo-
somes—is most important and used for most applications.
In other applications, such as gene transfer and regional
drug delivery applications, other structures such as the dis-
persed HII and cubic phases, and the micelles, may be also
important.

The ability of lipids to adopt structures other than the
bilayers upon hydration is known as lipid polymorphism.
A generalized concept of geometric shape properties can
be ascribed to various amphiphilic molecules that reflect
the phase structure they prefer under given conditions, as
illustrated in Fig. 3. Molecules, such as lipids, that prefer
the bilayer structure, have cylindrical shapes, i.e., similar
areas of polar heads and the cross sections of nonpolar
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Figure 29.1 Common types of structures (phases) formed by amphiphiles in aqueous solution. Most detergents and lysophospholipids
form various types of micelles. Most phospholipids form spontaneously into concentric bilayer vesicles. Certain amphiphiles, such as
long-chain phosphatidylethanolamines (PE), can form inverted hexagonal (HII) phase. Micellar and liquid-crystalline phases are stable
thermodynamic phases, while lamellar colloidal suspension liposomes is a kinetically trapped state.

Figure 29.2 Freeze-fracture electron micrographs. (A) Multilamellar vesicles of EPC prepared by the freeze-thaw and hydration proce-
dure; (B) hexagonal (HII) phase of DOPE; LUVs and SUVs (right panels) prepared by extrusion of MLVs through filters of various
pore sizes (0.4, 0.2, 0.1, and 0.05 µm). (Courtesy of M. Hope and P. Cullis).
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Figure 29.3 The concept of molecular geometry and structure of the amphiphilic phases as determined by packing of surfactant
molecules (steric effects) (From Ref. 43.)

chains. In the case of a larger polar head with respect to
a smaller nonpolar tail, the molecules tend to pack into
structures with high radii of curvature, such as micelles.
A structural parameter P is defined as

P �
v

al

Where ν is the volume of the amphiphile, a the cross-sec-
tional area of the polar head, and l the length of the nonpo-
lar tail. For values of P below 1/3, spherical micelles are
favored structures; for values between 0.8 and 1.1, prefera-
bly around 1, bilayers are the most stable structure, while
for values of P � 1 to 1.1, inverse structures form. In the
case of ideal mixing within the bilayer, one can define an
average P as the sum of the mole fractions of individual
values of P of individual lipids:

〈P〉 � ∑ ixiPi

where fractions are taken for lipid i with structural parame-
ter Pi. We shall use this concept later to explain liposomes
with built-in instability.

Liposomes are simply lipid vesicles in which an aque-
ous volume is entirely enclosed by a membrane composed
of lipid molecules. Liposomes were first discovered by
Alec D. Bangham in the early 1960s when investigating
the role of phospholipids in the clotting cascade (10). The
bilayer structure of the liposomes is in principle identical
to the lipid portion of natural cell membranes—the ‘‘sea
of phospholipids’’ in the Singer and Nicholson mosaic
model. Since then, liposomes have been used as models of
biological membranes because liposomes can be prepared
from natural constituents and membrane proteins can be
reconstituted.
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Figure 29.4 Chemical structures of neutral and anionic phospholipids commonly used in liposomes for drug delivery.

With respect to the size and number of membranes (la-
mellarity) we distinguish large multilamellar vesicles
(LMV or MLV) and unilamellar vesicles (UV), which can
be small (SUV), large (LUV), or giant (GUV), as shown
in Fig. 2. MLVs are normally formed when dry lipid is
hydrated in aqueous solution. Small liposomes are nor-
mally defined as the ones where curvature effects are im-
portant for their properties. This curvature depends on the
lipid composition and can vary from 50 nm for soft bi-
layers to 80 to 100 nm for mechanically very cohesive
bilayers. Giant vesicles are normally those with diameters
above 1 µm. The thickness of the bilayer depends on the
type of lipids, the hydrocarbon chain length, and the tem-
perature, and is around 4 nm.

B. Chemical Structures of Lipids

1. Zwitterionic and Anionic Lipids

Lipids used for lipid vesicles are extracted from natural
sources or chemically synthesized. The most common nat-
ural lipids are lecithins (phosphatidylcholines, PC), sphin-
gomyelins, and phosphatidylethanolamines (PE), which
are zwitterionic at physiological pH (see Fig. 4 for struc-
tures). The common sources for these lipids are egg yolks,
soya beans, and (ox) brains.

Anionic natural lipids include phosphatidylserine (PS),
phosphatidylglycerols (PG), and phosphatidylinositols
(PI). One serious drawback of the natural lipids is that they
contain a mixture of acyl chains. Natural lipids are less



Liposomes in Drug Delivery 787

commonly used for liposome/vesicle preparations for sev-
eral reasons. First, membranes prepared from natural lipids
tend to be leakier to solutes, due to the low main phase
transition temperatures (see below), and therefore they are
not suitable for drug delivery when drug retention and car-
rier stability are emphasized. Second, for basic biophysics
researches involving artificial lipid membranes, synthetic
lipids are preferred, since in most cases one would like to
be able to control the physical properties of the membranes
and be able better to interpret the experimental results. The
last problem for using natural lipids particularly as drug
carriers for human use concerns the possible contamination
from the source, especially if it is animal in origin.

The stability of natural lipids can be increased by hydro-
genation (reduction of double bounds). The degree of hy-
drogenation is described by the iodine value (I.V.), where
I.V. � 1 for fully saturated chains. A typical high I.V. num-
ber is 65 of EPC. Commercially, I.V. values of 1, 10, 20,
30, and 40 are normally available.

In contrast, chemical synthesis can produce lipids with
well-defined acyl chains (number of carbons on the chains
and degree of saturation) attached to the same polar heads.
The most commonly used acyl chains are dimyristoyl
(C14:0), dipalmitoyl (C16:0), distearoyl (C18:0), dio-
leoyl (C18:1), and palmitoyl-oleoyl (C16:0-C18:1). The
structures of some common phospholipids are shown in
Fig. 4. Cholesterol is a very important component in lipid
vesicles for improving the mechanical stability of the lipid
bilayers and therefore increasing the retention of the encap-
sulated agents.

2. Cationic Lipids

Cationic lipids, with the exception of sphingosine and
some lipids in primary life forms, practically do not ex-
ist in nature. The first lipid that was used to complex
DNA (80) and transfect DNA in cell culture (30) was
DOTMA (dioleoxypropyltrimethylammonium chloride).
Many more cationic lipids have been synthesized to im-
prove the transfection capability and to decrease the tox-
icity (see Fig. 5 for structures). The best-known monoca-
tionic lipids include DOTAP, DMRIE, DODAP, DDAB,
and DODAC, and all these are efficacious for DNA trans-
fection. Natural cations, such as spermine4� and sper-
midine3�, can also be coupled to fatty acyl chains. In
DC-CHOL the positive charge is associated on the sterol
backbone (33). The chemical structures of the most fre-
quently used cationic lipids for DNA delivery are given in
Fig. 5. DOPC, DOPE, and cholesterol are the most
often used neutral lipids and are often called helper lipids.
mPEG-PE and mPEG-ceramides have often been used
to increase circulation and to prevent aggregation. The ma-

jority of positive charges of cationic lipids are based on
(poly)amines and quaternary ammonium salts. The pKa

values for most cationic lipids are currently unknown.
Quaternary ammonium salts are very strong bases, and
pKa values are above 12. For simple alkyl amines, pKa

values are typically above 10 for primary and secondary
amines and above 9 for tertiary.

C. Thermodynamic Properties of Lipids

1. Thermodynamic Properties of Pure Lipids

Liposome characteristics are determined by surface and
membrane properties, including surface charge, steric in-
teraction, and membrane rigidity. The most common lipids
used for preparing liposomes for drug delivery are neutral
or zwitterionic lipids, such as PCs and PEs. Therefore the
characteristics of these types of liposomes are determined
by the thermodynamic properties of these lipids. One of the
most important thermodynamic parameters of chemically
pure lipids is the phase transition temperature (Tm) and the
associated enthalpy (∆H ). The low temperature phase for
PC and PE is commonly referred to as the gel phase, where
the acyl chains are packed tightly and lateral movement of
lipid molecules is restricted (Fig. 6). For this reason, solute
transport through lipid bilayers in the gel phase is limited.
The high-temperature phase is called the liquid-crystalline,
or fluid, phase, where the acyl chains become mobile
and disordered, although the lipids are still arranged in a
smooth bilayer structure. This phase transition between the
ordered gel phase and the fluid phase is most commonly
referred to as the main phase transition (Tm). Lipid phase
transitions are cooperative events and can occur over a
very narrow temperature range of less than one degree
(58,59,61).

Factors affecting the phase transition properties are the
type of polar head groups, the length of the acyl chains,
and the degree of saturation of the acyl chains. For the
same polar head groups Tm increases with increasing acyl
chain length (58,61,100). Lipids with unsaturated acyl
chains have much lower Tm values, due to the introduced
disorder of the double bond. PEs usually have higher
values of Tm than the corresponding PCs with identical acyl
chains, because of the stronger interactions (intermolecular
H-bonding) between PE head groups. The presence of
charge on the polar heads (i.e., cationic and anionic lipids)
tends to decrease the value of Tm, due to the repulsive in-
teractions between molecules. It should be noted that some
anionic lipids, such as phosphatidic acid (PA) and PS, are
known to exhibit strong intermolecular hydrogen bonding
and therefore may have higher values of Tm (15,16). There
are relatively few studies on the phase properties of the
cationic lipids commonly used for genosome formation.
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Figure 29.5 Structures of cationic lipids used in gene transfection.
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Figure 29.6 Illustration of phase transition for phospholipids in a lipid bilayer when fully hydrated. Crystalline phase (L′β) transforms
into a gel phase (P ′β) at temperature Tp. The P ′β transforms into liquid-crystalline phase (Lα) at Tm. In the L ′β phase, lipid molecules are
packed tightly with hydrocarbon chains tilted to a certain degree. In the P ′β phase, the hydrocarbon chains also packed closely, but the
bilayer surface becomes rippled. In the Lα phase, the lipid chains become mobile and disordered, and in addition lipid molecules can
move freely within the bilayer. A transition from lamellar phase to reversed hexagonal phase (Lα to HII) can occur for some lipids
having small head groups and bulky hydrocarbon chains, such as DOPE. The phase temperatures and enthalpies can be conveniently
monitored by differential scanning calorimetry (upper curve).

2. Thermodynamic Properties of Binary
Lipid Mixtures

In most cases, liposomal formulations designed for drug
delivery contain more than one type of lipid. An essential
parameter to consider for formulation stability is the misci-
bility of the lipid matrix. Lipid mixtures that are poorly
miscible will eventually fail in stability tests, due to lipid
phase separation. For lipids with the same head groups,
the degree of miscibility is mostly determined by the mis-
match of the acyl chains as well as the degree of saturation
of the acyl chain. PC, for instance, with an acyl chain
length differing by two carbons, has high miscibility, while
a four-carbon difference results in poor miscibility. In con-
trast, di-18:1∆9 PC has better miscibility with di-14:0 PC
than with di-18:0PC (82). The binary phase behavior of
PC with other types of lipids is rather complicated (60,61).
PC and PE have medium or low miscibility unless the two
have the same acyl chain length. It is interesting to note
that PC and PG can be ideally miscible when the two have

the same acyl chain length, because the thermodynamic
properties of PG are very similar to their corresponding
PCs.

Cholesterol as one of the most useful liposome compo-
nents can be readily incorporated into PC bilayers to a
maximum of 50 mol%. Cholesterol itself does not exhibit a
phase transition, but it does broaden significantly the main
phase transition of the lipid bilayer into which cholesterol
is incorporated. The primary purpose of using cholesterol
is to increase the membrane rigidity, and it therefore im-
proves mechanical properties of liposomes, which leads to
better drug retention and longer liposome circulation.

II. TECHNIQUES OF LIPOSOME
PREPARATION

Unlike other polymer-based drug delivery systems, the
emphasis in making liposomes is not towards assembling
the membrane, since lipid bilayers form spontaneously
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upon hydration, but towards getting the swollen mem-
branes to form vesicles/liposomes of the desired size and
structure, and to achieve high solute trapping efficiency
and good pharmacological properties of the liposomal de-
livery system.

The common procedures for generating various types
of lipid vesicles are summarized in Table 1 and will be
described in detail below. Two of these involve the initial
solubilization of lipids in organic solvents or detergents
that have to be removed subsequently. The third procedure
does not require solubilizing agents. But first it is useful
to introduce two primary parameters that have been used
extensively by liposomologists to describe liposomes for
their attributes as drug carriers. The first parameter is the
trapping efficiency, which is defined as the percentage of
aqueous solute that is entrapped within the liposomes. The
second parameter is the trapped (or the captured) volume,
which is defined as the internal aqueous volume enclosed
by a given amount of lipids and is often expressed as L/
mol lipid. We will describe first the generation of different

Table 29.1 Common Methods for the Generation of Multilamellar and Unilamellar Vesicles

Type of Trapped vol.
Technique vesicles (L/mol lipid) Advantages Disadvantages

Direct hydration (hand-shaking) MLV 0.5 Fast Low trapped volume; low trap-
(36,64) ping efficiency; unequal dis-

tribution of solute
Direct hydration plus freeze- MLV 5–10 Fast, high trapped volume; Solute dependent

thaw (36,63) high trapping efficiency
Extrusion of MLV (40) LUV 1–2 Fast, high trapping efficiency, Relatively low trapped volume

uniform size
Sonication SUV 0.2–0.5 Fast, small size, most suitable Low trapped volume, size less

for small volume preparation uniform than extruded
LUVS, small scale

Ethanol injection (25) LUV/SUV 5–10 Convenient Limited lipid-solubility in etha-
nol, low trapping efficiency,
low lipid concentration, etha-
nol needs to be removed

Ether injection (25) MLV/LUV 5–10 High lipid concentration, high Small scale, heterogeneous size
trapping efficiency

Reverse-phase by sonication/ro- LUV/MLV 10 High trapping efficiency Small scale, heterogeneous
tary evaporation (84) size, safety concern

Reverse-phase by sonication/N2 MLV 10–20 Even distribution of solute Low trapping efficiency (�
evaporation (36) (SPLV) 30%), heterogeneous size,

safety concern
Detergent dialysis (27,44) SUV/LUV 0.5–5 Reconstitution of proteins, high Slow process, detergents diffi-

trapped volume cult to remove completely,
size difficult to control, low
trapping efficiency

Source: Ref. 23.

types of vesicles (i.e., MLV, LUV, and SUV) and then the
most common preparation procedures.

A. Mechanical Dispersion by Direct
Hydration (MLVs)

The conventional procedure for generating MLVs is very
simple and straightforward. Lipids are dissolved in organic
solvent, such as chloroform, or a chloroform/methanol
mixture (2/1 to 3/1 vol/vol) and then dried by rotary evap-
oration to form a thin film on the glass wall of a round-
bottom flask. The residual amount of solvent is then re-
moved by vacuum (� millitorr) for several hours. Aqueous
medium is then added to hydrate the lipids at temperatures
5–10°C above the Tm for the lipid (or the Tm for the lipid
with the highest Tm value, in case of mixed lipids). Often,
agitation, such as shaking, vortexing, or even the use of
glass beads, is required to remove all lipids from the glass
wall and to generate homogeneous lipid suspensions. At
this stage, vesicle formation lipids are said to ‘‘swell’’ and
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peel off the glass support in sheets and form vesicles.
MLVs have been very useful as model membranes for fun-
damental research, such as studies on the thermodynamic
and structural properties of lipids and lipid interactions with
drugs, peptides, or proteins (72,85,96–98,100,101). They
have very limited use as drug carriers, particularly for sys-
temic delivery of water-soluble agents, because MLVs pro-
duced by the above method give rise to very low trapping
volume (36,64). In addition, they have a very wide size
distribution. However, lipid-soluble agents can be en-
trapped inside the lipid bilayers of MLVs to very high effi-
ciency, provided that they are not presented in quantities
oversaturating the structural capacity of the lipid bilayers.
The trapping efficiencies and trapped volumes of MLVs
produced by this direct hydration method can be dramati-
cally increased by a procedure called freeze-and-thaw, in
which the lipid suspension is subjected to cycles of freezing
and thawing between subzero temperatures (i.e., freezing
in liquid nitrogen or dry ice) and temperatures above the
Tm of the lipid (see Fig. 2) (36,64).

For preparations that will be used in humans, the use
of chloroform or methylene chloride is not recommended,
although that it can be pumped off below 1 ppm relatively
quickly. Thus an alternative method of generating homo-
geneous MLVs is to freeze-dry the lipids dissolved in a
suitable organic solvent. Tertiary butanol is considered the
most suitable solvent. Aqueous medium is added to the dry
lipid, which is in an expanded foamlike form (cake), and
MLVs are then produced by rapid mixing above the Tm of
the lipids (3).

B. Extrusion/Homogenization (LUVs)

The majority of applications, however, require smaller and
better-defined liposomes. For systemic delivery of drug,
liposomes with sizes in the range of 100–150 nm are de-
sired, while for genosomes, SUVs smaller than 50 nm are
often preferred. LUVs can be conveniently produced by an
extrusion technique, where MLVs produced as described
above or by other methods are forced through polycarbo-
nate filters at temperatures above the Tm (77). It was later
improved by employing a purposely built high-pressure
extruder that allowed rapid extrusion under high pressure
up to 5.5 mpa from a nitrogen tank (40,63). LUVs with
sizes ranging from 50 to 200 nm can be generated
by the extrusion procedure using appropriate filters (see
Fig. 2). The extruded liposomes have well-defined size dis-
tribution and thus have been widely used both in research
laboratories and in industries. Further, high lipid concen-
trations (up to 400 mg/mL) can be employed, which is
critical for achieving high trapping efficiencies for hydro-
philic agents.

Homogenization and microfluidization (or microemul-
sification) are the easiest ways for the scale-up. In homoge-
nization, MLV solution is forced at high pressure through
a small hole; it collides into a wall, a small ceramic ball,
or the tip of the pyramid in an interaction chamber. Mi-
crofluidization devices split the suspension of MLVs into
two parts, which are collided head on at pressures up to
20,000 psi. This technique offers such advantages as sim-
plicity, large capacity, and speed (depending on the size
of the homogenizer one can prepare 10 mL to hundreds of
liters in 1 hour). Some of the disadvantages are possible
lipid degradation and wider size distributions compared
with liposomes produced by the extrusion method.

Another device, called the French press, originally de-
signed for disrupting plant and bacterial cells (SLM-
Amino Inc. Urbana, Illinois), can also be used for produc-
ing homogeneous liposomes in the mid size range (30–80
nm) (11,51). In this procedure, the MLV suspension is
enclosed in a pressure chamber (20,000–40,000 psi), and
the suspension is forced through an outlet orifice. As in
other homogenization processes, the vesicles are disrupted
into lipid fragments by the large shear force generated by
the high pressure, and small liposomes are thus formed.
The size and the homogeneity of the liposomes for a given
lipid are inversely proportional to the flow rate through the
orifice. For different lipid matrixes the size of the lipo-
somes produced by the French press procedure depends on
variables like lipid composition, temperature, and pressure.
Consequently, this method can only be used when high
reproducibility is not necessary. In addition to the high ini-
tial cost of the device, the French press has not been as
popular as some other methods described above.

C. Sonication (SUVs)

Sonication has long been used as a convenient method for
producing SUVs with the smallest size possible in small
scale (41). In recent years it has been the most often used
method for generating cationic liposomes for gene delivery
studies (see Fig. 9C) (28,29,35,51,73). Both bath and probe
ultrasonic disintegrators can be used, and each has advan-
tages and disadvantages. For larger volume and dilute sam-
ples, bath sonication is more suitable. Normally 5 to 10
min sonication above the Tm of lipids is sufficient for pro-
ducing SUVs of 50 nm or even smaller. The advantages
of bath sonication include a controllable operating temper-
ature, freedom from contamination, and no loss of lipid
material. Probe sonication, on the other hand, dissipates
more energy into the sample and therefore is often used for
achieving the smallest size possible and for concentrated
samples or suspension in more viscous aqueous solutions.
Different size probes are available for different volumes
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of samples. One problem with the probe sonication is
the heating of the sample solution, which can cause lipid
degradation. This situation can be overcome by placing
the sample vessel in a circulating water bath and under a
nitrogen blanket. Another problem with probe sonica-
tion is contamination from the titanium particles from the
probe tip, which must be removed by centrifugation or fil-
tering. The size of liposomes produced depends on lipid
concentration and composition, temperature, sonication
time and power, volume of sample, as well as tuning; i.e.,
by carefully adjusting the position of the tip, one can
achieve better energy dissipation. Consequently this pro-
cess is not very reproducible in some circumstances. One
should also be aware that the vesicle size may start to in-
crease after a minimum size has been achieved, due to
vesicle fusion resulting from colliding of vesicles in the
process.

D. Solvent Injection

Several methods for liposome preparation involve the
solubilization of lipids in organic solvent, which is then
brought into contact with the aqueous solution containing
the materials to be entrapped within the liposomes. Lipo-
somes are formed almost instantly when the solvent is di-
luted or evaporated. Ethanol and ether are the two most
often used solvents. Because of the markedly different mis-
cibility of the two solvents with water, different proce-
dures, though based on similar concepts, have been devel-
oped.

The ethanol injection method has been used for nearly
thirty years (13,20) and has the advantages of simplicity
and being free of the risk of lipid oxidation. In this proce-
dure lipid (or lipid mixture) is first dissolved in ethanol
solution and then rapidly injected through a fine needle
into an aqueous solution in excess volume at high tempera-
ture. Under optimum conditions, liposomes in the size
range of 20–50 nm can be produced. The major drawbacks
of this method are the limited lipid solubility in ethanol
(40 mM for PC and much lower for cholesterol) and the
maximum proportion of ethanol in the final solution
(� 10%). Consequently, the lipid concentration in the final
product is rather low, and thus the trapping efficiency for
water-soluble materials is very low. Moreover, complete
removal of ethanol by dialysis or diafiltration is a lengthy
task.

The ether injection procedure is different from ethanol
injection in many ways, because ether is a water-immisci-
ble solvent. The lipid-containing ether solution is injected
into the aqueous medium rather slowly through a narrow-
bore needle, at such a temperature that ether becomes va-
porized, and thus liposomes are formed. The advantage of

the ether injection method is the high lipid concentration
achievable, since the solvent can be removed at the speed
that it is introduced. In order to achieve the best results
of liposome size and homogeneity, a mechanical infusion
pump is required to control the injection speed. Large-scale
preparation, however, is not recommended due to safety
reasons.

E. Reverse-Phase Method

The method commonly called the reverse-phase method
involves the preparation of water-in-oil emulsions, where
the lipid is solubilized in the organic phase and the aqueous
phase contains the solute to be entrapped (84). The marked
differences in the reverse-phase procedure from the solvent
injection method are the relative volume ratio of solvent
to water and the way that solvent is removed. In the re-
verse-phase method, organic solvent is in great excess and
is mixed with a small amount of aqueous solution (for in-
stance 1/10 of the volume of the solvent). Many solvents
have been used in this method, but ether is the most com-
mon one. The mixture is then subjected to sonication to
produce water-in-oil emulsions, which contain monolayers
of lipid surrounding the water droplets. The emulsion drop-
lets are then collapsed and transform into LUVs or MLVs
(often called MLV-REVs) after the removal of the solvent,
depending on the way that solvent is removed, the amount
of excess lipids, and the solvent-to-water volume ratio. A
solute trapping efficiency of greater than 50% can be
achieved for MLV-REVs under optimum conditions.

Another version of the reverse-phase method is to add
an aqueous solution containing the solute to an ethanol so-
lution containing the lipids; the mixture is then dried under
vacuum or by rotary evaporation (36,39). This results in a
dry lipid film within which the solute is entrapped. Subse-
quent hydration of the dry lipid film results in the forma-
tion of MLVs with efficient entrapment of the solute ini-
tially presented in the system. Other solvent systems, such
as ethyl ether, ethyl acetate, and ethanol/ethyl acetate mix-
tures, have also been used (21). Alternatively, the solvent
in the reverse-phase emulsions can also be removed by
blowing of nitrogen gas while continuously sonicating the
emulsions. In the presence of an excess of lipids, MLVs
called stable plurilamellar vesicles (SPLVs) can be pro-
duced (36). The effect of sonication during solvent re-
moval is to disrupt the lipid bilayers continuously and
cause redistribution and equilibrium of solutes between ad-
jacent bilayers within each SPLV. The trapping efficiency
of SPLVs can be only around 30%.

It is important to understand the differences in the struc-
ture of MLVs and the nature of solute distribution within
the vesicle for different type of MLVs prepared by the vari-
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ous methods that have been described so far. In MLV-
REVs a single large aqueous core is surrounded by several
or more bilayers, because the MLV formed is originated
from a water droplet. In comparison, both types of MLVs
(produced from direct hydration) and SPLVs lack such a
large aqueous core. The solute distributions are also very
different for these vesicles. Most of the solute entrapped
in MLV-REVs is mainly enclosed in the center aqueous
cores. SPLVs differ from MLVs in the way that the solute
distributes evenly throughout each SPLV, because of the
constant rupture to the bilayers by sonication, while in
MLVs the solute might be more concentrated near the cen-
ter of the MLV and depleted in the outer compartments.
Certainly for membrane-permeable solutes, eventual equi-
librium distribution within MLVs will be reached after a
certain period of time.

F. Detergent Dialysis

Detergent dialysis involves the solubilization of lipids (and
proteins) in nonionic or ionic detergents, such as OGP and
bile salts (51,68,71,85). Liposomes form gradually during
the process of detergent removal either by passing the sam-
ple through a gel filtration column or by dialysis in a large
volume of solution. This method suffers the serious draw-
back that the size of the liposomes formed cannot be easily
controlled and often depends on factors like lipid type and
composition, the nature of the solute, and the type of deter-
gent and the process for detergent removal. Detergent dial-
ysis procedure is not very practical for trapping water-solu-
ble agents, because that the process is cumbersome and
time consuming, but it is the method of choice for the re-
constitution of biological transmembrane proteins, because
of its nondestructive conditions.

G. Mechanism of Lipid Vesicle Formation

Dilution and energy-accompanied dispersal of lyotropic
liquid crystals can result in rather homogeneous suspen-
sions of stable colloidal particles, which can retain the
short-range order of the parent liquid crystalline phase. In
the case of diacyl amphiphiles, such as phospholipids,
sphingolipids, and many synthetic polar lipids, one can
form either liposomes upon the dispersal of lamellar
phases or hexasomes upon homogenization of hexagonal
phase in excess water.

Although methods for the preparation of well-defined
liposomes have existed for almost thirty years, the exact
mechanisms are still not known. Because identical struc-
tures can be made by very different preparation methods,
several different mechanisms operate, depending on the
experimental conditions, as illustrated in Fig. 7 (49,50).

The most widely used methods are high-energy treatment
of large multilamellar liposomes formed by hydration of lip-
ids or their mixtures. In these aggregates, lipid molecules are
already organized into bilayers, and high-energy treatment,
such as sonication, homogenization, or extrusion, simply
breaks down large bilayers into smaller bilayered fragments.
Such fragments are unstable due to the exposure of the hy-
drocarbon chains to an aqueous environment and tend to
eliminate this unfavorable interaction. This can be done by
bending and closing. This process is opposed by bending
elasticity of the bilayer. For large enough lipid fragments,
however, the bending energy is smaller than the unfavorable
edge interaction and they close into self-closed vesicles.
This means that in the beginning small fragments fuse into
larger ones, because at constant area this reduces the circum-
ference. Because bending elasticity scales linearly with the
number of molecules (N ) in the fragment (Eb � N ) till it
reaches a constant value, and edge interaction scales para-
bolically (Ee � N1/2), one can see that for sufficient size
Eb � Ee and the fragment self-closes.

This mechanism operates also in the case of detergent
depletion. In this case, however, the edge is shielded by
detergent molecules, and larger fragments are stable, re-
sulting in the formation of larger liposomes.

Liposomes can also be made from preexisting bilayers
by fission of bilayers. This, the so-called budding off
mechanism, operates when self-closed multilamellar vesi-
cles are subjected to asymmetric changes that cause the
area change of the outer monolayer in the bilayer. For in-
stance, change in the pH can result in ionization of the
outer monolayer. The charges repel, and the area of the
outer monolayer increases with respect to the inner one.
This creates a bud, and when the mismatch reaches the
critical area ratio the budding off occurs. This mechanism
operates in the liposome preparation by the change of pH,
addition of amphiphiles (lysolecithin, short chained lipids,
which distribute in the outer monolayer), and exchange of
counterions in some cationic lipids. The process is thor-
oughly studied in giant unilamellar vesicles, which can bud
off daughter vesicles under temperature changes, as moni-
tored in the optical microscope (51).

Reverse-phase methods, in which liposomes are formed
from water-in-oil or oil-in-water-in-oil emulsions upon re-
moval of the organic solvent, operate by the dispersal of
bicontinuous phases into the aqueous phase. For instance,
upon removal of organic phase, lipid gel is formed. It con-
sists of connected bilayered structures (cubic phases, simi-
larly to foam, etc.) that disintegrate into bilayered colloidal
particles upon their dilution and breakage in the aqueous
phase.

Many different liposome preparation methods exist, and
all can be described by the mechanisms above or their
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Figure 29.7 Mechanisms of liposome formation by various techniques.

combination(s). The exception is spontaneous vesicles,
which are formed by simple mixing of appropriate amphi-
philes. These liposomes, however, have very soft bilayers,
and because they are very unstable upon application, and
because they cannot stably encapsulate (hydrophilic) mole-
cules, we will not describe them further.

III. METHODS FOR DRUG LOADING

All the techniques described above are useful for solute
encapsulation. The primary considerations for choosing a
suitable loading method are the physical and chemical
properties of the solutes. For water-soluble drugs, active
or remote loading procedures are preferred, due to the high
trapping efficiency and high drug-to-lipid ratio achievable.
However, for most water-soluble solutes that do not re-
spond to the active loading process, passive loading proce-
dures have to be used.

Hydrophobic solutes can be incorporated into the
hydrocarbon chain region, either by direct hydration
of the solute–lipid mixtures or by the reverse-phase proce-
dure. Detergent dialysis is very useful, especially for the
reconstitution of membrane proteins. The most trouble-
some solutes to load are these having very low water solu-
bility and at the same time cannot be solubilized in organic
solvent due either to low solubility or to chemical instabil-
ity. Examples of this type of drug are cisplatin and ampho-
tericin.

The primary variables to consider in drug loading are
trapping (or encapsulation) efficiency, drug-to-lipid ratio,
and drug retention (or release). The trapping efficiency is
defined as the percentage of solute encapsulated, and the
maximum trapping efficiency achievable depends on the
loading technique. The drug-to-lipid ratio is determined
after loading and is usually expressed as a weight ratio or
a mole ratio.
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Drug retention refers to the capability of liposomes to
keep the drug from leaking out under defined conditions
and is usually determined by incubation tests at 4°C and
20°C or by in vitro serum stability tests at 37°C. It should
be noted that liposomes that provide satisfactory shelf
stability do not necessarily always pass the serum stabil-
ity test. This is because possible interactions of serum pro-
teins with lipid components can significantly change the
membrane integrity and therefore alter the drug leakage
profile.

A. Passive Loading of Water-Soluble Solutes

In the process of passive loading, lipids and solute are co-
dispersed in an aqueous medium, so solute entrapment is
achieved while the liposomes are being formed. Typically
lipid or lipid mixtures used in passive loading are in the
form of thin films on glass walls, lyophilized powder, or
simply dry cake in glass test tubes. The aqueous medium
containing the water-soluble solute is then added to the
lipid. Liposomes are generated by agitation at temperatures
above the phase transition temperature. In order to achieve
high trapping efficiency and drug-to-lipid ratio, a high con-
centration of solute is used whenever possible. Normally
the trapping efficiency in a passive loading process is less
than 10–20%. However, the trapping efficiency can be in-
creased to the 30–50% range by the freeze-thaw (23,64)
and the dehydration-rehydration (45) procedures. A high
drug-to-lipid ratio is difficult to achieve unless the solute
to be entrapped is extremely water soluble (e.g., �100 mg/
mL). The trapping efficiencies can also be significantly im-
proved using procedures involving organic solvents such
as the stable plurilamellar vesicles (36) and the reverse-
phase evaporation (84).

B. Passive Loading of Hydrophobic Molecules

Hydrophobic agents that are compatible with organic sol-
vents can be passively loaded by the direct hydration pro-
cedure. Normally the solute and lipids are codissolved in
organic solvents, such as chloroform or ether, and dried to
form thin films or powdered cakes as described above. An
aqueous solution is then added to hydrate the lipid mixture
by agitation at temperatures above the main phase transi-
tion temperature. The loading efficiency and maximum
drug-to-lipid ratio achievable depend on the structure of
the solute. α-helical peptides, for instance, that match the
lipid acyl chain length can be incorporated into lipid bi-
layers with near 100% efficiency (97,98). For solutes that
are only soluble in aprotic solvents, a modified reverse-
phase method can be used, where the solute and the lipids

are dissolved in a mixture of ethanol and DMSO (or DMF)
and then injected into the aqueous phase (83).

In case liposomes need to be downsized to LUVs,
sonication and extrusion procedures can be applied. How-
ever, it is usually more difficult and sometimes trouble-
some to downsize solute-containing vesicles. This is be-
cause hydrophobic molecules are usually less flexible than
the lipid hydrocarbon chains, and therefore the lipid bi-
layers are hardened and more difficult to break by the shear
force applied by the sonication or extrusion procedures.
Moreover, more solute may be spit out of lipid bilayers,
since bilayers with high curvature can accommodate less
solute.

C. Reconstitution of Proteins

The reason that detergent is used for protein separation and
purification from biological membranes is to maintain the
proteins in their native conformations. Similarly, for pur-
poses of simulating the native membrane environment and
maintaining protein conformation and biological activity,
the characterization of membrane proteins can be carried
out by solubilizing the proteins in detergent micelles. How-
ever, the ultimate ideal environment for protein character-
ization is provided by small phospholipid vesicles, and ob-
viously the most suitable method for protein reconstitution
is the detergent dialysis procedure (22,85). In this proce-
dure, both protein and phospholipids are cosolubilized in
appropriate detergent micelles so that the protein hy-
drophobic region (i.e., the part of the protein that is nor-
mally embedded in the membrane core) traverses the acyl
chain region of the micelles. The detergent molecules are
then slowly replaced with lipids by dialysis or column
chromatography. The resulted lipid vesicles will contain
the proteins embedded in the bilayer acyl chain region as
illustrated. The choice of detergent mostly depends on the
nature of the protein. When there is no specific head group
requirement, nonionic detergents become the first choice
because of the well-known tendency of long-chain ionic
detergent to be protein denaturants. Polyoxyethylene de-
rivatives are the most common type of nonionic detergents.
It is essential to use detergents, such as C12 E8 and Tweens
(polyoxyethylene-sorbitan-alkyl esters), that form small
micelles at high concentration. Another important consid-
eration is the matching of the hydrophobic lengths of the
protein and the detergent micelles to minimize the distor-
tion of the proteins.

Some membrane proteins may require an anionic head
group for maintaining their native conformation. In these
cases, mixtures of anionic and neutral lipids can be used,
since anionic lipids alone do not form stable vesicles, par-
ticularly when there are interactions with the protein. Simi-
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larly, anionic or mixtures of anionic and nonionic deter-
gents can be used for the solubilization of proteins and
lipids. It is worthwhile to mention that the commonly used
ionic detergents sodium dodecyl sulfate (SDS) and alkyl
trimethylammionuim salts will normally stabilize the con-
formation of the hydrophobic region of the protein, but at
the same time they may have a tendency of denaturing the
water-soluble portions of the protein. Caution should also
be taken when deoxycholate and cholate are used, since
the COO� groups become protonated below pH 7.8 and
the micelle size increases greatly.

D. Active Loading Procedures

In one major type of active loading procedure, the solute
is loaded after the liposomes have been formed, and the
accumulation of solutes inside liposomes is mediated by
certain active transportation mechanisms. For this reason
it is also often called remote loading. Lipophilic amino-
containing solutes can be loaded with near 100% efficiency
into liposomes exhibiting transmembrane pH gradients,
specific chemical gradients, or membrane potential (∆Ψ).

In another type of active loading procedure, very differ-
ent strategies are used for improving the trapping effi-
ciency: special lipid components are deliberately incorpo-
rated to initiate the association of the solute with the
carrier. Such a strategy has been extensively explored for
the anticancer agent doxorubicin (Adriamycin), which is
positively charged and has low water solubility. The trap-
ping efficiency can be improved from less than 10% for
neutral liposome systems by the passive loading procedure
described above to 50–90% when anionic lipids are in-
cluded in the lipid composition (23).

1. Active Loading by pH Gradient

Many lipophilic amino agents can be actively driven into
the interior of liposomes in response to a pH gradient (in-
side acidic) (26,53,62,65,67) as illustrated in Fig. 8. LUVs
are first prepared by extrusion in the presence of a low pH
buffer (i.e., sodium citrate, pH 4.0). The transmembrane
pH gradient is then established by adjusting the external
pH value to three units higher than the internal pH. The
loading of drug is simply achieved by introducing the drug
into the liposome solution followed by incubation at tem-
peratures above the Tm. Many lipophilic amino drugs have
been successfully loaded by the pH gradient method. Dox-
orubicin, an antineoplastic agent, is the best characterized
in the pH remote loading process, and greater than 95%
trapping efficiency and a 0.29:1 drug-to-lipid ratio (wt/
wt) have been achieved. The loading process is rather fast,
and maximum drug loading is usually achieved in about

Figure 29.8 Mechanisms of active drug loading by pH gradient
(A) and ammonium sulfate gradient (B). Lipophilic amino agents
can pass through the liposome membrane in neutral form A. Once
inside the liposome, the drug becomes positively charged, AH�,
due to the low internal pH. The drug will be retained inside the
liposome provided sufficient ∆pH is maintained. When loaded
with the ammonium sulfate gradient procedure, the positively
charged drug AH� can form a complex with sulfate, [(AH)2-

SO4]n, and precipitate inside the liposomes.
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30–60 min incubation time (Fig. 8) and may vary from
drug to drug. It should be noted that the loading time
should be well controlled: a prolonged incubation at tem-
perature above the Tm may cause drug leakage as well as
lipid degradation. A potential drawback for some drugs in
the pH remote loading procedure is the buffer/drug incom-
patibilities, which can lead to drug precipitation or degra-
dation. Moreover, the addition of the alkalinizer for ad-
justing the external pH can cause a transmembrane osmotic
gradient that can decrease the liposome stability. This
problem can be overcome by exchanging the external
buffer at constant osmolarity using column chromatogra-
phy. However, such a procedure is cumbersome and has
the limitations of scale-up and maintaining sample ste-
rility.

2. Loading by Specific Chemical Gradient

Lipophilic amino drugs can also be efficiently loaded into
preformed liposomes by the chemical gradient method
(Fig. 8). In this procedure, an ammonium salt (i.e., ammo-
nium sulfate, ammonium citrate, or ammonium phosphate)
is enclosed in the hydration medium, and the ammonium
gradient is established by the subsequent exchange of the
external ammonium salt by means of dialysis/diafiltration
or gel filtration column chromatography. Drug is then
added to the liposome solution, and the accumulation of
drugs inside the liposomes is achieved by incubation at a
temperature above the Tm.

3. Ionophore-Mediated Loading by
Membrane Potential

Another important type of active drug loading procedure
involves the use of ionophores in the presence of a mem-
brane potential (8,66). Ionophores are a class of organic
molecules that vastly increase the permeability of mem-
branes to particular ions and are mostly antibiotics of bac-
terial origin (88). The carrier type (the other type is the
membrane channel formers, such as Gramicidin A) iono-
phores, such as K�-valinomycin and Ca2�-A23187, have
been used for liposome drug loading. In the ionophore
loading procedure, a membrane potential generated by an
ion gradient needs first to be established, which can be
easily achieved by passively trapping the ions, for instance,
potassium glutamine, and subsequently exchanging the ex-
ternal K� with Na�. Solute loading occurs in the presence
of an appreciable concentration of ionophore molecules.
Several lipophilic cationic molecules, such as safranine,
methyltriphenylphosphonium, chlorpromazine, and vin-
blastine, have been successfully loaded by K�-ionophore
valinomycin. Ca2� can also be successfully loaded into li-

posomes by the Ca2�-A23187-mediated pH (i.e., H�) gra-
dient procedure (89). Similarly, ionophore A23187 can
also be used for loading of Fe2� and Ba2�, because of the
significant affinity of A23187 with the two ions (19). Fe2�-
and Ba2�-loaded liposomes have some interesting proper-
ties, such as increased densities, which enable them to be
isolated from serum and can be used for identifying serum
proteins that associate strongly with liposomes. The Ba2�-
loaded liposomes have enhanced EM contrast, which could
allow the direct detection of extracellular and intracellular
liposomes and determine their integrity and metabolic fate.
One serious problem with ionophore loading is that these
ionophores are toxic, and complete removal of ionophores
after loading can be difficult to accomplish.

The mechanism of carrier ionophores for transporting
ions involves binding to the ion, diffusing through the
membrane, and releasing the ion on the other side of the
membrane. It should be noted that solute transport into li-
posomes also occurs in the absence an ionophore, though
at a much slower rate. Studies using the membrane poten-
tial probes safranine and methyltriphenylphosphonium in-
dicate that solute accumulation inside liposomes is an en-
ergy-dependent process in which solute is exchanged with
K� on a 1:1 basis (8). In the case of ionophore-A23187-
mediated loading of Ca2� by pH gradient, exchange of
Ca2�-2H� occurs. It is conceivable that the role of iono-
phores in solute loading is simply to increase the efflux
rate of ions across the membrane.

4. Theoretical Explanation of Remote Loading

The accumulation of drugs as well as the entrapment effi-
ciency in the case of pH gradient loading can be simply
explained and calculated by a Henderson–Hasselbalch
equation (26). Unlike pH gradient, the ammonium sulfate
(or exchange) gradient loading is based on an influx of the
drug molecules from exterior into interior and a simultane-
ous efflux of appropriate weak base molecules into the op-
posite direction. Due to this, there is a constant reduction
of concentrations of related neutral species on both sides
of the membrane. At the same time, following the law of
mass action, both processes are accompanied by a simulta-
neous redissociation of the H�-charged drug and the corre-
sponding inner charged exchange-related weak base mole-
cules. During the loading, these processes determine the
level of the protons as well as the amount of the corre-
sponding influxed/effluxed molecules in either compart-
ment: the dissociations are coupled and drive the mole-
cules in opposite directions until the concentration equality
of neutral species on both sides of the membrane is estab-
lished.

For the theoretical approach (37), we shall assume that
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the permeability of charged species is negligible, although
we have shown that this requirement can be lifted, and by
using permeability and diffusion coefficients the kinetic
nature can be incorporated into the model. Below, we shall
define the equilibria that dictate the drug encapsulation and
allow one to calculate drug loading as a function of ex-
perimental parameters and pK value(s) of the drug mole-
cules.

Assuming that each compartment consists of an aque-
ous solution, and taking into account that each of them
contains an optional number of acid/base and inert species
(strong ions), the time-dependent equilibria during the si-
multaneous uptake and efflux of different permeable mole-
cules can be described by the following two electroneu-
trality equations:

�
m,I

cmI (1 � Bmβm)
gmI (x)
fmI (x)

� Kv �
k,O

(Ak ckOαk)
gkO (x)
fkO (x)

� υI (x) � 0

for the inner compartment and

�
k,O

ckO (1 � Akαk)
gkO (y)
fkO (y)

�
1
Kv

�
m,I

(Bm cmIαm)
gmO (y)
fmO (y)

� υO (y) � 0

for the outer solution. Here, I and O refer to the inner and
outer compartment of the liposomes, m and k to the inner-
and outer-compartment sister-species, respectively; x and
y are the concentrations of the inner and outer H� ions,
Ak and Bm are factors that allow the particular species to
permeate the membrane (�1) or not (�0), ak (t) and ßm (t)
represent the time-dependent percentages of the entrapped
and released species, cmI and ckO are the starting concentra-
tion of the corresponding inner/outer species, Kv is an
outer-to-inner liposome compartment volume ratio, and
the functions uI (x) and uO (y), respectively, refer to H� and
inert ions that do not cross the membrane. For details with
regard to x- and y-dependent f and g functions the reader
is referred to Ref. 18.

Before the chemical equilibration between the compart-
ments is established, the concentrations of the particular
uptaken and/or released molecules are time dependent. As-
suming a homogenous liposome solution, the portion of
an outer k-species influxed can be expressed by the differ-
ential equation

dαk

dt
�

SOPk �
j�0

Kij

Kvvl
�(1 �αk)

1
ylk�1 fkO (y)

� Kvαk
1

xlk�1 fkI (x)�

and a similar expression is valid also for inner m-molecules
effluxed:

dβm

dt
�

SIPm �
j�0

Kij

vl

�(1 � βm)
1

xlm�1 fmI (x)
�

1
Kv

βm
1

ylm�1 fmO (y)�
Here, SI/SO refers to the inner/outer liposome bilayer sur-
face, Pk/Pm is a permeability of k/m-species, vl is the vol-
ume of the liposome vesicle, respectively, and ΠKij is a
product of the corresponding acid–base dissociation con-
stants. By introducing of an appropriate set of initial condi-
tions (for t � 0, ak (0) � ßm(0) � 0), the above four equa-
tions can be solved using numerical methods.

The entirely equilibrated system (for t → ∞) is de-
scribed by two equations. The first one,

�
m

cmI
gmI (x)

BmKv�y

x�
lm�1

fmO (y) � fmI (x)

� �
m

AkckO
gkI (x)

�y

x�
lk�1

fkO (y) � kv fkI (x)

� υI (x) � 0

is valid for the exterior solution, and the second one, for
the interior solution.

�
k

ckO
gkO (y)

Akkv�x

y�
lk�1

fkI (x) � fkO (y)

� �
m

BmcmI
gmO (y)

�x

y�
lm�1

fmI (x) � Kv fmO (y)

� υO (y) � 0

Now these general equations will be applied to a concrete
example: uptake of the drug under simultaneous synergetic
action of pH and bidirectional ammonium sulfate (ex-
change) gradient loading. The outer solution is buffered
with a monovalent weak acid/salt of concentration coa/cos

and with a dissociation constant Koa. It contains a drug of
concentration cd. In its molecular form the drug molecule
is a weak base with the acid dissociation constant Kd. Simi-
larly, the interior of the liposomes is filled with an aqueous
solution containing also a monovalent weak acid/salt
buffer (concentration cia for acid and cis for salt with the
acidity constant Kia and a monovalent weak base of con-
centration ci and constant Ki which is simultaneously al-
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lowed to release during the uptake of the drug molecules.
For the situation in the exterior during the loading/release
one obtains

cd (1 � α)
1

1 � Kd/y
�

1
Kv

ciβ
1

1 � Ki/y

� (coa � cos)
Koa/y

1� Koa/y

� (cos � cd) � �1 �
Kw

y � � 0

and the following is valid for the interior,

ci (1 � β)
1

1 � Ki/x
� Kvcdα

1
1 � Kd/x

� (cia � cis)
Kia/x

1 � Kia/x

� (cia � ci) � �1 �
Kw

x � � 0

When time-dependent portions of the uptaken drug- and
exchange-related molecules, α and β, in the above equa-
tions are set to 0, one can calculate the pH in both
compartments before loading. Here, Kw is the autodisso-
ciation constant of water. The time dependency of the
portions of the drug taken up and released molecules is
given by

dα
dt

�
3
r �1 �

2d

r
�

d2

r2�Pd Kd

� 1
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1
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� α 1

Kd � x�
and

dβ
dt

�
3
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Pi Ki�(1 � β)
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�

1
Kv

β 1
Ki � y�

When loading is finished, one obtains for the exterior com-
partment,

cd
1

kv�x

y� (1 � Kd/x) � (1 � Kd/y)

� ci
1

�x

y� (1 � Ki/x) � Kv (1 � Ki/y)
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Kw
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and similarly for the interior solution,

ci
1
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x� (1 � Ki/y) � (1 � Ki/x)
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1

�y

x� (1 � Kd/y) � kv (1 � Ki/x)
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x � � 0

E. Strategies for Improving Drug Retention

Perhaps the most challenging task in using liposomes as
drug carriers is not to maximize the trapping efficiency
and drug-to-lipid ratio, but to achieve acceptable drug re-
tention. While loading technology can always be improved
and new techniques may be developed, drug retention de-
pends mostly on factors at the molecular level. Drug reten-
tion refers to the capability of liposomes for keeping the
drug from leaking out and is usually determined by an in-
cubation test or in in vitro serum stability tests. Drug reten-
tion is influenced by many factors including the membrane
affinity of the drug, the water solubility, and the physical
properties of the lipid matrix. With a given drug, the lipid
composition has the most effect on drug retention. Lipids
with long saturated acyl chains offer the possibility of good
drug retention, because of their high phase transition tem-
peratures. Cholesterol is often used for increasing drug re-
tention and blood circulation because it increases the rigid-
ity of bilayers. However, drugs with high membrane parti-
tioning coefficients tend to leak out of liposomes very fast
even with well-designed lipid compositions. Nevertheless,
there are some strategies that can be used for improv-
ing drug retention. The best example is the commercial
product DOXIL (doxorubicin HCL liposome injection,
ALZA Corp., Mountain View, CA), which is a liposomal
doxorubicin loaded by the ammonium sulfate method.
Excellent drug retention is achieved in part by the forma-
tion of crystals of the doxorubicin/sulfate complexes (see
Fig. 9A) (54).

IV. CHARACTERIZATION OF LIPOSOMES

Liposome preparations need to be characterized, and in
many cases the quality needs to be controlled, before their
usage.Table2 shows themost important parameters for lipo-
some characterization and quality control. Some of the ma-
jor characterization parameters include visual appearance,
turbidity, size distribution, lamellarity, trapped volume,
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Figure 29.9 Cryoelectron micrographs. (A) Doxorubicin encapsulated in sterically stabilized liposomes. In the interior of the liposomes,
fibers of (DoxH�)2 SO4 crystals can be observed that also change the shapes of the liposomes from spherical into oval. Higher magnifica-
tion (not shown) shows that fibers in the bundles exhibit a helical arrangement. (B) DOTAP: Chol (50/50, mol%)–DNA (2/1, �/�
charge) complex formed with extruded 100 nm liposomes. On the upper left, an unreacted liposome with a typical invaginated shape
can be observed. A high degree of DNA encapsulation is characteristic for these complexes, which may originate in the invaginated
liposome shape. C) DDAB:Chol (50:50, mol%)–DNA (2/1, �/� charge) complex prepared by mixing with sonicated liposomes. An
intercalated lamellar phase, in which lipid bilayers in fluid state sandwich two-dimensionally condensed DNA, can be observed. (Courtesy
of P. Fredrik.) (D) Freeze-fracture electron micrographs of stabilized plasmid–lipid particles (SPLP) prepared by the dialysis method
(see Section VII.C.4) with lipids (DODAC/DOPE/PEG200-Cer–C20, 20:70:10 mol%) and CMVLuc plasmid. The photo shows the
DNA containing the SPLP population isolated by the sucrose density gradient. The purified SPLPs have an average size of around 70
nm, while the empty vesicles are less than 30 nm (not shown).

composition, trapping efficiency, and stability. The exten-
siveness of physical characterization obviously depends
on the purpose of the liposome application. For cationic
liposomes prepared for DNA complex formation, for in-
stance, a simple general characterization to ensure lipo-
some homogeneity should be adequate, since liposomes
will disintegrate after complexation with DNA. Also, lipo-
somes for topical and oral applications may not have to

undergo the stringent sterility requirement of parenteral
samples.

A. Visual Examination

As in any formulation’s specification data sheets, visual ob-
servation is important in liposomal preparations. While
most of the stability parameters cannot be controlled, obser-
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Table 29.2 Liposome Characterization and Quality Control Parameters

General characterization Technique

pH, conductivity, and osmolarity pH meter, conductivity meter, osmometer, respectively
Phospholipid concentration Lipid phosphorous content (Bartlett method)
Phospholipid composition TLC (combined with the Bartlett method), HPLC
Cholesterol concentration Cholesterol oxidase assay, HPLC
Trapped volume Measurement of liposomal internal aqueous phase by membrane-im-

permeable markers
Trapped solute concentration Spectrophotometry, spectrofluorometry HPLC, GC,
Residual organic solvents and heavy metals NMR, GC
Trapped solute/lipid ratio Determination of solute and lipid concentrations
Liposomal internal pH Fluorescent indicators, ESR indicators, 31P-NMR, 19F-NMR
Physical characterization and stability assays
Vesicle size distribution—submicron range Dynamic light scattering (DLS), static light scattering (SLC), gel

exclusion chromatography, specific turbidity, electron micros-
copy

—micron range Coutler counter, light microscopy, light diffusion, specific turbidity
Electrical surface potential and surface pH Membrane-bound electrical field probes and pH-sensitive probes
Zeta (ζ) potential Electrophoretic mobility
Lipid phase transition temperature, lipids miscibility/phase DSC, x-ray diffraction, membrane fluorescent probes, Raman spec-

separation troscopy, NMR, ESR, FTIR
Trapping efficiency and percentage of free solute Gel exclusion chromatography, ion exchange chromatography, dial-

ysis, diafiltration, precipitation by polyelectrolyte
Membrane/aqueous phase partition coefficient (Kp) Dilution effect (up to 10,000-fold) on liposomal solute/lipid ratio

at equilibrium
Drug retention stability (Keff ) Monitoring change in solute/lipid ratio as a function of time
Chemical stability assay
Phospholipid acyl chain autoxidation Conjugated dienes, lipid peroxides, TBARS, and fatty acid compo-

sition (GC), UV/VIS
Phospholipid hydrolysis TLC, HPLC, total PL and/or free acid concentration
Cholesterol autoxidation TLC, HPLC
Antioxidant degradation TLC, HPLC
Solute degradation TLC, HPLC, spectrophotometry
Biological assay
Sterility Aerobic and anaerobic bottle cultures
Pyrogenicity and endotoxin Rabbit and/or limulus amebocyte lysate (LAL) test
Medium-induced solute leakage Incubation with buffer, serum and plasma and assay for solute leak-

age by chromatography
Toxicity In vitro and/or in vivo tests
Pharmacokinetics and biodistribution In vivo animal tests

Source: Ref. 12.

vations such as color change, presence of aggregates or sed-
iment, or phase separation can definitively show that some-
thing went wrong with the formulation. Optical observa-
tions (phase contrast and polarization) are very useful for
the size determination of large liposomes or the contamina-
tion of liposome dispersions with large particles or aggre-
gates.

B. Size Determination of Liposomes

The sizes of liposomes can be measured directly by elec-
tron microscopy (EM) techniques or by dynamic light scat-

tering. In negative staining EM, liposomes are deposited
on a film of formvar, which is then stained by a hydrophilic
electron dense solution (38). When the film is examined
in an electron beam, the relatively electron-transparent li-
posomes will appear as bright areas against a dark back-
ground, hence the term negative stain. In addition to size
distribution, it can also reveal information regarding
whether the liposomes produced are multi- or unilameller.
However, caution must be exercised due to possible arti-
facts of sample drying and coalescence.

Freeze-fracture (FF) EM procedures (Fig. 2), providing
that the freezing was fast enough, can provide very useful
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data on sample heterogeneity and lamellarity of liposomes,
especially on contamination with larger liposomes (23).
Cryo-EM (Fig. 9) is sophisticated, but is the most artifact-
free method for yielding the size distribution and the lamel-
larity of vesicles. It also allows the detection of entrapped
material that is electron dense. It is based on the direct
observation of rapidly frozen biological samples and there-
fore does not require any staining or preparation of repli-
cas, as in FF-EM. Its limitation is the inability to observe
particles larger than �0.5 µm.

In contrast, light scattering techniques are usually used
for determining liposome size due to their simplicity. Parti-
cle sizers from manufactures such as Coulter, Malvern,
and NICOMP are based on quasi-elastic light scattering
(QELS), where the time-dependent coherence of light scat-
tered by particles is sensitive to their diffusion, which is
dependent on the viscosity of the medium and particle size.
Therefore QELS only measures the average size distribu-
tion of the bulk of the liposomes. For unimodal liposome
systems the results are in good agreement with electron
microscopic measurement. However, the size distribution
profile can be severely skewed by the presence of a small
number of extra-large liposomes or aggregates, and, on the
other hand, the presence of very small liposomes, which
may be significant in number, may be underweighed. A
common and reliable approach is that the QELS size result
is compared with EM examination first, and once a consis-
tency has been achieved for an established liposome sys-
tem, QELS can be reliably used as a day-to-day method.

C. Lamellarity of Liposomes

Electron microscopy as described above is the most con-
vincing way that allows one directly to visualize the mem-
brane lamellarity as well as the organization of the internal
lamellae. However, negative staining is subject to artifacts
and sometimes misleading indications that arise with the
collapse of vesicles on top of each other. FF-EM can pro-
vide a unique view of internal lamellae when cross-fractur-
ing occurs (Fig. 2). However, cross-fracturing is usually
rare, particularly for small vesicles, and in such case thin-
section EM (39) and especially cryo-EM are the methods
of choice (Fig. 9). The measurement of trapped volume
(see the following section) can be used as a good indicator
for liposome lamellarity. If the measured value of trapped
volume is substantially lower than the theoretical value for
the LUV of the same size, it can be assumed that an appre-
ciable proportion of the vesicles is multilamellar.

Alternatively, the liposome lamellarity can also be esti-
mated by measuring the proportion of phospholipid ex-
posed on the outside surface of the liposomes. For LUVs
this will be exactly 50%, and for SUVs this will be higher
than 50%. For MLVs the proportion will be much smaller

than 50%. This proportion of outside lipid can be quanti-
fied spectroscopically using liposomes containing trace
amounts of derivatizing PE with trinitrobenzene sulphonic
acid (TNBS) (70). 31P NMR spectroscopy can be used to
provide an indication of the lamellarity of liposomes by
measuring the signal of the PC head groups of liposomes
before and after the addition of membrane-impermeable
manganese ions (Mn2�) to the external medium (40). Phos-
pholipids facing the external medium interact with Mn2�

such that the resonance signal is broadened beyond detec-
tion. Thus direct comparison of the size of phosphorous
signals before and after the manganese addition readily re-
veals the percentage of phospholipids on the outer leaflet.

D. Measurement of Trapped Volume, Trapping
Efficiency, and Solute Release

In practice the trapped volume can be much lower than
that expected for unilamellar vesicles with identical size
distribution, due to the presence of multilamellar vesicles.
The trapped volume of the liposome population can be de-
termined by measuring the amount of the solute entrapped
inside liposomes. The use of radioactive markers, though
separation of free markers is necessary, offers advantages
of being nondestructive and accurate. Optical, fluorescent,
or HPLC measurements are also often used for trapped
volume measurement (see following section).

It is clearly essential to determine the solute trapping
efficiency before going on to investigate the physical and
biological properties of the trapped material in a liposomal
form, since the effects observed experimentally will usu-
ally be dose related. The trapping efficiency is measured
as the percentage of trapped solute with respect of the total
amount of solute added. This analysis therefore requires
the separation of the liposome-encapsulated solute from
the external medium, which can be carried out by several
methods, including column chromatography, dialysis, and
diafiltration. The gel filtration column, particularly the
Sephadex G-50 spin column method (31), is rapid, requires
small sample quantities, and can be performed on many
different samples simultaneously. The ion exchange col-
umn can also be used for charged solutes. Dialysis offers
the advantages of being able to retain 100% of the lipo-
somes and being easy to scale up. However, this method
is only applicable for solutes that have a leakage profile
significantly longer than the time course of dialysis. Dia-
filtration is mostly used in pharmaceutical industries for
removing unentrapped drug from large-scale liposome for-
mulations. Therefore the drug trapping efficiency and the
drug–lipid ratio of the final products can be evaluated. It
should be noted that the measurement of trapping effi-
ciency by the separation method is based on the assump-
tion that after separation the remaining solute is 100% en-
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trapped inside liposomes, which may not be true for many
drugs.

There are fundamentally two different types of release
studies emphasizing different aspects of liposomal sys-
tems, one being to characterize the ability of liposomes
prepared with a particular lipid composition or a method
to retain water-soluble markers and the other being to mon-
itor the leakage rate of a primary drug that has been en-
trapped inside liposomes. The former is often used when
release is induced deliberately as a result of a biochemical
or biophysical change. In such case it is desirable to use
special markers designed for the purpose, which normally
do not leak out from intact membranes and do not associate
with membranes, to simplify measurements and interpreta-
tion of these experiments. Various types of water-soluble
markers have been used by researchers. Fluorescence
markers such as calcein, carboxyfluorescein, and fluores-
cein dextrans, and radiolabeled markers such as glucose,

Figure 29.10 Four different classes of liposomes as defined according to their functionality. Conventional liposomes interact with the
biological milieu nonspecifically. Sterically stabilized liposomes can avoid the uptake by the RES system due to surface coating with
inert hydrophilic polymer. Liposomes with attached targeting ligands react specifically. Polymorphic liposomes, including cationic lipo-
somes, pH-sensitive, temperature-sensitive liposomes and PEGylated liposomes with cleavable polymers, change their phase upon inter-
action with a specific agent or medium. Drugs can be entrapped inside liposomes or be incorporated into the hydrocarbon chain region,
depending on their hydrophobicity.

sucrose, DTPA, and inulin, have been commonly used
(76). On the other hand, when the objective of a particular
liposome formulation is for delivery or targeting of the
drug of interest, the marker for drug release and long-term
stability is naturally the entrapped solute itself. Many cat-
ionic lipophilic drugs, such as doxorubicin and campto-
thecins, are strong chromophors and fluorophors, and
therefore spectroscopic methods can be used for the detec-
tion of drug concentration.

V. TYPES OF LIPOSOMES ACCORDING
TO FUNCTIONALITY

Several different classes of liposomes have been developed
(Fig. 10). This development was based mostly on liposome
reactivity with the environment. In order to explain that,
we shall briefly introduce forces between liposomes
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themselves and other macromolecules. Attractive forces in
these systems can be electrostatic in the case of oppositely
charged colloids, van der Waals attraction and ion–ion cor-
relation forces, as well as specific interactions in the case
of the surface attached ligands. Weaker attractive forces
are hydrogen bonds. Repulsive interactions are electro-
static repulsion between colloids of the same charge, steric
and hydration repulsion and undulation forces of fluid bi-
layers.

In a biological milieu, liposomes interact by lipid
exchange with surrounding membranes and lipoproteins
or by adsorption of proteins and other macromolecules. In
the presence of cells liposomes can adhere to cells or be
either endocytosed by cells, or they fuse with cell mem-
branes.

It seems that the main application of liposomes will be
in systemic drug delivery. Therefore we shall briefly de-
scribe their interaction in the human body. Upon systemic
(intravenous or intra-arterial) injection, liposomes are rec-
ognized as foreign particles and are quickly opsonized, i.e.,
tagged by proteins of the immune system for the subse-
quent uptake in the fixed macrophages in the liver, spleen,
and bone marrow by adsorption of various proteins, such
as immunolglobulins or proteins of the complement cas-
cade.

For a particular application, liposomes can be optimized
and programmed for optimal efficiency. This rational de-
sign is based on the knowledge of interactions upon their
application. Along those lines, several different types of
liposomes have been developed, as discussed below (Fig.
10).

A. Conventional Liposomes

Although relatively stable in the test tube, conventional
liposomes are in general not stable upon application. It was
realized early in the 1980s that the successful use of lipo-
somes for drug delivery in most applications depends on
two basic aspects of the carrier: quantitative retention of
the entrapped drug and sufficiently long blood circulation
time (7,46,56). Now it is well known that the in vivo phar-
macokinetics of liposomes can be dramatically altered by
the size of the liposomes as well as the lipid composition.
Unilamellar vesicles of 100–200 nm size have much
longer circulation time than MLVs (34). Drug retention
and liposome circulation can be increased by the incorpo-
ration of cholesterol, which increases the packing of lipids
in the bilayer. Another reason that cholesterol increases
circulation is believed to be that the more rigid cholesterol-
rich bilayer is more resistant to phospholipid removal by
plasma high-density lipoproteins (HDL). With the same
principle, the use of lipids with high phase transition tem-

peratures, such as DSPC or sphingomyelin (SM), also pro-
duces liposomes with increased drug retention and circula-
tion. In summary, for conventional liposomes, the blood
circulation half-life decreases with increasing size, charge
density, and fluidity. Thus the longest circulation achiev-
able with conventional liposomes is with small unilamellar
vesicles (� 150 nm) prepared from DSPC (or sphingomye-
lin) with saturated cholesterol (45 mol%).

While mechanical stabilization of liposomes can de-
crease interactions with proteins and consequently increase
their stability and blood circulation times, it cannot prevent
long-range van der Waals forces and subsequent uptake by
macrophages.

B. Sterically Stabilized Liposomes

Because conventional liposomes are characterized by rela-
tively poor stability in the blood circulation, many re-
searchers tried to prepare biologically stable liposomes.
After numerous trial-and-error experiments, which con-
centrated on various liposome compositions, it was finally
realized that coating of liposomes with a steric shield of
inert polymers can reduce adsorption of various blood pro-
teins and extend their circulation times. Nowadays, PEGy-
lated liposomes, i.e., liposomes coated by (polyethylene)
oxide chains, are almost exclusively used. PEGylated lip-
ids with various PEG chains covalently attached to various
hydrophobic anchors are commercially available. These li-
posomes are sometimes referred to as STEALTH lipo-
somes because of their ability to avoid the defense systems
of the body. The general question is normally the amount
of PEG-lipid in the formulation and the degree of polymer-
ization, N, of the polymer chain. Typically the half-life in
blood circulation is used to optimize the two parameters:
typically formulations contain 1–5 mol% of PEG-lipids
with N between 30 and 110 (molecular mass 2000 or
5000). The polymer is anchored on a hydrophobic moiety,
such as diacyl phospho- or sphingo-lipid or cholesterol.
Because PEG-lipids are more hydrophilic than other lipids
in the membrane, they slowly dissociate from the mem-
brane. Longer hydrocarbon chains result in longer resi-
dence time in the bilayer and better stability. In some cases
prolonged liposome stability is not desired, and shorter
chains are used, resulting in temporarily predictable lipo-
some destabilization. Below we shall briefly discuss the
theoretical basis of sterical stabilization (55).

In agreement with the hypothesis that repulsive steric
pressure is responsible for the stabilization of liposomes,
osmotic stress and surface force apparatus measurements
have found increased repulsion between bilayers with
grafted PEG chains (48). In the simplest picture one would
like to understand the stability of sterically stabilized sys-
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tems as a function of two controlling parameters: chain
grafting density and chain length.

The corona of an attached polymer causes repulsion be-
cause the entropy of the chains is reduced upon approach
(loss of configurational entropy) as well as excluded vol-
ume repulsion (osmotic repulsion). Depending on the size
of the polymer (R) and the distance between attachment/
grafting points (D), a polymer can have different confor-
mations. At very low surface coverage (D � R), the poly-
mer forms either a pancakelike structure or an inverse
dropletlike structure, depending on whether it forms an ad-
sorption or a depletion layer on the surface. At D � R the
so-called mushroom conformation is present, while for
D � R and D � R the polymer chains starts to interact,
forcing its extension into the so-called brush conformation
(24). In the mushroom conformation, repulsive pressure
(p) at a distance h is proportional to (hc/h)8/3, where hc is
the chain extension, while in the brush conformation,

p � ��hc

h�
9/4

� �h

hc
�

3/4

�
and

hc � N ⋅ a ⋅ �a

D�
2/3

where a is the size of the monomer.
The hypothesis of increased repulsive pressure above

the membrane and reduced adsorption on the blood circu-
lation lifetimes was tested by measuring the repulsive pres-
sure between membranes with and without incorporated
polymer-bearing lipid by using the osmotic stress tech-
nique, which can measure force (distance) profiles. Results
showed that bilayers containing PEG-lipid show much
larger interbilayer spacings, and even upon strong osmotic
compression the bilayers are still 4 nm apart as compared
to surface unmodified bilayers, which show practical col-
lapse to the hard wall (Born) repulsion upon compression
(74,75).

Theoretical analysis of polymers at interfaces defines
two regimes: mushroom at low coverage and brush at
higher. These simple calculations, however, do not take
into account the solubility of PEG-lipid in the aqueous
phase. In closed systems, however, this assumption is good
because the solubility is below µM.

The interbilayer repulsion is calculated from the repul-
sive pressure of surface attached polymer in a mushroom
configuration, i.e., from

P � �5
2� kTN

aD2 � a

(h/2)�
8/3

For N � 44, a � 0.35 nm, and D � 3.57 nm, this is in
nice agreement with experimental data. For distances �hc

the repulsive pressure is zero (57).
Similar results were obtained also by the surface force

apparatus (47). These results also show increased repulsion
with increasing amount of PEG polymer. Surface force
measurements have found reversible repulsive force at all
separations, and the thickness of the steric barrier was
found to be controlled by N and D.

At low coverages (dilute mushroom), the Dolan and Ed-
wards mean-field theory of steric forces and their scaling
model described experimental data satisfactorily, while at
higher coverages the Alexander–de Gennes theory based
on scaling concepts described the data better. A more com-
plex mean-field treatment did not bring any better fit. At
low coverages, in the mushroom regime, the Dolan–Ed-
wards expression for force between two curved cylindrical
surfaces of radius R is

Fc (h)
R

� 72�kT

D2� exp��h

Rg
�

where Rg is the radius of gyration of the polymer in a theta
solvent and corresponds to the thickness of the extending
polymer; it can be in good solvents substituted by RF. De-
spite an underestimation of the polymer layer thickness in
the low coverage regime, both models are able to fit the
force–distance profiles rather well. The scaling analysis
fit, which also describes the measured dependence rather
satisfactorily, can be expressed as

Fc (h)
R

� 1.6�2kT

D2 ���RF

h �
5/3

� 1�
where the numerical prefactor is close to expected unity.

At higher grafting densities, i.e., in the brush regime,
the force can be described by

Fc (h)
R

�
16kT π hc

35D3 �7�2hc

h �
5/4

� 5� h

2hc
�

7/4

� 12�
where

hc � D�RF

D�
5/3

The force between two cylindrical surfaces (Fc) and the
repulsive pressure (P), as measured by the osmotic stress
technique, can be calculated using then Derjaguin approxi-
mation,

Fc (h)
R

� 2π 	 P(h) dh
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The agreement with theory was good up to the distance
of two polymer layers. At larger separations, the theory,
however, predicts a steep decrease that was not observed.
Obviously, simply taking into account the polydispersity
of the polymer as well as polymer configurations would
alleviate this inconsistency. Good agreement with this sim-
ple scaling concept was observed also in the regime of the
interacting mushrooms (47).

Experimental measurements using the osmotic stress
technique, zeta-potential measurements, and surface force
apparatus have shown that a polymer extends, in agree-
ment with theoretical calculation, for a typical sterically
stabilized liposome composition (5 mol% of mPEG2000-
lipid), about 5 nm above the bilayer.

Other attempts to prepare sterically stabilized liposomes
include the use of single-chain detergents such as Tween
80 (a nonionic detergent with about 20 total ethylene gly-
col groups in four branches), which is somewhat effective
(5). The use of PEG-SA was proven to be ineffective (92).
The difference is due to higher dissociation rates of PEG-
lipids containing a single acyl chain from the bilayers.
However, PEG-lipid dissociation can be exploited for lipo-
some destabilization, which is sometimes needed in drug
delivery. Recently, mPEG conjugated to ceramides with
acyl chain length of C14:0 and C20:0 (the other chain is
C18:1) was shown to be another effective PEG-lipid, with
stabilization related to the hydrophobicity of PEG the an-
chors. Recently, mPEG conjugated to ceramides with vari-
ous acyl chain lengths was shown to be another effective
PEG-lipid, with stabilization related to the hydrophobicity
of PEG anchors (90). Longer acyl chains on the PEG-Cer
were associated with longer circulation lifetimes of the li-
posomal carriers and, consequently, higher plasma drug
concentration. This study also demonstrated the potential
for developing controlled release formulations by manipu-
lating the retention of the PEG-Cer conjugate in liposome
bilayers.

Besides PEG, other hydrophilic polymers, particularly
biodegradable and natural polymers, have been tested for
liposome stabilization. The use of dextrans is only slightly
effective, possibly due to the polymer being negatively
charged. The conjugation of more hydrophilic carboxylic
acid end group derivatives of mPEG-PE reduces liposome
stability (14). Successful results have been achieved with
polyvinyl alcohol (PVA), polylactic acid (PLA), and po-
lyglycolic acid (PLG) (92). Other reports also indicated
polyvinylpyrrolidone and polyacrylamide as effective
(51,87). However, none of these new polymers tested
could provide the same extent of liposome circulation as
that did by PEG-lipids. An exception is polyaxozline, an
entirely new class of hydrophilic polymer, which appears
to be able to provide comparable circulation extension to

mPEG-PE (93,94). This finding of polyaxozline is signifi-
cant in a way that further confirms that the increase of cir-
culation by hydrophilic polymers is indeed a steric effect
rather than a specific chemical effect of PEG.

C. Targetable Liposomes

One of the major goals of liposome medical applications
was the targeting of specific cells by specific ligands
attached to the liposome surface. This is Ehrlich’s idea,
almost a century old, of the selective destruction of dis-
eased cells. In the 1970s and 1980s researchers attached
antibodies to liposome surfaces and achieved very nice
liposome binding and uptake into target cells expressing
targeted ligands. None of these experiments, however, was
successful in vivo. Nonspecific interactions with the im-
mune system resulted in very quick liposome clearance in
the liver and spleen, regardless of the attached antibody or
lectin. The development of PEGylated liposomes, how-
ever, renewed interest in specific targeting, because the
polymer layer reduced nonspecific interactions. It was
quickly discovered that binding ligands to the far end of
surface attached PEG chains improves binding (4). In addi-
tion to antibodies and their fragments, single-chain anti-
bodies, lectins, oligosaccharides, and polypeptides are
used as targeting moieties, typically at a surface density
between 20 to 100 ligands per 100 nm of liposome.

Liposomes with attached ligands can also be used in
diagnostics to enhance the signal-to-noise ratio (51). Nor-
mally one ligand carries one or a few markers, while lipo-
somes can encapsulate thousands of fluorescent or ra-
dioactive probes. Liposomes loaded with radioactive,
radiopaque, sonoreflective, or paramagnetic substances
can be delivered in ways similar to other types of drugs
and can improve contrast.

D. Activosomes or Polymorphic Liposomes

These types of liposomes are designed for specific reactions
or interactions. The goal is either to disintegrate the lipo-
somes under particular conditions or enhance nonspecific,
such as electrostatic, interactions with a target molecule.

Temperature sensitive liposomes are designed to release
their content at a particular temperature. Liposomes be-
come very leaky in the temperature region where the gel-
to-fluid phase transition occurs. By mixing appropriate lip-
ids, such as DPPC and DPHC (diacyl partial hydrogenated
PC), one can vary the phase transition. One of the applica-
tions would be in the therapy of a particular organ which
is heated to 41°C; circulating liposomes release their con-
tents when they pass through the heated region. In addition
to drug leakage, these liposomes can also be prepared to
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disintegrate into a nonbilayer structure and release their
contents immediately. Similarly, laser sensitive liposomes
(hydrolysis of light sensitive lipids) can be designed. Be-
cause the leakage is not instantaneous, however, it might
happen that the encapsulated cargo is released too late.

pH sensitive liposomes are designed so that they release
the encapsulated cargo upon an increase or decrease of pH.
Some organs and organelles might be at lower pH and typi-
cally release of the liposome cargo in these conditions is
desired. For such application lipids that are weak acids are
used in mixtures with membrane destabilizing lipid, such
as DOPE. For instance, oleic acid/DOPE mixtures form
liposomes at pH � pKa of fatty acid because ionized fatty
acid forms a conelike molecule (P � 1, see Section I.A)
and neutralized the inverse cone shape of DOPE (P � 1)
giving rise to P � 1. Upon protonation at lower pH, how-
ever, the area of the polar head of fatty acids is reduced
(P increases) and it cannot compensate for the propensity
of DOPE to form inverted phase and liposome disinte-
grates, because 〈P 〉 increases and causes a lamellar–in-
verse hexagonal phase transition.

The opposite case, in which a weak basic lipid pro-
tonates at higher pH and disrupts the liposomes, is not gen-
erally used. Another strategy is possible by using PEG-
lipids which have P �� 1. Mixing them into bilayer and
controlling either their dissociation from the bilayer or
chemical degradation of the PEG attachment can again
change P from � 1 to � 1 and cause liposome break up.

Another group of active liposomes are fusogenic lipo-
somes, which are designed to fuse with cells. They can
either carry fusogenic proteins or peptides, or can be the
instability built into the bilayer by special lipid composi-
tions, as discussed above. For instance, stable bilayers con-
taining PEG-lipid and DOPE become fusogenic upon the
loss of PEG or PEG-lipid from the bilayer.

E. Cationic Liposomes

Cationic liposomes are primarily used for preparing
liposome/DNA complexes for gene delivery into cells
(52). These liposomes are prepared in similar procedures
(such as sonication and extrusion) as conventional or steri-
cally stabilized liposomes. Normally they contain 50 mol%
of neutral lipid, such as DOPE or cholesterol. The former
proved to increase DNA delivery in vivo, while the latter
was shown to be more efficient in in vivo DNA expression
(52). In later sections we will discuss in detail the applica-
tions of cationic liposomes in gene delivery.

There are many other functionalized liposomes. We
briefly mention virosomes, which are reconstituted vesi-
cles containing viral lipids and proteins and are used in
vaccination (17,69).

VI. LIPOSOMES AS DRUG
DELIVERY VEHICLES

With respect to structure and composition, liposomes re-
semble cell membranes. They are typically made from nat-
ural, biodegradable, nontoxic and nonimmunogenic lipid
molecules, and they can encapsulate or bind a variety of
drug molecules into or onto their membranes. All these
properties make them attractive candidates for applications
as drug delivery vehicles.

Liposome applications in drug delivery depend, and are
based on, physicochemical and colloidal characteristics
such as composition, size, loading efficiency, and the sta-
bility of the carrier, as well as their biological interactions
with the cells. There are four major interactions between
liposomes and cells. Lipid exchange is a long-range inter-
action that involves the exchange of liposomal lipids for
the lipids of various cell membranes; it depends on the
mechanical stability of the bilayer and can be reduced by
‘‘alloying’’ the membrane with cholesterol (mixing it in
the lipid bilayer, which gives rise to greatly improved me-
chanical properties, such as increased stretching elastic
modulus, resulting in stronger membranes and reduced
permeability). The second major interaction is adsorption
onto cells, which occurs when the attractive forces (elec-
trostatic, electrodynamic, van der Waals, hydrophobic in-
sertion, hydrogen bonding, specific ‘‘lock-and-key’’, etc.)
exceed the repulsive forces (electrostatic, steric, hydration,
undulation, protrusion, etc.) and can be nonspecific or spe-
cific. Adsorption onto phagocytic cells is normally fol-
lowed by endocytosis or, rarely, by fusion. Endocytosis
delivers the liposome and its contents into the cytoplasm
indirectly via a lysosomal vacuole in which low pH and
enzymes may inactivate the solute. During fusion, how-
ever, the liposome contents are delivered directly into the
cell, and the liposomal lipids merge into the plasma mem-
brane. Therefore a substantial effort to utilize this mode
of drug entry is being undertaken. Efforts range from the
incorporation of fusogenic proteins into the bilayer to the
preparation of metastable bilayers and pH sensitive poly-
mer coatings (1).

For drug delivery, liposomes can be formulated in a sus-
pension, as an aerosol, or in a (semi)solid form such as a
gel, cream, or dry powder; in vivo, they can be adminis-
tered topically or parenterally. After systemic (usually in-
travenous) administration, which seems to be the most
promising route for this carrier system, liposomes are typi-
cally recognized as foreign particles and consequently en-
docytosed by cells of the mononuclear phagocytic system
(MPS), mostly fixed Kupffer cells in the liver and spleen.
This fate is very useful for delivering drugs to these cells
but, in general, excludes other applications, including site-
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specific drug delivery by using ligands expressed on the
liposome surface in order to bind to the receptors (over)ex-
pressed on the diseased cells. For this reason, a search for
liposomes that could evade rapid uptake by the MPS
started, and a few lipid compositions that prolonged lipo-
some blood circulation times were discovered, culminating
in the development of PEG-coated, sterically stabilized li-
posomes.

Based on the liposome properties introduced above,
several modes of drug delivery can be envisaged; the major
ones are enhanced drug solubilization (e.g., amphotericin
B, minoxidil), protection of sensitive drug molecules
(e.g., cytosine arabinose, DNA, RNA, antisense oligonu-
cleotides, ribozymes), enhanced intracellular uptake (all
agents, including antineoplastic agents, antibiotics, antivi-
rals), and altered pharmacokinetics and biodistribution of
the encapsulated drug. The latter accounts for the de-
creased toxicity of liposomal formulations, because lipo-
some-associated drug molecules cannot normally spill to
organs such as the heart, brain, and kidneys as well as to
increased targeting of the encapsulated drug to certain cells
and tissues. As discussed above, normal, or conventional,
liposomes are taken up by macrophages and can therefore
serve as excellent drug delivery vehicles to these cells.
However, sterically stabilized liposomes, which are not av-
idly taken up by MPS cells, have different biodistribution
properties and have shown enhanced accumulation in sites
of trauma, such as tumors, infections, and inflammations,
which are characterized by leaky capillaries. This accumu-
lation is due simply to their prolonged liposome circulation
and small size (�100 nm), which enable them to extrava-
sate (51). Very small neutral and mechanically stabilized
liposomes (by preparing a bilayer with high mechanic
strength as can be measured via stretching elasticity of the
membrane) also exhibit prolonged circulation times and
may also accumulate in sites of trauma. In a first approxi-
mation, we can simply view this as a statistical problem:
the longer a liposome can circulate (by avoiding uptake in
the liver), the greater the possibility that it extravasates
(leaves the vascular system) at the sites where the blood
vessels are porous (51).

VII. MEDICAL APPLICATIONS
OF LIPOSOMES

In many cases, effective chemotherapy is severely limited
by the toxic side effects of the drugs. Liposome encapsula-
tion can alter the spatial and temporal distribution of the
encapsulated drug molecules in the body, which may sig-
nificantly reduce unwanted toxic side effects and increase
the efficacy of the treatment. Although many drugs have

been studied in preclinical settings in numerous animal
disease models, at present, in human therapy, liposomal
therapeutics are used only in systemic fungal infections
and cancer therapy. However, in preventative medicine,
liposome-based vaccines show great promise. Table 3 lists
liposomal products on the market and in advanced phases
of clinical development. Before discussing their applica-
tion in anticancer therapy, we shall present their use in
parasitic infections.

A. Liposomes in Infectious Diseases

In infectious disease, liposomes were proven to be effica-
cious in the treatment of parasitic and fungal infections
(2). Bacterial infectious antibiotics are in general effective
and safe, while for viral disease there are not many potent
drugs available. The main modes of liposome action are
reduced toxicity and targeting of the drug to macrophages.
Recently, small stable and long-circulating liposomes have
been shown to be effective in targeting parasitic infec-
tions in the lung and in systemic treatment with the anti-
biotic amikacin. Tropical parasitic diseases like leish-
maniasis and malaria are ideally suited for treatment with
liposomal drugs. Indeed, early results have shown up to
700-fold improved therapeutic index in the case of leish-
maniasis. Unfortunately, these formulations have never
been fully developed, possibly due to a low marketing po-
tential.

Targeting the drug to macrophages, where the infec-
tious agents often reside, and the reduced toxicity of the
formulation that results from the limited spillage of drug
to other tissues, increases the therapeutic efficiency of the
treatment. The drug of choice in the treatment of systemic
fungal infections is amphotericin B, which is, owing to its
aqueous insolubility, typically formulated into detergent
micelles. However, micelles are unstable upon systemic
administration, and severe neuro- and nephrotoxicity limit
the dose that can be administered. If the drug is formu-
lated in a stable colloidal particle, it is delivered much
more efficiently to macrophages, and toxicity can be sig-
nificantly reduced. Following this rationale, three lipid-
based amphotericin B formulations are commercially
available (Table 3): AmBisome (Gilead, Foster City,
CA) contains the drug formulated into small, negatively
charged liposomes; Amphotec (InterMune Inc., Burlin-
game, CA) is a stable mixed micelle of drug complexed
with cholesterol sulfate; and Abelcet (Elan Co., Dublin,
Ireland) is a homogenized liquid crystalline suspension of
drug and lipids.

Although these products are getting increased shares of
the market, a number of improvements can be envisaged,
including more potent antifungals (in a free form that is
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Table 29.3 Liposomal Products on the Market or in Advanced Clinical Studies

Company Product Status

ALZA Corp. DOXIL—dox in STEALTH liposomes for On the market (1995, USA and 1996, Europe)
Kaposi’s sarcoma for ovarian cancer On the market (1999, USA)

AMPHOCIL—ampB in mixed micelles On the market (1996, USA and 1993, Europe)
(sold to InterMune 2/01)

Gilead Sciences Ambisome—ampB in liposomes On the market (1997, USA and 1990, Europe)
DaunoXome—dauno in lip’s. On the market (1996, USA and Europe)
MiKasome—liposomal amikacin Phase II
NX 211—liposomal lurtotecan Phase I (Canada)

Elan Co. Myocet—liposomal dox Phase III not successful
VENTUS—liposomal PGE1 Phase III not successful
ABELCET—ampB in lipid dispersion On the market (1995, USA and 1993, Europe)
EVACET—liposomal doxorubicin for breast Phase III

cancer
Asta Medic. Topical anticancer cream On German market
Aronex Pharm. Inc. Nyotran—liposomal nystatin Phase III (USA and Europe)

Liposomal annamycin for refractory breast cancer Phase II
for leukemia Phase I/II

ATRAGEN—liposomal retinoic acid (tretinoin)
for
Acute promyelocytic leukemia (APL), non- Phase II
Hodgkin’s lymphoma and prostate cancer; and Phase I/II
renal cell carcinoma and bladder cancer

Aroplatin—liposomal platinum for lung cancer Phase II
Inex Pharm. Corp. ONCO TCS—liposomal vincristine for non-Hod- Phase II/III

gkin’s lymphoma
INX-3280—liposomal oligonucleotide Phase II/III

Swiss Serum Inst. Epaxal—hepatitis A vaccine On Swiss market since 1994
Trivalent influenza vaccine Phase III
Hepatitis A and B vaccine Phase I
Diphtheria, tetanus, hep A vaccine Phase I
Diph., tet., infl., hep. A vaccine Phase I

Skyepharma PLC DepoMorphine, morphine sulfate for acute post- Phase II
surgical pain

DepoCyt for neoplastic meningitis Phase III
DepoAmikacin for bacterial infections Phase I (completed)

Biomira Inc. Liposomal BLP25, a MUC1 based vaccine, for Phase I
breast cancer

Neopharm Inc. Liposomal paclitaxel Phase II
Vical Inc. Leuvectin—DNA/lipid complex of IL-2 for kid- Phase II

ney and prostate cancer
Leuvectin-7—DNA/lipid complex of HLA-B7 Phase II/III

gene
Valentis Inc. Cationic lipid formulation of IL-2, IL-12, and Phase IIa (USA and Germany)

IFN-α
Cationic lipid formulation of VEGF165 for angio- Phase II

genesis

Abbreviations: dox-doxorubicin HCl, dauno—daunorubicin, ampB—amphotericin B.
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too toxic for systemic treatment) and sterically stabilized
liposomal antifungals and antibiotics for the targeting of
targets away from the MPS system. Additionally, such li-
posomes can act as long-circulating platforms to bind and
neutralize pathogens or reduce inflammation by blocking
appropriate receptors overexpressed at the site of trauma.
Liposome expression of oligosaccharides or antibodies in-
creases their circulation times and, additionally, the multi-
valency of binding. For instance, sialyl Lewis x liposomes
(liposomes with attached oligosaccharides to target in-
flammation receptors) were shown to be 750 times more
effective in inhibition of selection-E mediated cellular ad-
hesion than the free ligand, while antibodies expressed on
stealth liposomes targeted to the same receptors on cul-
tured endothelial cells have shown 275-fold higher selec-
tivity and can be used to deliver drugs to these cells effec-
tively with increased specificity (6).

In general, saturation of various receptors may be
an important new modality in liposome applications, and
such systems may become useful in treating inflammation,
autoimmune diseases, and cardiovascular diseases. Owing
to their systemic accessibility, these applications of tar-
geted liposomes may be more important than in cancer
therapy, for here most of the tumors are rarely directly ac-
cessible.

B. Liposomes in Anticancer Therapy

Most of the medical applications of liposomes that have
reached the preclinical stage are in cancer treatment. Very
early studies showed reduced toxicity of liposome-encap-
sulated drug, but in most of the cases the drug molecules
were not bioavailable, resulting in reduced toxicity but also
in severely compromised efficacy. Unfortunately, this was
also found to be true for primary and secondary liver tu-
mors. Although most of the drug ended in the liver, it did
not diffuse into malignant cells (2,32).

Several clinical studies did not support the use of con-
ventional liposomes in cancer treatment. Although it is still
not clear whether such liposomes can be beneficial in the
therapy of some cancers, it has been demonstrated that
small, stable liposomes can passively target several differ-
ent tumors because they can (owing to their biological sta-
bility) circulate for prolonged times and (owing to their
small size [�50–150 nm]) extravasate in tissues with en-
hanced vascular permeability, which is often present in tu-
mors.

Two liposomal formulations have been approved by the
Food and Drug Administration (FDA, Washington DC,
USA) and are commercially available in the USA, Europe,
and Japan (Table 3). DOXIL (ALZA) is a formulation of
doxorubicin precipitated in sterically stabilized liposomes

(see Fig. 9A), while DaunoXome (Gilead) is daunoru-
bicin encapsulated in small liposomes with very strong and
cohesive bilayers, which can be referred to as mechanical
stabilization (2).

DaunoXome is a small liposome (distearoyl
phosphatidylcholine/cholesterol—DSPC/Chol, 2/1, �27
mM, size SUV) with daunorubicin (1 mg/mL) loaded by
a pH gradient. These liposomes are relatively stable in the
circulation because they are small, and their membrane is
electrically neutral and mechanically very strong. This re-
duces the charge-induced and hydrophobic binding of
plasma components but does not protect against van der
Waals adsorption. Also, uncharged liposome formulations
are colloidally less stable than charged ones.

DOXIL is a liquid suspension of 80–100 nm liposomes
(mPEG2000-DSPE/HSPC/Chol, 20 mM) with doxorubicin
HCl at 2 mg/mL. The drug is encapsulated into preformed
liposomes by an ammonium sulfate gradient technique and
is, additionally, precipitated with encapsulated sulfate
anions (see Fig. 9A). These liposomes circulate in patients
for several days, which increases their chance to extrava-
sate at those sites with a leaky vascular system. Their sta-
bility is due to their surface PEG coating, as well as to
their mechanically very stable bilayers. DOXIL was the
first liposomal drug approved by the FDA and has been on
the market since 1995, while DaunoXome was approved
approximately half a year later. Both formulations are used
in the treatment of Kaposi’s sarcoma. In 1999, Doxil was
approved for the treatment of ovarian cancer refractory to
paclitaxel- and platinum-based chemotherapy regimens.

DaunoXome was shown to be equally effective to con-
ventional therapies with reduced drug toxicity and im-
proved patient quality-of-life. The use of DOXIL in
Kaposi’s sarcoma has shown a high response rate in com-
parison with standard treatments: 58.7% response rate as
compared to 23.3% for bleomycin–vincristine therapy and
46.2% vs. 23.3% for adriamycin–bleomycin–vincristine.
Owing to a different biodistribution of DOXIL, the toxicity
profile is quite different from that of the free drug or of
conventional liposomes. While the dose-limiting toxicity
is hand–foot syndrome and stomatitis (liposomes that are
not taken by the MPS or do not extravasate eventually end
up in the skin, especially in areas where the vascular sys-
tem is constantly under pressure and slightly damaged),
but nausea, vomiting, and alopecia, which are usual after
conventional therapy, are notably mild after liposomal
(DOXIL) treatment. DOXIL has also been shown to have
a 4.5-fold lower medium pathology score for doxorubicin-
induced cardiotoxicity than free drug, while neutropenia is
similar to the free drug. Despite these convincing results,
however, it seems that, in the long run, the potential of this
formulation is greater for the treatment of solid tumors.
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For instance, in salvage therapy of ovarian carcinoma in
patients refractory to platinum and paclitaxel, a 13.8%
overall response was recorded with DOXIL.

The difference between the various formulations can be
explained by the pharmacokinetic data and biodistribution
reports, which have shown significant drug accumulation
in tumors in the case of small and stable liposomes; free
drug distributes to a large volume (causing systemic toxic-
ity) and is quickly washed away, and because no specific
tumor targeting occurs, the activity is relatively low. Con-
ventional liposomes are distributed to a smaller volume
(which depends on the drug leakage from liposomes,
which is a function of lipid composition and the method
of drug encapsulation, and in this case decreases in the
following formulations: PC/PG � PC/Chol � PC/CL; CL
is cardiolipin). Correspondingly, with improved liposome
encapsulation, the volume of distribution decreases and the
clearance rates are smaller. Because such liposomes typi-
cally do not target tumors (short blood circulation times
and larger size) and end up in the MPS, the drug activity
in most tumor models is compromised and generally, the
reduction in drug toxicity does not justify the use of such
formulations. When the drug is encapsulated in small and
stable vesicles, the volume of distribution is very small
(mostly blood, some in the liver and in tissues with leaky
vasculature), reducing toxicity, and if accompanied by li-
posome accumulation in tumors, resulting in increased ac-
tivity. Clearance rates are slow because the drug is stably
encapsulated. The elimination times of the drug are not
a good indicator of their activity, because typically they
represent a second phase, in which smaller amounts of the
drug are involved. The elimination times are calculated
from the clearance rate and the volume of distribution and
do not correlate to liposome stability. It is actually the
blood circulation time that, in the case of small, stable lipo-
somes, determines the accumulation in tumors. From this
simple pharmacokinetic analysis, we can conclude that
long clearance times, which are associated with low vol-
umes of distribution and small changes in biodistribution
toward tumors, characterize good liposomal anticancer for-
mulations. Of course, for drug to remain active, it must
not be encapsulated too stably. When liposomes accumu-
late and become trapped in the tissue, they start to disinte-
grate, and the drugs leak into the surroundings, as can be
inferred from observed drug degradation products, fluo-
rescent microscopy, as well as anticancer activity. The
origin of liposome disintegration is one of the least un-
derstood processes, but it is very likely that various
phospholipases degrade the lipids, and the softer bilayers
start to disintegrate. PEG-lipids are lost slowly owing to
their greater hydrophilicity, which allows the close ap-
proach of enzymes to liposomes and internalization by the

cells. In parallel, gradients can dissipate, and the drugs can
leak from topologically intact liposomes. Also, mechanical
damage and lipid phase transitions in regions with reduced
liquid concentration can occur. Although the real situation
is far more complex, this simplified explanation of pharma-
cokinetic and biodistribution data may explain the differ-
ences between different formulations. Briefly, while the
selectivity of free drug means only that it is more damaging
to rapidly dividing cells (such as tumor, but also hair,
blood, and nonsomatic cells), some drug delivery vehicles
can deliver drug closer to the tumor and, in the process,
spare some other tissues. Liposomes containing targeting
ligands, however, can be internalized into the cell by the
endocytic receptors.

Because of the complexity of systemic drug delivery,
the potency of the immune system, and the anatomy of
tumors, it is difficult to anticipate that formulations will
be prepared that will be much more effective from the
drug delivery perspective. The next developments may in-
stead rely on combination therapy, which has been found
to be effective in the treatment of AIDS. Consequently,
liposomal vincristine (phase II) and annamycin (phase II)
are being developed by Inex (Burnaby, BC, Canada) and
Aronex (The Woodlands, TX, USA), respectively. A sec-
ond liposomal agent in the combination therapy may be
one of various cytokines, such as interferons, interleukins,
or tumor necrosis factor (TNF), which are very active, but
also very toxic, anticancer agents. Preliminary data on
combination therapy of TNF in sterically stabilized lipo-
somes and DOXIL have shown arrested tumor growth,
whereas either agent alone only decreased the growth
rate.

Since the early days of liposome applications, scientists
have been trying to develop liposomes that would target
specific cells via surface attached ligands. Promising in
vitro experiments however were not reproduced in vivo
because of nonspecific liposome clearance by the MPS.
PEGylated liposomes have revived the concept. The im-
munogenicity of current formulations can be reduced by
using fragments of humanized antibodies, so the remaining
problems are the accessibility of tumors and cellular up-
take of the liposomes. Solid tumors are rather inaccessible
and the therapeutic benefit can be expected mostly within
the vascular endothelium or in other body fluids, especially
in the case of targeting internalizing epitopes. If the ther-
apy proves to be effective, we must also be aware that
large-scale manufacturing of targeted liposomes is techni-
cally considerably more demanding, and the economics of
this will be more critical than on nontargeted liposomal
formulations.

Because of their accumulation in tumors and sites of
infection and inflammation, sterically stabilized liposomes
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can be used to deliver other agents to these sites: antisense
oligonucleotides and ribozymes are very potent agents, but
the major problem is their delivery to and into the appro-
priate cells. It is very likely that encapsulation of these
agents in PEGylated liposomes may not only dramatically
improve the therapeutic index but also be the optimal way
to deliver these molecules.

C. Liposomes in Gene Therapy

Recombinant DNA technology and studies of gene func-
tion and gene therapy all depend on the delivery of nucleic
acids into cells in vitro and in vivo. Although in vitro tech-
niques can rely on a number of physical and chemical
methods, in vivo delivery is more demanding. DNA carrier
systems include several colloidal particles; cationic lipo-
somes have been shown to complex (negatively charged)
DNA, and such complexes were able to transfect cells in
vitro, resulting in the expression of the protein, encoded in
the DNA plasmid, in the target cells. Obviously, for gene
therapy (treatment of diseases on the molecular level by
switching genes on or off), in vivo delivery is preferred.
It was discovered that cationic lipid-based DNA com-
plexes can transfect certain cells in vivo upon localized
(mostly lung epithelial cells upon intratracheal instillation)
and systemic (endothelial cells in the lung) administration
(52). However, the first series of in vivo studies yielded
rather low levels of gene expression. Improvements were
sought both on the molecular level, where many novel lip-
ids were synthesized and many different combinations of
lipids tried, and on the colloidal level, where the DNA–
lipid-complex structure–activity relationships were stud-
ied. Despite the fact that quantitative structure–activity re-
lationship (QSAR) is still not understood, developments in
DNA plasmid design, synthesis of novel cationic lipids,
cholesterol stabilization of complexes, and improvements
on the colloidal structures have resulted in more than a
1000-fold increased gene expression as compared to the
first experiments. Although these developments are im-
pressive, the absolute expression levels are still rather low
and the duration of expression short; before initiating real-
istic clinical trials, more research on the delivery vehicles
and the DNA vector will be required. For example, the
latter may include DNA sequences that would give rise to
nuclear localization. Lipid-based gene delivery is the focus
of several specialized high-tech companies, among which
Vical (San Diego, CA, USA), Genzyme (Framingham,
MA, USA) and Valentis (Burlingame, CA, USA) have
products in clinical trials.

Several types of lipid vectors for DNA delivery have
been developed and, according to the way they are pre-
pared and the structures of the final products, they fall into

three major categories: (1) DNA complexed with pre-
formed cationic liposomes, (2) DNA packed in a lipid-
based carrier in particle form, and (3) DNA encapsulated
in liposomes.

As the first-generation lipid-based DNA vector, DNA-
cationic liposome complexes, have been playing a leading
role in the area of gene vector development. A great deal
has been learned about many respects of gene delivery,
including the construction of the delivery vectors, vector–
cell interactions, gene construction and expression, phar-
macokinetics, and the in vivo aspects of gene delivery. The
search for better-defined and commercially viable gene
vectors has lead to the development of several novel and
interesting lipid-based vectors that have show advance-
ment in one or more aspects over the existing ones. How-
ever, being at their early development stage, these systems
are yet to be more extensively investigated.

1. The Formation of Genosomes (Lipoplex)

The use of liposome–DNA complexes (genosomes or li-
poplexes) for transfer of plasmids into cells was first de-
scribed by Felgner et al. in 1987 (30,52), who observed
gene expression in vitro. Genosomes are formed by mixing
plasmid DNA with preformed liposomes containing
around 50% of cationic lipid, the rest being the so-called
helper lipids, which normally are neutral lipids such as
DOPE and cholesterol. Genosome formation is a very
complex process, which depends on thermodynamic as
well as kinetic factors. Thermodynamic factors include
charge ratio, concentration, ionic strength, pH, the pres-
ence of impurities, and temperature. Other important pa-
rameters are the type of cationic and to a lesser extent the
neutral helper lipid, the degree of supercoiling, and the size
of the DNA.

The procedure for genosome formation involves simple
mixing of DNA and liposome solutions. Over the years,
researchers have adopted various protocols. At low lipid
concentrations, genosomes are often made by pouring lipid
and DNA solutions together and then incubating for 5 to
15 min and applying onto the cell culture. Some papers
also reported separate addition of plasmid DNA and lipo-
somes to the cell culture. For in vivo applications, how-
ever, larger concentrations of colloidally suspended DNA
are preferred, and different protocols are used. Complexes
are normally prepared by rapid pipette injection of one so-
lution into the other and quick aspiration–ejection cycles.
In many cases the speed and the sequence of addition
(DNA into liposomes or vice versa) critically influences
the characteristics of the complexes formed. Normally a
small-scale sample is used (50–200 µL), as scaling up to
milliliter volumes often results in precipitation. There is
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also large variation between different operators. All these
observations indicate that the interaction of DNA with li-
posomes is clearly a kinetic phenomenon. To increase con-
sistency, automation is strongly recommended.

It is obvious that the charge ratio is the most important
and influential thermodynamic parameter. Typically, pre-
cipitation occurs near charge neutralization (ρ � 1), and
optimal charge ratios for transfection have been reported
to be in the 1.2–1.5 range (cationic complexes) in most
cases. In preparing anionic complexes, liposomes are in-
jected into DNA and vice versa for the cationic complexes.
Moreover, the process of complex formation is normally
carried out in nonelectrolyte solutions such as water or 5
to 10% sucrose, because the presence of even a low con-
centration of electrolytes dramatically increases precipita-
tion. The stability of the formed complexes depends on
many factors, including lipid concentration, pH, ionic
strength, temperature, and in particular charge ratio and
can vary from minutes to up to several months (52).

2. Lipid–DNA Particles (LDPs)

It has been envisioned that the ideal carrier for gene deliv-
ery would be one that contains densely packed DNA, pref-
erably the particle form, with a protective coating material,
such as neutral and PEG lipids, on the outer surface. Such
a carrier system would possess the basic characteristics of
the long-circulating pegylated liposomes and other func-
tional liposome systems. In recent years, several types of
lipid–DNA particles have been developed.

The above-described preparation methods give rise to
several different genosome topologies. Researchers have
typically described samples that are heterogeneous with
respect to particle size, shape, and density. EM and small-
angle x-ray scattering studies have established mostly two
types of complexes—random structures of aggregated
spherical particles containing elongated fibrils (the so
called ‘‘spaghetti-meatball’’ structures) and ordered inter-
calated lamellar phases, in which two-dimensionally con-
densed DNA is sandwiched by lipid bilayers (Fig. 9C)
(78). Obviously, in the limit of lipid excess, the latter struc-
tures are prevalent, and the former ones at higher DNA–
lipid ratios. However, we believe that the structure of these
particles is kinetically controlled and a real sample may
contain a large number of different structures ranging from
the two extremes—lipid-coated DNA helices and interca-
lated lamellar phases.

A novel type of liposome–DNA complex has been re-
ported by Templeton et al. (86). The invaginated liposomes
used in the procedure are bilamellar (two concentric bi-
layers) and are produced by a stepped extrusion process
using the Whatman Anotop filter, which has long cylindri-

cal pores. The liposome–DNA complexes have a very dif-
ferent structure compared with the complexes prepared
using the single-bilayered liposomes. In this case DNA
molecules are entrapped inside the invaginated liposomes,
and there is an intact outer bilayer around the complex (see
Fig. 9B.). This type of genosome appears to be very stable
upon storage and very efficient in transfecting cells.

3. Formation of Lipid–DNA Particles via
Hydrophobic Intermediates

One of the significant advancements in gene delivery is
the lipid–DNA particle (LDP) system (9,99). The proce-
dure for LDP preparation is the direct outcome of the
Bligh & Dyer extraction process, where polyanionic plas-
mid is extracted from the aqueous phase into the solvent
phase by cationic lipids (79). The driving force for DNA
into organic solvent (CHCl3) is the electrostatic interaction
of the cationic lipid with negatively charged DNA. The
resultant stable DNA–lipid complex in organic solvent is
thus hydrophobic. Such DNA–lipid complexes can serve
as self-assembling intermediates for the formation of a
well-defined LDP carrier.

It was first attempted to hydrate directly such lipid–DNA
complexes after the removal of the solvent. This was not
successful because the complexes stuck to the glass, even in
the presence of excessive amounts of neutral and mPEG2000-
DSPE. Then an alternative route was taken, where plasmids
were introduced to the cationic lipid presented in mixed mi-
celles formed with nonionic detergent. This system of mixed
micelles is in fact a microscopic version of the aqueous-
solvent biphase system where the DNA–lipid interaction
occurs at the extended aqueous-solvent interface (Fig. 11).
In the micellar system, the hydrophilic–hydrophobic inter-
faces are provided by the surface of the micelles. Studies
indicated that the instant and spontaneous interaction of
DNA with cationic micelles upon the addition of DNA to
the cationic micelles lead to the formation of well-defined
small particles in the range of 50–70 nm in diameter. Deter-
gent concentration appears to be a crucial parameter that
determines the physical properties of the LDP formed. Un-
der the optimum detergent concentration, which is near the
critical micelle concentration (CMC � 20 mM for octyl glu-
coside), the LDP formed are small, uniform, and reproduc-
ible. The detergent in the system can be easily dialyzed
away without affecting the size of the LDPs. Negative stain
and freeze-fracture electron microscopic studies revealed
that these particles are rather uniform in size, but not neces-
sarily spherical in shape (99).

In contrast, at high detergent concentration (�50 mM),
no indication of LDP was observed before dialysis, and
large aggregates were seen 2–3 hours into dialysis. The
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Figure 29.11 Model describing the intermediates that may be involved in the formation of cationic lipid/DNA particles (99). Small
lipid/DNA particles (�100 nm) form spontaneously, driven by electrostatic interactions, when the detergent concentration is near the
critical micelle concentration of OGP (approx. 20 mM). The formation of LDPs might involve the following steps. Mixed detergent
micelles containing the cationic lipid and the helper lipid are mixed with DNA (step A). The binding of the mixed micelles with DNA
is instant (step B), and such binding will likely cause asymmetric distribution of lipids on the micelles and a decrease in micelle stability.
The next step (step C) is the fusion of micelles along the DNA strand into larger bilayered intermediates that serve as DNA condensation
agents and lead to the formation of LDP (steps C to D). Detergent molecules are then removed by dialysis.

detergent concentration effect on the particle formation
could be a kinetic effect resulting from the fast detergent
removing process, and the result could be different if the
rate of detergent removal is slower and controlled.

Another observation is that the LDPs formed by the
above procedure are only stable in a nonelectrolyte solu-
tion in the absence of a stabilizing agent. Further investiga-
tion showed that stable LDPs can be produced using the
same procedure in PBS buffer or saline, when a sufficient
amount of mPEG2000-Cer (5–10%) is incorporated in the
system. Regarding the DNA loading capacity of this LDP
system, the DNA-to-lipid ratio can be maximized by low-
ering the amount of cationic lipid to a level that is slightly
greater than charge neutralization (1.2:1–1.5:1, �/�).
Neutral lipids (SM or PC) can be incorporated with the
aim of reducing the charge density on the outer surface.

It appears that efficient formation of lipid–DNA particles
by the above procedure requires a significant proportion of
the cationic lipid in the system, which clearly poses a major
hurdle for such a carrier system to be used for systemic
delivery. However, it might be possible to overcome this
problem by the use of pH sensitive cationic lipids. In such
a case LDPs can be formed at a low pH where the lipid

is charged, and then the surface charge can be reduced by
increasing the pH to a level where the lipid becomes neutral.

With regard to the mechanism of the formation of
LDPs, a working model has been proposed as illustrated
in Fig. 11 (99). The formation of LDP is spontaneous and
nearly instantaneous. However, sequential steps might be
involved during the process. The initial binding of the
small cationic mixed micelles to DNA molecules is driven
by electrostatic interactions. Such binding will likely cause
asymmetric distribution of lipids, particularly the cationic
lipid, on the micelles, being cationic-lipid enriched for the
side binding to the DNA. This process will probably lead
to the growth of larger bilayered intermediates due to the
fusion of micelles along the DNA. These bilayered inter-
mediates, at the same time, serve as DNA condensation
agents and lead to the formation of LDP.

In vitro transfection studies in the CHO cell line indi-
cated that LDPs (with β-galactosidase plasmid) prepared
with SM/DODAC (1:1 to 8:1, �/�, SM/DODAC, 50:
50 mol%) are effective in delivering DNA into cells. The
transfection level increases with increasing charge ratio
(maximum at 4:1 �/�), as is expected, as for other lipid-
based DNA carriers. In vivo transfection of tissues and
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solid tumors in animals are currently under investigation
(personal communication).

4. Stabilized Plasmid–Lipid Particles

Stabilized plasmid–lipid particles (SPLP) constitute a
novel system in which DNA is truly encapsulated inside
liposomes (81,91,95). The process for SPLP preparation
appears to be similar to the conventional detergent dialysis
method, but it differs significantly in the mechanisms of
DNA entrapment. Consequently, the plasmid encapsula-
tion efficiency achieved in this method is much higher than
that normally achievable with conventional dialysis proce-
dure, in which solute is passively entrapped. The plasmid
trapping efficiency appears to be a sensitive function of
the cationic lipid content (i.e., DODAC mol%) in the lipid
composition, and 50–70% encapsulation can be achieved
with only minimal amount of DODAC (6–8 mol%), which
is insignificant enough so that the pharmacokinetic profiles
of these liposomes are identical to conventional liposomes
bearing no DODAC. The presence of a sufficient amount
of mPEG-Cer, acting as a stabilizer, appears to be critical,
and in its absence aggregation occurs during dialysis. Al-
though mPEG-Cer is advantageous over mPEG-PE, be-
cause it is noncharged and will not interfere with the inter-
action between DNA and cationic lipid, mPEG-DSPE can
be used as the stabilizer lipids.

An attempt to increase the content of cationic lipid in
the system was made first by increasing the ionic strength
of the dialysis medium. However, raising the NaCl concen-
tration to 1 M was not effective in samples containing 10
mol% of DODAC. The use of polyvalent anionic counteri-
ons (i.e., citric acid and phosphoric acid), with an expected
stronger shielding effect against the cationic lipid, can in-
crease the amount of cationic lipid to as high as 45 mol%
without significantly losing the encapsulation efficiency. It
has been shown that citrate is more effective in the low
range of DODOC content (7–30 mol%) (95) and phos-
phate is more effective in the high end of DODAC content
(20–45 mol%) (81). There is basically a linear relationship
between the percentage of cationic lipid in the lipid compo-
sition and the optimum citrate concentration. Above the
optimum citrate concentration, empty liposomes are pro-
duced, and DNA encapsulation efficiency is low. In con-
trast, when the citrate concentration used is too low, the
strong interaction of the cationic lipid with plasmid leads
to aggregation.

SPLPs can be purified by removing the empty vesicles
using procedures such as sucrose density gradient isola-
tion, and a high DNA-to-lipid ratio (�60 µg/µmol) can be
obtained. The formulation can be concentrated to at least 1
mg DNA/mL with no compromise in stability. The SPLPs

exhibit shelf stability of at least 6 months upon storage at
4°C. Moreover, plasmids encapsulated inside the SPLPs
are protected from degradation enzymes as tested in serum
and DNase (91).

The purified SPLPs have a consistent size distribution
of 80–100 nm between preparation as observed by QELS
and confirmed by both freeze-fracture (see Fig. 9D) (95).
In contrast, the empty vesicles are much smaller (�20–40
nm in diameter). Cryo-EM investigations (81) of the puri-
fied SPLPs revealed a dense internal structure that is pres-
ent neither in extruded liposomes nor in the empty lipo-
somes with the same lipid composition prepared by the
same dialysis procedure, suggesting that the plasmids are
entirely entrapped inside the liposomes.

With regard to the mechanism whereby SPLPs are
formed as facilitated by the presence of polyvalent anionic
counterions, a working model has been proposed as illus-
trated in Fig. 12 (91,95). This model is based on the proposed
processes of micelle-to-vesicle transformation occurring
during dialysis (see Section II.G.). Prior to detergent re-
moval, plasmids probably do not directly associate with the
mixed micelles, due to the extensive dilution of the positive
charge density on the surface of the mixed micelles.

The next step of micelle–vesicle transition is believed
to be the formation of various lipid-detergent intermedi-
ates, including cylindrical micelles, lamellar sheets, or
open leaky vesicles. It is proposed that it is at one of these
stages that DNA–micelle association starts to occur, as the
size and the charge density of these intermediates grow to
a significant level. The fact that only a minimal amount of
cationic lipid is required in the formation of SPLPs indi-
cates that the association of DNA with the intermediates
is not a charge neutralization effect but rather a loose associ-
ation facilitated by a minimal number of binding sites along
the DNA molecule and the intermediates. At optimum cat-
ionic lipid concentration (i.e., 6–8% DODAC in the absence
of counterions), DNA association possesses little interfer-
ence with the natural growing process of the intermediates
into open vesicles, which eventually close up as the deter-
gent is depleted, resulting in the encapsulation of DNA. In
the case of increased cationic lipid content, anionic counteri-
ons are needed to shield the surface charge density effec-
tively on the intermediates to a level equivalent to the mini-
mum cationic lipid situation (i.e., 6–8% of DODAC). In
either case, low content of cationic lipid or higher concentra-
tion of the counterions, the association of DNA with these
intermediates is not sufficient for efficient encapsulation. On
the other hand, increased cationic lipid content or a too-low
concentration of counterions will lead to the association of
DNA with multiple lipid–detergent intermediates and/or the
collapse of open vesicles, eventually resulting in lipid–DNA
aggregation.
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Figure 29.12 Mechanism of SPLP formation. Prior to detergent removal, DNA does not directly associate with the mixed micelles, due
to the extensive dilution of the positive charge density on the surface of the mixed micelles. Plasmid DNA–micelle association starts to
occur, as the size and the charge density of the bilayered intermediates grow to a significant level. At optimum cationic lipid concentration
(i.e., 6–8% DODAC in the absence of counterions), DNA association possesses little interference with the natural growing process of the
intermediates into open vesicles and eventually closes up as the detergent is being depleted, resulting in the encapsulation of DNA. In the
case of increased cationic lipid content, anionic counterions are needed effectively to shield the surface charge density on the intermediates
to a level equivalent to the minimum cationic lipid situation (i.e., 6–8% of DODAC). In either case, low content of cationic lipid or higher
concentration of the counterions, the association of DNA with these intermediates will not be sufficient for efficient encapsulation. On the
other hand, increased cationic lipid content or too low a concentration of counterions will lead to the association of DNA with multiple
lipid–detergent intermediates and/or the collapse of open vesicles, eventually resulting in lipid–DNA aggregation.

4. Other Applications: Vaccination
and Diagnostics

As a result of their special properties, liposomes are being
studied for treating other diseases and for vaccinations
(51). Examples are liposomal antibiotics, antivirals, prosta-
glandins, steroid and nonsteroid anti-inflammatory drugs
and insulin. Administration routes being investigated in-
clude pulmonary, topical, and other parenteral administra-
tion routes. Although several approaches look promising,
more basic research is necessary before meaningful clini-
cal studies can be initiated. Some promising concepts are
described below.

Infections and inflammations are characterized by a
leaky vascular system. Therefore sterically stabilized
liposomes may be an effective vehicle for the delivery
of appropriate drugs in such circumstances. Many infec-
tious agents reside in cells, such as deep tissue macro-
phages, which are practically inaccessible to chemother-
apy. A large fraction of PEGylated liposomes ends up in
the skin, where many are ultimately taken up by macro-
phages. It is also believed that these cells harbor many
bacterial and viral infections and therefore the potential
of long-circulating liposomes should be thoroughly ex-
ploited.
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A liposomal vaccine against hepatitis A has been suc-
cessfully launched by the Swiss Serum Institute (Bern).
Purified hepatitis A virion capsule, viral phospholipids,
and envelope glycoprotein from the influenza virus are
mixed with phosphatidylcholine and phosphatidylethano-
lamine in the presence of excess detergent (octyl gluco-
side). Upon detergent removal, liposomes containing anti-
gen as well as some viral lipids and proteins, including
fusogenic glycoprotein (influenza hemagglutinin) are
formed. The liposomes act as an adjuvant and carrier of
coadjuvants (viral glycolipids and glycoproteins) and po-
tentiate an immune response to the vaccine antigen. The
same company is developing vaccines for influenza, hepa-
titis B, diphtheria, and tetanus. Other companies, such as
Orasomal Technology (Chicago, IL, USA) are working on
the development of other vaccines, including oral vaccina-
tion and drug delivery by polymerized liposomes.

A significant barrier to the development of liposomes
formed from commonly available lipids for oral or muco-
sal delivery of macromolecules has been their susceptibil-
ity to enzymatic degradation, due to low pH in the stom-
ach, and bile-salt dissolution in the intestine. Hence,
common liposomes fail to protect macromolecules against
enzymatic degradation in the gastrointestinal tract. Me-
chanically and sterically stabilized liposomes can survive
these conditions but are consequently too stable in the in-
testine to deliver the encapsulated drug via the normal ab-
sorption process. A possible solution to this problem
would be to design liposomes with time-dependent stabil-
ity. Direct uptake by M cells in Peyer’s patches, which
sample the surroundings for antigens, is too low for a sub-
stantial absorption of drugs but may be effective for vacci-
nation, where low concentrations of antigens may be ade-
quate to stimulate an immune response. Recently, the
potential of utilizing polymerized liposomes as oral drug
and vaccine vehicles has been explored. Such liposomes
survive intestinal transit intact and can be rapidly taken up
by M cells and subsequently by macrophages. Providing
M-cell targeting molecules by the covalent attachment of
lectins and other ligands provides further increases in in-
testinal liposome uptake. Very stable liposomes and poly-
merized liposome vehicles may provide a route for the
commercial development of liposome technology for oral
vaccination, and eventually, for a wide variety of macro-
molecular drugs.

In conclusion, the synergistic input from colloid sci-
ence, physics, chemistry, biology, pharmacology, and
medicine has resulted in the successful development of li-
posomal drug delivery in less than thirty years, and a solid
theoretical and experimental basis has developed promis-
ing novel products. Only time will tell which of the above
applications and speculations will prove to be successful.

However, based on the already available products, we can
say that liposomes have definitely established their posi-
tion in modern technology.
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I. INTRODUCTION

Drugs developed for diseases caused by pathogenic infec-
tions have the advantage that there are numerous physical
and functional differences between the pathogens and the
cells of their human host. As a result, most of these thera-
peutic agents can be administered chronically at relatively
high doses with typically few side effects. This is not the
case in diseases such as cancer, which arise from trans-
formed or dysregulated growth/function of the body’s own
cells. Here, the differences between healthy and diseased
tissues are often quite subtle and rarely are cellular features
truly disease specific. It is not surprising then that for these
diseases a very narrow window exists between drug doses
that are effective and drug doses that are toxic. Although
our increased understanding of the genetic alterations
associated with diseases such as cancer will no doubt im-
prove our ability to design better drugs, it is likely that
we will continue to be faced with therapeutic targets that
are differentially expressed in disease cells rather than
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uniquely expressed. This suggests that manipulating drug
pharmacology/distribution to enhance tumor selectivity
will continue to be an important feature in the development
of new anticancer drugs.

In view of the above considerations, it is not surprising
that the potential utility of liposomes for delivery of cancer
drugs was identified very quickly after the first descriptions
of ordered spherical membrane structures spontaneously
forming upon hydration of purified lipids were made by
Bangham in the 1960s (1,2). It was thought that encapsu-
lating highly toxic anticancer agents could alleviate many
of the life-threatening side effects associated with conven-
tional chemotherapy. Since that time, our understanding of
the chemical and biophysical properties of bilayer mem-
brane vesicles has increased dramatically as has our
knowledge of how the body handles systemically adminis-
tered liposomes. Through this process, liposome research-
ers developed anticancer drug formulations based on first-
generation, conventional phospholipid/cholesterol-based
liposomes followed by second-generation, sterically stabi-
lized systems and more recently third-generation, multi-
functional liposomes (see Fig. 1).

Although significant advances in the generation of
novel liposome-based delivery systems were demonstrated
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Figure 30.1 Illustration of a multifunctional liposome exhibiting the various therapeutic agents as well as structural and functional
components that can be designed into current liposome formulations.

in laboratory studies, several hurdles regarding the produc-
tion of homogeneous liposomes as well as effective entrap-
ment and stability properties had to be overcome before
liposomes could be considered as viable pharmaceutical
delivery systems. These obstacles were overcome in the
1980s with the development of various liposome produc-
tion procedures amenable to large-scale production includ-
ing extrusion (3), dialysis (4), homogenization (5), and
dehydration/rehydration techniques (6, see also 7 for a
review). Also at this time efficient drug entrapment pro-
cedures were developed based on transmembrane ion
gradients that provide nearly quantitative encapsulation ef-
ficiencies and extended drug retention stability (8,9). In
addition, significant advances were made in the production
of inexpensive, high-purity synthetic lipids that could sup-
port commercial-scale liposome production. Together,
these accomplishments enabled liposomal cancer drugs to
move not only from the bench to the bedside but also into
the market place, where currently there are four approved
liposome-based cytotoxic agents and one photodynamic
agent (see Refs. 10 and 11 for reviews of clinical liposomal
anticancer drug development). In addition, several liposo-
mal anticancer drug formulations are in various stages of
clinical testing for a range of tumor applications.

In the sections to follow, the different components that
can be designed into liposomal anticancer drug formula-
tions will be discussed in terms of the structural, physical,
and functional properties that they impart to the carrier sys-
tem. In addition, the biological processes and mechanisms

whereby liposomes exert their pharmacological benefits
will be reviewed.

II. COMPONENTS OF GENERATION-
BASED LIPOSOMAL ANTICANCER
DRUGS

A. Drug Permeability Barrier
and Solubilization Properties
of the Bilayer Membrane

The basic structure that is the foundation for the construc-
tion of virtually all liposomes is the bilayer membrane,
which forms upon hydration of polar lipids such as phos-
pholipids and sphingolipids in an aqueous medium. There
are two key features associated with lipid bilayers that are
particularly suited for drug delivery applications. The
spherical lipid envelope formed by bilayer membranes
constitutes a very effective permeability barrier that limits
movement of highly polar or charged molecules between
the internal and external aqueous compartments of lipo-
somes. This is due to the presence of the hydrophobic bi-
layer core associated with the hydrocarbon chains of phos-
pholipids and sphingolipids, which presents a very
energetically unfavorable environment (dielectric constant
of approximately 5) for polar compounds. Consequently,
when very water soluble anticancer drugs are encapsulated
in the internal aqueous compartment of liposomes, they
remain there for extended times, the duration of which will
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be dictated by the polarity/charge of the drug and the com-
position of the bilayer membrane.

Since a number of commonly used chemotherapy
agents are polar (amphipathic at a minimum) and water
soluble, most early efforts in liposomal anticancer drug de-
velopment focused on entrapping agents such as doxorubi-
cin and cytosine arabinoside in an attempt to (a) prolong
systemic exposure of drug (increase AUC) and (b) de-
crease drug accumulation in susceptible healthy tissues
(e.g., cardiac tissue for doxorubicin). At that time it was
unclear how tumor tissue would handle liposomes, and the
working hypothesis was that liposomes would increase the
therapeutic index of anticancer drugs by decreasing toxic-
ity while maintaining or possibly increasing antitumor po-
tency. These early investigations identified a number of
key structure/biological function relationships for liposo-
mal anticancer drug formulations that provided the basis
for subsequent optimization studies. First, large (� 500 nm
diameter) liposomes are cleared from the blood far more
rapidly than small (100 nm diameter) liposomes (12). Sec-
ond, liposomes containing � 30 mol% cholesterol are rap-
idly destabilized in the circulation, leading to significant
drug release (13). Third, liposomes with charged surfaces
(particularly negatively charged liposomes) are cleared
from the circulation more rapidly than neutral liposomes
(14).

Detailed investigations into the in vivo behavior of lipo-
somes showed that many of the above relationships were
the results of interactions of liposomes with blood compo-
nents and cells of the reticuloendothelial system. When li-
posomes are injected intravenously they are immediately
exposed to a plethora of circulating cells, lipoproteins, and
soluble factors including proteins, carbohydrates, and
small ions (Na�, Cl�, Ca2�, Mg2�, etc.). Assuming that li-
posomes contain sufficient amounts of cholesterol to avoid
the bilayer destabilization effects of lipoproteins (15,16),
the fate of liposomes in this compartment is dictated pri-
marily by interactions between the liposome surface and
serum protein components. Two deleterious responses can
result when proteins adsorb to liposomes; (i) increased
membrane permeability, which compromises drug reten-
tion in the liposomes, and (ii) recognition and subsequent
clearance of liposomes by the RES.

The ability of adsorbed blood proteins to increase lipo-
some permeability properties has been demonstrated by
several laboratories (16–19). Such interactions can be sim-
ply modeled by determining the drug release kinetics for
liposomes suspended in serum compared to protein-free
buffer. An example of this is shown in Fig. 2. The leakage
of vincristine from DSPC/Chol liposomes is approxi-
mately five fold faster in the presence of serum. Interest-
ingly, comparison of these results with the release kinetics

Figure 30.2 Release of vincristine from 100 nm DSPC/choles-
terol (55:45 molar ratio) liposomes in buffer, in serum, and in
the circulation after iv injection to BDF1 mice. Vincristine was
encapsulated at a drug-to-lipid ratio of 0.05:1 (wt:wt) using the
citrate-based pH gradient entrapment procedure, where trapping
efficiencies were � 95%. The values represent the percent vin-
cristine release after 24 h. In vitro experiments were conducted
at 37°C.

of vincristine from DSPC/Chol liposomes after iv adminis-
tration (as determined by monitoring changes in the circu-
lating drug-to-lipid ratio) reveals that drug leakage is fur-
ther increased in vivo (Fig. 2). These differences are not
simply due to the presence of a ‘‘tissue sink’’ into which
the released vincristine is absorbed, since increased dilu-
tions or extended dialysis times in the presence of serum
do not increase in vitro drug release rates (L. Mayer, un-
published observations). Consequently, we believe that in
vivo drug retention properties as well as comparisons of
drug release kinetics for different liposomes cannot always
be predicted simply on the basis of in vitro data.

In addition to increasing the permeability of liposome
bilayers in the blood, protein adsorption can also lead to
increased susceptibility to transmembrane stresses caused
by ion gradients or high levels of encapsulated drugs. The
high concentrations of buffer components and/or drug en-
trapped in liposomes often result in significant osmotic
gradients across the liposome membrane when exposed to
physiological fluids. While most liposomes can withstand
a significant transmembrane osmotic gradient in the ab-
sence of extraneous proteins, exposure of liposomes exhib-
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iting large osmotic gradients to plasma or purified lipopro-
tein fractions results in a burst of leakage from the
liposomes while osmotic balance is reestablished (20).
This effect is more pronounced with less ordered mem-
branes, where, for example, DSPC/Chol liposomes can
withstand osmotic gradients of far greater magnitude than
EPC/Chol liposomes in the presence of proteins (20). This
may, in part, explain the differences observed between
DSPC/Chol and EPC/Chol liposomal doxorubicin formu-
lations in vivo where the circulating drug-to-lipid ratio
(used to assess drug leakage) observed for EPC/Chol lipo-
somes drops approximately 50% within 1 h of injection
and subsequently decreases to a release rate comparable
to that observed for DSPC/Chol (21).

The RES has long been recognized as the major site of
liposome accumulation after systemic administration. The
primary organs associated with the RES are the liver,
spleen, and lung. The liver exhibits the largest capacity for
liposome uptake, while the spleen can accumulate lipo-
somes so that the tissue concentration (liposomal lipid/gm
tissue) is 10-fold higher than that which can be achieved
in other organs. Assuming that liposomes are designed to
minimize protein binding and cell interactions, the extent
of liposome accumulation in the lung is typically below
1% of the injected dose. Early studies demonstrated that
large as well as charged liposomes (particularly those con-
taining negatively charged lipids like PS, PA, or cardio-
lipin) were removed very rapidly by the liver and spleen
with clearance half-lives of less than 1 hour (22,23). The
rate of clearance from the circulation could be reduced to
some extent by increasing the administered lipid dose,
however, only when small (approx. 100 nm), neutral lipo-
somes containing � 30% cholesterol were utilized at doses
of at least 10 mg/kg or more, could circulation lifetimes
in the range of several hours be achieved (24). The removal
of liposomes from the blood is attributed to phagocytic
cells that reside in the RES and appears to be mediated
through direct interactions between the phagocytic cell and
the liposomes. In vitro studies have shown that liposome
uptake into macrophages can occur in the absence of serum
proteins, but recognition mediated by protein elements that
associate with liposome surfaces likely plays a dominating
role on interactions with the RES.

Once the processes dictating liposome drug retention
and clearance in the central blood compartment were eluci-
dated, several liposomal anticancer drug formulations us-
ing previously approved therapeutic agents were entered
into formal developmental programs aimed at testing in
human clinical trials. The liposomes in these formulations
had the common features of being approximately 100 nm
in size, being unilamellar, and containing 35–50 mol%

cholesterol. In general, these preparations exhibited sig-
nificantly reduced toxicity in preclinical models compared
to the same drug administered in conventional, unencapsu-
lated form (25–27). In the case of doxorubicin, dose-
limiting cardiotoxicity was significantly reduced by lipo-
some entrapment, and this correlated with decreased accu-
mulation of doxorubicin in heart tissue when administered
in liposome-encapsulated form (28,29). Similar observa-
tions were made with doxorubicin concerning other toxic-
ity target organs such as the kidneys and GI tract (30,31)
as well as for other drugs exhibiting significant nonhema-
tological toxicities such as cisplatin (32). In addition to
the benefits of reduced toxicity, early indications suggested
that these liposomes also preferentially accumulated in
sites of tumor growth. This was initially revealed by im-
aging and drug distribution studies that demonstrated in-
creased liposome and entrapped anticancer drug uptake
into solid tumors compared to other, healthy tissues
(33,34). Subsequent studies investigated the mechanisms
involved in this tumor selectivity in order to improve fur-
ther the therapeutic potential of liposomal anticancer drugs
(see Section III.B). These observations taken together with
the toxicity buffering effects brought renewed enthusiasm
into the development of liposome-based cancer therapeu-
tics.

Although the majority of liposome technology applica-
tions for cancer treatment have been on the delivery of
existing cytotoxics already approved for use in free (non-
entrapped) form, interest is increasing on examining lipo-
some formulations for investigational agents at earlier
stages of development. An emerging trend in the develop-
ment of new small-molecule anticancer agents is that the
most potent and promising molecules are often very hy-
drophobic and insoluble in conventional aqueous pharma-
ceutical vehicles for systemic administration. Examples of
such compounds include the taxanes, camptothecins, pro-
phyrin-based photosensitizers, and podophyllotoxins.
Given the adverse reactions associated with surfactant-
based vehicles such as Cremophor EL utilized to solubilize
paclitaxel, increasing attention has focused on formulating
these types of compounds in liposomes. This is due to the
hydrophobic core of the bilayer membrane, which can ac-
commodate high levels of various hydrophobic drugs, de-
pending on the membrane intercollation properties of the
specific compound being formulated. As such, the solubili-
zation capabilities of liposomes represents a second basic
property of these carriers that can be applied beneficially
for many anticancer drugs.

For hydrophobic drugs, liposomes can serve two pur-
poses. First, the bilayer membrane can simply serve as a
biocompatible solubilization vehicle where drugs can be
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incorporated and subsequently administered in an aqueous
diluent such as saline or 5% dextrose in water (D5W). Sec-
ond, the liposomes can act as true drug delivery carriers
in vivo and dictate the pharmacodistribution properties of
the drug if they are capable of retaining the agent for ex-
tended times (hours). Intuitively, one would predict that
hydrophobic drugs would be ideally suited for liposomal
delivery systems, perhaps even more so than hydrophilic
drugs. Clearly, very hydrophobic drugs will be dependent
on some form of solubilization system such as liposomes
for iv use, and the DMPC/EPG formulation of the recently
approved photosensitizer benzoporphyrin derivative
(BPD) is one such example. This compound has water sol-
ubility below 1 µg/mL but can be constituted at several
mg/mL when formulated in small DMPC/EPG liposomes
(35). Interestingly, however, shortly after iv administra-
tion, BPD exchanges out of the liposome carrier and parti-
tions into other hydrophobic domains, most notably lipo-
proteins, which may act as secondary carriers of the drug
to disease sites (36).

The limitations that are often experienced with liposo-
mal formulations of hydrophobic drugs can be grouped
into two general categories. These are (1) low drug incor-
poration capacity and (2) poor drug retention after injec-
tion. Some agents, such as paclitaxel, although hydropho-
bic, are not readily incorporated into phospholipid-based
liposome bilayers, and capacities on the order of 3 mol%
of the total lipid are observed (37,38). Such formulations
have been tested and shown to have extended drug circula-
tion times and antitumor activity (39). However, the very
high lipid dose required to deliver therapeutic amounts of
paclitaxel may artificially maintain elevated plasma drug
levels by virtue of the amount of liposomal membrane in
the circulation and not be able to be utilized in a clinical
setting. By analogy, cyclosporins have been incorporated
into liposomes with similar incorporation capacities and
have also been shown to be released rapidly from the lipid
carrier in the circulation, resulting in drug pharmacokinetic
properties that are comparable to unencapsulated drug
(40,41). It should be noted that the rapid release of hy-
drophobic drugs often experienced in vivo is rarely ob-
served in vitro. This is likely due to the presence of the
large lipid pool existing in animal tissues that can act as
a membrane ‘‘sink’’ into which hydrophobic drugs can
partition, which is absent in in vitro test systems utilized to
monitor drug release. Also, the permeability energy barrier
provided by the liposomal bilayer for polar, water-soluble
drugs is virtually nonexistent for hydrophobic agents,
which can readily move across phospholipid membranes.
Consequently, although aqueous concentrations of hy-
drophobic drugs are very low at equilibrium, their redistri-

bution in the body is driven kinetically through the rapid
exchange of drug between hydrophobic lipid pools.

In addition to being used for formulating drugs that are
inherently hydrophobic, liposomes have also been used to
deliver hydrophobic derivatives of otherwise water-soluble
drugs. The rationale of this approach is based on specula-
tions that decreased toxicity/increased antitumor potency
may arise from favorable alterations of drug tissue distri-
bution in favor of disease tissue, increased duration of ex-
posure, or decreased metabolic degradation. Alkylated de-
rivatives of Ara-C formulated in liposomes have been
shown to be significantly more potent than free Ara-C
against some tumor models (42,43). Methotrexate conju-
gated to phosphatidylethanolamine incorporated in lipo-
somes was shown to be equally active against sensitive
and MTX resistant tumor cells (44). Also, palmitoyl-
asparaginase incorporated into liposomes exhibited sig-
nificantly extended circulation longevity and reduced im-
munogenicity compared to native L-asparaginase. One of
the most advanced lipophilic drug derivative formulations
is liposomal NDDP, a diaminocyclohexane platinum ana-
log (45,46). Perez-Solar and coworkers have studied this
compound extensively and have demonstrated improved
pharmacokinetic and therapeutic characteristics compared
to conventional cisplatin (47). In addition, clinical trials
with this formulation indicated that nephrotoxicity often
observed with cisplatin was not dose limiting for liposomal
NDDP (48). These examples demonstrate how the hy-
drophobic properties of liposomes can be utilized in vari-
ous ways to enhance the therapeutic index of a wide variety
of anticancer agents.

As a final comment on the in vivo drug retention and
distribution properties of liposomes, it should be noted
that, while liposomes clearly can provide sustained expo-
sure of therapeutic agents in the blood compartment
through controlled release kinetics of encapsulated drugs,
currently it is difficult to justify development of liposomal
drugs using a rationale that involves only sustained sys-
temic exposure. This is largely due to significant advances
made in the area of drug infusion technology. Compact
and cost-effective infusion pumps are now widely used,
and these can provide well-controlled systemic drug expo-
sure over several days. We maintain that the most signifi-
cant advantage for the use of liposome drug carriers arises
as a consequence of disease-specific changes in vascular
permeability that favor the accumulation of the intact lipo-
some and associated drug into sites of tumor growth. We
differentiate this property from the benefits of drug infu-
sion technology, which are primarily concerned with the
maintenance of circulating blood levels of free drug. How-
ever, this does not detract from the utility of liposomes to
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protect labile anticancer agents such as the camptothecins
(49,50), nor does it discount the value of formulating drugs
that would be otherwise incompatible for systemic admin-
istration regardless of the pharmacodistribution character-
istics imparted by the liposomes.

B. Effects of Steric Stabilizing Lipids on PK
and Therapeutic Properties of Liposomal
Anticancer Agents

Incorporation of steric stabilizing lipids reflects the ‘‘sec-
ond generation’’ of liposome development, where compo-
nents were included in the basic phospholipid/cholesterol
bilayer in an attempt to improve the tumor selective deliv-
ery of encapsulated agents. These developments arose as
we began to understand how liposomes interacted not only
with proteins and phagocytic cells of the RES but also with
the vasculature of healthy tissues and solid tumors. While
in the circulation, liposomes are continually exposed to
cells lining the vasculature. The inner lining, or intima, of
blood vessels is composed primarily of endothelial cells,
which form a contiguous layer on the interior surface of
all blood vessels. Underlying this layer is the basement
membrane, and in larger (noncapillary) vessels the vascu-
lature is supported by smooth muscle cells (51). The endo-
thelial cells in most normal vasculature exhibit intact inter-
cellular junctions, and only small molecules are able to
permeate readily across capillaries of this type. However,
this structure is significantly altered in certain normal tis-
sues, most notably the liver and the spleen, as well as in
disease sites such as infection and tumor growth. The latter
are characterized by the presence of capillaries that exhibit
fenestrae or larger intercellular openings and can be devoid
of the basement membrane layer. The gaps in these endo-
thelial layers can range in size from 30 nm for fenestrated
capillaries to greater than 500 nm in liver and tumor vascu-
lar beds (52–54). In the liver, these openings provide ac-
cess to sinusoids, wherein the phagocytic Kupffer cells lie.
In solid tumor sites, the fenestrated/discontinuous capil-
lary beds and postcapillary venules allow direct exposure
of the underlying epithelial cells to the circulation. It is the
unique nature of vascular structures, that particularly exist
in solid tumors, that significantly impacts the pharmaco-
logical behavior of liposomal anticancer drug delivery sys-
tems.

The mediators that lead to increased permeability of the
vascular barrier in solid tumors appears related to hypoxic
environments arising from rapid tumor cell proliferation,
which causes increased distances of cells from vascular
sources of nutrients and oxygen. Such conditions appear to
induce release vascular endothelial growth factor (VEGF)
from tumor cells (55,56). VEGF is an endothelial cell-

specific mitogen, and its release from tumor cells can lead
to the angiogenic development of neovasculature by induc-
ing proliferation and migration of existing vascular endo-
thelial cells towards regions of tumor hypoxia. Interest-
ingly, VEGF has proven to be identical to vascular
permeability factor (57,58), a protein first identified as a
factor capable of inducing defects in the permeability bar-
rier of blood vessels. The end result of these conditions is
the presence of blood vessels that are permeable to large
molecules. This may be a consequence of fenestrae or
larger ‘‘gaps’’ occurring between adjacent endothelial
cells through which macromolecules can pass (59) or, al-
ternatively, may involve increases in endothelial cell medi-
ated transcytosis (60).

Increases in vascular permeability give rise to the selec-
tive accumulation of small liposomes in sites of tumor
growth. However, this is not a selective process, and there
is also a general increase in extravascular fluids in these
regions. The hydrostatic pressure within these sites is ele-
vated relative to the vascular pressure, resulting in a pres-
sure gradient that impedes movement of molecules from
the blood into the tissue interstitium (61,62). We must
therefore assume that additional features lead to selective
accumulation of macromolecules in the diseased extravas-
cular space. Studies, for example, have demonstrated that
the lack of a developed lymphatic system in conjunction
with the large openings in the vascular endothelial cell lin-
ing may lead to an extravascular ‘‘trapping’’ phenomenon
(62). In the absence of lymphatic drainage, interstitial dif-
fusion of molecules leads to egress from the disease site,
and this diffusion rate is dependent on molecule size, small
molecules exiting more rapidly than large molecules.

Liposome extravasation and accumulation in solid tu-
mors has been well studied, and there is a great deal of
phenomenological evidence demonstrating that liposomes
can enter an extravascular site in regions of tumor growth
following iv administration. Although evidence for endo-
thelial cell uptake of liposomes and transcytosis across en-
dothelial cells has been documented, videomicroscopy in-
vestigations in solid tumor models indicate that the
majority of liposome extravasation occurs directly through
the openings present in tumor neovasculature (63,64). This
extravasation process appears to be quite heterogeneous
within the tumor and does not appear to be associated with
any specific histological characteristics in the tumor mass.
The net result of this phenomenon is that peak tumor drug
concentrations achieved are greater, and drug exposure as
measured by concentration vs. time AUCs is often dramati-
cally increased when the drug is administered in liposomal
compared to free form.

Since the selective uptake of liposomes in solid tumors
appears related to a ‘‘sieving’’ phenomenon, the drug con-
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centration vs. time curves in solid tumors are very different
for liposomal anticancer agents compared to unencapsu-
lated drugs. This, of course, assumes that the liposome
serves as a pharmacologically active delivery vehicle and
not simply as a formulation excipient. This results from the
fact that peak plasma free drug concentrations are observed
very shortly after injection, which subsequently fall rapidly
due to tissue distribution and elimination processes. Small-
molecule therapeutics readily access extravascular sites
(including tumors) without significant impediment due to
the vascular lining. Consequently, peak tumor drug levels
are also observed soon after injection, and the retention
(e.g., AUC) of the anticancer agent is dictated primarily
by the drug binding avidity of the tumor cells/interstitium,
since the egress of most small-molecule drugs from tumor
sites is minimally hindered. In contrast, liposome extrava-
sation in solid tumors is much slower, being limited by the
abundance of leaky fenestrae in the tumor neovasculature,
and demonstrates an ascending accumulation curve that
may peak between 4 and 48 h, depending on the plasma
pharmacokinetics of the liposomes and the permeability
properties of the tumor vasculature. Therefore at early
times (i.e., 1 h after drug administration), tumor-free drug
levels may actually be elevated compared to liposomal
drug, but this relationship soon reverses: later peak concen-
trations and AUCs for liposomal anticancer agents can be
15-fold and 100-fold greater, respectively, than for free
drug (65–67).

Given the nature of liposome extravasation and reten-
tion within solid tumors, a great deal of effort has been
placed on developing liposomes that circulate at elevated
concentrations in the blood for extended times. The under-
lying hypothesis of this approach is that the extravasation
process is driven by mass action diffusion of small lipo-
somes across the leaky tumor neovasculature. Conse-
quently, increasing the plasma concentration of liposomes
should theoretically increase tumor uptake levels of liposo-
mal anticancer drugs. This provided impetus for the devel-
opment of liposomes with extended circulation times.
Early observations identified certain gangliosides, particu-
larly GM1, that reduced the elimination rates of conven-
tional PC/cholesterol liposomes (68,69). A significant
breakthrough was achieved with the demonstration that li-
posomes containing surface grafted polyethylene glycol
(PEG) were cleared 2- to 5-fold slower than conventional
liposomes of similar size and bulk lipid composition (70–
72). This appears to be due to the ability of the PEG poly-
mer (typically 2000 MW) to form a ‘‘steric stabilizing’’
shield on the liposome surface that inhibits protein binding
and cellular recognition (73–75). This effect is optimal at
incorporation levels of approximately 5 mol%, which also
coincides with the transition of the PEG polymer from a

random coil, mushroomlike conformation to a more or-
dered brushlike conformation. The details of this phenom-
enon are presented by Dr. Lasic in this book. Using this
technology, numerous anticancer drugs have been encap-
sulated in sterically stabilized liposomes to generate for-
mulations that can provide significant circulating drug con-
centrations over several days. It is important to note that
as the ability to extend the blood residence time increases,
so does the need to retain encapsulated anticancer drugs
over similar times. Therefore most sterically stabilized
formulations employ more impermeable saturated
phospholipid/cholesterol bilayer compositions that mini-
mize drug leakage in the circulation (see Section III.A).

Although steric stabilization technology has clearly
been able to provide increased circulation lifetimes of lipo-
somal anticancer agents, the design of liposomes that will
exhibit maximal extravasation in tumor sites is an area of
some controversy. It has generally been assumed that in-
creases in the concentration of liposomes in plasma over
time will lead to increased accumulation of liposomes in
the extravascular disease sites, and experimental evidence
supporting this has been reported (76). Videomicroscopy
has also suggested that the permeability coefficient of tu-
mor vasculature is greater for PEG-PE containing lipo-
somes than for conventional liposomes (77). In contrast,
studies conducted in our laboratories as well as others have
demonstrated that although plasma levels of PEG con-
taining liposomes are several times higher than for compa-
rable conventional liposomes, this often does not result in
increased extravasation and accumulation in solid tumor
tissue (66,78,79).

We have examined the tumor uptake properties for con-
ventional and steric stabilized liposomal formulations of
doxorubicin in a variety of solid tumor models. Three im-
portant observations can be made on the basis of the com-
parative biological properties of conventional and steri-
cally stabilized liposomes. First, sterically stabilized
liposomes uniformly display increased circulation longev-
ity compared to conventional liposomes, regardless of the
presence of encapsulated drug. Second, the rate and extent
of liposome accumulation in tumor tissue are often compa-
rable for both conventional and sterically stabilized lipo-
somes, although the PEG containing systems typically ex-
hibit a slight increase. Third, the tumor accumulation
efficiency or TAE (defined as the AUC in the tumor di-
vided by the AUC in plasma) is higher for conventional
liposomes than for sterically stabilized systems. It is im-
portant to note that the relationship between tumor lipo-
some uptake and plasma liposome AUC is linear for con-
ventional and sterically stabilized liposomes, respectively
(M. Bally, unpublished observation). This suggests that
mass action does appear to drive the accumulation of spe-
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cific types of nontargeted small liposomes into tumors.
However, inclusion of lipids such as PEG-DSPE appears
to decrease the efficiency of liposome extravasation from
the blood into tumor tissue, or alternatively increase the
rate of egress from the tumor as indicated by the decreased
TAE values observed for sterically stabilized liposomes in
several solid tumor models (Fig. 3).

The basis for discrepancies in tumor extravasation com-
parisons between conventional and sterically stabilized li-
posomes may be related to one of several potential expla-
nations. The tumor models utilized may exhibit different
vascular structures (80), and it is reasonable to assume that
increases or decreases in conventional liposome extravasa-
tion in comparison to sterically stabilized liposomes may
be tumor specific. However, many different tumor types
have been evaluated, and it would appear that preferential
accumulation efficiency of conventional liposomes is prev-
alent in most tumor types, regardless of differences in vas-
cular structure. Our comparisons are typically based on ex-
tended AUC measurements of total tumor liposome uptake
(following a nonexchangeable, nonmetabolizable lipid la-
bel and correcting for blood volume contributions), and we
place great emphasis on measuring both liposomal lipid
and drug over the specified time course. It should be noted
that the lipid compositions utilized in our studies for con-

Figure 30.3 Relative tumor accumulation efficiency (TAE) of
conventional (open bars) and sterically stabilized (closed bars)
after iv injection to mice bearing the indicated solid tumor type.
The tumor accumulation efficiency was determined for 100 nm
liposomes by dividing the AUC in the tumor with the AUC in
plasma for DSPC/cholesterol (55:45 molar ratio) and DSPC/
PEG-DSPE/cholesterol (50:5:45 molar ratio) liposomes.

ventional and sterically stabilized liposomes contain 45
mol% cholesterol, whereas studies by others often utilize
liposomes with 33 mol% cholesterol. Reduced cholesterol
content may result in increased drug permeability (see Sec-
tion III.A). Several comparative studies demonstrating im-
proved tumor accumulation for sterically stabilized lipo-
somes have relied on the use of entrapped aqueous markers
such as Ga67, which are rapidly cleared when released from
the liposomes. Consequently, it is difficult to determine if
differences in tumor accumulation are due to altered elimi-
nation and/or extravasation properties affected by lipid
composition or a result of lipid composition effects on drug
retention. It is important to resolve these issues, and this
will require a concerted effort to standardize the tumor
models, liposome compositions, and methods/parameters
for evaluating liposome extravasation into tumors.

It should not be unexpected that conventional and steri-
cally stabilized liposomes exhibit different efficiencies in
extravasation. Videomicroscopy studies with steric stabi-
lized liposomal doxorubicin systems have shown that some
endothelial cells can take up liposomes (63,77). Endothe-
lial cell interactions may contribute to the extravasation
process either directly via transcytosis or indirectly by fa-
cilitating an increase in the local liposome concentration
at the endothelial cell surface, thereby increasing access to
openings in the vasculature. Given the effects of PEG on
inhibiting liposome–cell interactions, this polymer may re-
duce endothelial cell interactions, and this in turn would
reduce the rate of extravasation. In contrast, conventional
liposome extravasation could be facilitated through in-
creased interactions with the endothelial cell lining of the
neovasculature in tumors. This is, of course, highly specu-
lative but is consistent with the surface properties of con-
ventional liposomes compared to steric stabilized lipo-
somes. A logical extension of this argument, however, is
that improved extravasation may be possible by designing
liposomes that interact more extensively with vascular en-
dothelium in tumors.

Although there are areas where additional information
will be required in order to optimize the pharmacological
properties of sterically stabilized liposomal anticancer
agents, the utility of such systems has been clearly demon-
strated for liposomal formulations of anthracyclines, vinca
alkaloids, camptothecins, and platinum compounds. In all
cases, significant increases in therapeutic index have been
achieved through decreased toxicity and typically in-
creased antitumor activity, which is associated with sig-
nificantly increased circulating drug concentrations (81).
The ability to control interactions with liposome surfaces
using steric stabilizing lipids provides the added advantage
of opportunities to engineer specific components into the
liposomes to select for specific, desired interactions while
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avoiding nonspecific, and often undesirable, reactions with
the biological milieu.

C. Multifunctional Liposomes; Targeted,
Fusogenic, and Controlled Release Systems

As noted above, the distribution of liposomes that have
extravasated into the tumor interstitium is heterogeneous.
This is not unexpected, given the irregular and often redun-
dant organization of tumor vasculature. Tumor vascular
structure often engenders highly variable blood flow prop-
erties, and evaluation of histological sections from tumors
reflects this heterogeneity. This would be more apparent
for liposomes than for unencapsulated small molecules due
to the decreased diffusion through the interstitial space for
large macromolecules. Importantly, evaluations of drug ac-
cumulation properties suggest that drug release from the
liposomes in the extravascular site results in greater drug
penetration into the tissue and more rapid loss of the drug
from the site when compared with the loss of liposomal
lipid (66). The prolonged residence of liposomes in tumors
significantly increases the duration of tumor drug exposure
and AUC relative to free agents (66). In some tumor mod-
els, such properties have been shown to correlate with in-
creased antitumor activity for liposomal formulations of
drugs such as doxorubicin and daunorubicin.

The consensus emerging from studies in several labora-
tories on the mechanism of action of liposomal anticancer
drug formulations is that liposomes exert their effect on
therapeutic activity by providing an in situ drug infusion
reservoir within the tumor. Once released, the anticancer
drug can diffuse through the tumor and has direct access
to tumor cells, where it can act in a manner that presumably
is similar to drug in the absence of a liposomal carrier (Fig.
4). In vitro studies have demonstrated that macrophages
can engulf doxorubicin loaded liposomes, process them,
and rerelease doxorubicin extracelluarly in free form (82).
In view of the high macrophage content residing in some
tumors (83), such phenomena led to the proposal that lipo-
somal anticancer drug release may involve macrophage
processing after extravasation. However, we have shown
that in solid tumors there are limited interactions between
tumor associated macrophages and extravasated liposomes
(78). Although macrophage enriched tumors do accumu-
late higher levels of liposomal doxorubicin, this effect ap-
pears more related to increased vascular permeability
rather than to direct uptake and processing of the lipo-
somes by the macrophages. This was further supported by
the fact that both conventional and sterically stabilized li-
posomes displayed comparable distribution properties (as
determined by fluorescence microscopy of tumor thin sec-
tions) after extravasation into the tumor.

Figure 30.4 Model of tumor site infusion mechanism for im-
proved therapeutic activity of conventional and sterically stabi-
lized liposomal anticancer drug formulations. (A) Liposomes cir-
culating freely in the blood. (B) Liposomes interacting with
endothelial cells. (C) Liposomes interacting with circulating
white blood cells. (D) Liposomes passively extravasating through
the leaky vasculature of solid tumors. (E) Liposomes releasing
entrapped drug in the tumor interstitium. (F) Liposomes being
taken up by phagocytic cells in the solid tumor. (G) Liposomes
associating with the surface of tumor cells.

In view of the heterogeneous tumor distribution of lipo-
somes and the apparent in situ free drug infusion model of
activity for most liposomal anticancer drug formulations,
increasing interest and effort has been given to developing
liposomes that can increase the intracellular delivery of an-
ticancer agents to tumor cells. Two general approaches
have been taken in this regard, namely (1) targeting to in-
ternalizable epitopes expressed preferentially on the sur-
face of tumor cells so that the liposomes deliver their en-
trapped anticancer drugs directly to the tumor cell interior,
and (2) increasing tumor site selective release of encapsu-
lated drugs to increase bioavailable drug pools.

Targeting of liposomes to tumor cells has long been
investigated as an avenue to improve the delivery of anti-
cancer drugs to tumors. Unfortunately, many early at-
tempts to employ targeted liposomes suffered from the in-
creased clearance experienced by liposomes containing
surface-derivatized proteins (e.g., antibodies). Conse-
quently, accumulation into solid tumors for these lipo-
somes was often less than obtained for conventional sys-
tems. This improved somewhat upon the implementation
of steric stabilizing lipids, but it was observed that tumor
uptake still was marginally improved compared to nontar-
geted sterically stabilized liposomes.

It is important to note that tumor cell directed targeting
information does not inherently alter the extravasation
events required for the liposomes to reach their cellular
target. Consequently, the pharmacodistribution benefits
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provided by targeted liposomes should arise from a de-
creased rate of egress from the disease site (rather than
increased influx) and cell specific binding. Given that non-
targeted liposomes migrate slowly through interstitial
spaces in solid tumors, it may not be surprising that phar-
macological improvements are typically very modest. In
addition, the avidity of liposome binding to target cells
may actually inhibit liposome migration and subsequent
drug exposure in areas more distant from blood vessels.
This is anticipated on the basis of binding barrier effects
that have been described by Saga et al. (84). Therefore
targeting approaches may be most appropriate for small
foci of disease where extensive interstitial diffusion is not
required to expose all of the diseased cells to the therapeu-
tic agent. This has been demonstrated with immunolipo-
somes targeted to lung cancer metastases growing in mice,
where small tumors could be treated much more effec-
tively with targeted liposomes than with conventional lipo-
somes or free drug (85).

More recently, very encouraging signs of significant
benefits associated with tumor targeted immunoliposomes
containing doxorubicin have been obtained using a human
breast cancer xenograft model. These studies conducted in
the laboratories of the late Demitri Paphadjopoulos utilized
an antibody fragment directed against the Her-2 receptor
present on some breast cancer cells. Doxorubicin loaded
sterically stabilized liposomes derivatized with this protein
were internalized and endocytosed upon binding to tumor
cells expressing this receptor (86). Preclinical xenograft
solid tumor model studies showed that such formulations
could provide significantly increased antitumor potency
compared to free doxorubicin or doxorubicin entrapped in
nontargeted sterically stabilized liposomes (87). These re-
ports are some of the first to provide solid evidence that
targeting of liposomes to tumors may lead to enhanced
therapeutic activity. However, in view of the numerous
other failed attempts to achieve this result, it would appear
that successful application in this technology will require
very careful consideration of the tumor antigen to be tar-
geted, the specific nature of the targeting ligand, and the
cellular processing that occurs subsequent to the liposomes
binding to the tumor cells in order to achieve intracellular
release of encapsulated drug.

In the case of targeted liposomal anticancer drugs di-
rected at internalizable tumor surface proteins, additional
lipid components can be included to make the liposomal
carrier pH sensitive (88) or fusogenic (89). Release of en-
trapped contents or fusion with the endocytic/lysosomal
membranes can be designed to occur when the liposomes
are exposed to the low pH of the late endosome/lysozome.
This has been shown to increase dramatically the potency
of liposomal anticancer drugs in vitro (90). A second ap-
proach for intracellular delivery is based on the use of fuso-

genic lipids. In this case, introduction of liposome encap-
sulated agents into the cytoplasm of targeted cells is via
membrane fusion of the liposome bilayer with the disease
cell’s plasma membrane. This first requires binding to the
cell surface. Recent reports suggest that highly fusogenic
lipid mixtures can be stabilized by incorporation of small
amounts of exchangeable or cleavable PEG lipids (91,92).
Loss of the PEG moiety leads to destabilization of the lipo-
some membrane, which in turn will have the potential to
fuse with nearby cell membranes. While these novel ap-
proaches for intracellular delivery of liposomal contents
are providing exciting data in cell culture systems, their
utility in vivo will depend on maintaining or increasing
access and delivery of the liposomal carrier and encapsu-
lated drug to the disease tissue. It should also be noted that
the exchangeable/cleavable PEG containing liposomes can
also be used to provide controlled release of the entrapped
anticancer drug in the tumor interstitium after the lipo-
somes have accumulated at the tumor site. This has been
shown to be advantageous with a controlled release liposo-
mal formulation of mitoxantrone (93). The key feature here
is that the timing of increased drug release from the lipo-
somes (dictated by PEG exchange rates) must coincide
with the kinetics of liposome accumulation at the tumor
site.

Another approach being investigated to achieve tumor
site selective anticancer drug release from liposomes is the
use of membrane systems whose permeability properties
are sensitive to a physical/chemical property that can be
manipulated in sites of tumor growth from extraneous
sources. In particular, thermosensitive and photosensitive
liposomes have been investigated in an attempt to achieve
triggered drug release specifically at the tumor site (94,95).
Liposomal doxorubicin preparations, for example, can be
prepared such that there is an increase in drug release at
42°C, compared to 37°C. These liposomes are adminis-
tered iv to tumor bearing mice, and the tumor site is then
heated using a topical microwave heating device placed on
the subcutaneous tumor. Application of a transient heating
pulse after the liposomal doxorubicin had accumulated into
the solid tumor resulted in a significant increase of thera-
peutic activity compared to free drug with hyperthermia
and liposomal doxorubicin in the absence of heating. Very
recently (95), lysolipid containing liposomal doxorubicin
formulations have been developed that undergo a dramatic
increase in drug release upon very mild hyperthermia
(from 37°C to 39°C). These liposomes exhibit more exten-
sive drug release than previous thermosensitive systems,
and early results with the application of mild hyperthermia
have provided solid tumor cure rates in excess of 75%,
whereas free doxorubicin or doxorubicin entrapped in ste-
rically stabilized or lysolipid-free thermosensitive lipo-
somes yielded modest reductions in tumor growth rates
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and cure rates between 0 and 10% (95). These results high-
light the importance of controlling the bioavailability of
liposome entrapped anticancer drugs at the tumor site and
emphasize the importance of this area for further improve-
ments in the therapeutic activity of liposomal anticancer
drugs.

III. THE APPLICATION PARADIGM
FOR LIPOSOMAL ANTICANCER
DRUG DEVELOPMENT

A. General Comments

Now that we have progressed from the conventional and
sterically stabilized generations of liposomal anticancer
drugs to third-generation multifunctional liposomes, we
have at our disposal a wide range of properties that can be
engineered into liposome formulations. We have the abil-
ity to trap drugs at nearly quantitative efficiencies, retain
liposomes and their entrapped drugs in the circulation for
days, effectively target liposomal drugs to tumor cells, and
control the release of encapsulated cytotoxics for selective
exposure. This sophistication provides numerous options
for generating effective liposome-based anticancer agents,
but it is unlikely that increased design complexity will be
necessary in all applications, and in some instances it may
be undesirable. Consequently, it would appear that in-
creased attention to formulation design based on specific
applications will be required in order to optimize the thera-
peutic potential of new liposomal anticancer drug formula-
tions.

It is important at this point to reflect on the usefulness
of preclinical model systems in predicting the behaviour
of liposomal anticancer drug formulations in humans.
Clearly, a focus on application-based development of ther-
apeutic liposomes relies heavily on the dependability of in
vitro and in vivo testing systems to show which formula-
tion characteristics affect biological performance parame-
ters important for human use. We and other laboratories
have observed that most in vitro systems are of limited
utility, because improvements provided by liposome en-
capsulation are typically related to alterations in drug phar-
macodistribution, which is very difficult to predict with in
vitro assays. In contrast, most in vivo models for determin-
ing toxicity and efficacy profiles of liposomal anticancer
agents have been quite accurate predictors of activity in
humans. For example, the liposomal doxorubicin formula-
tion TLC D-99 exhibited significantly reduced cardiac and
GI toxicity compared to conventional nonencapsulated
doxorubicin, whereas hematological toxicities were mod-
estly effected in preclinical studies (28,29). In addition,
ascitic and solid tumor models demonstrated comparable
antitumor potency between the two drug forms, and im-

proved therapeutic activity was obtained at elevated doxo-
rubicin doses allowed by the less toxic liposome formula-
tion. These characteristics were consistent with the clinical
performance of this liposomal formulation, where toxicity
and therapeutic response comparisons with nonencapsu-
lated doxorubicin mirrored the results from preclinical
studies (10). Similar situations occurred with the liposomal
daunorubicin formulation Daunoxome developed by Nex-
star and the sterically stabilized liposomal doxorubicin for-
mulation Caelyx, where clinical trial results were compara-
ble to those from preclinical investigations (11). This
strongly suggests that the therapeutic performance of lipo-
somal anticancer drugs in humans can be predicted with
reasonable accuracy using conventional preclinical animal
toxicity and efficacy models. Consequently, emphasis on
liposome design/biological performance optimization us-
ing animal models appears to be appropriate for identifying
formulations that will likely provide significant therapeutic
benefits in humans.

Whereas historically researchers have generated liposo-
mal formulations of anticancer drugs and subsequently
looked for tumor types where they may be most useful, an
application-based development approach focuses on im-
portant problems existing in cancer chemotherapy and then
identifies active agents and liposome properties that are
best suited to meet these needs. That does not mean that
attention to anticancer applications has been absent in
generation-based liposome research programs, but rather
that more emphasis was placed on developing formulation
technology than on identifying biological problems or
mechanisms for which liposomes could provide a unique
solution. There will no doubt continue to be a need for
additional liposome technology development in order to
improve on existing design parameters and generate addi-
tional novel functional capabilities. However, it is sug-
gested here that this development should be dictated by
deficiencies that exist in current technology for specific an-
ticancer applications of liposomes. Two examples of how
liposome design attributes can be systematically matched
to specific cancer treatment applications are presented in
the following sections.

B. Development of Liposomal Vincristine

Vincristine is a potent cell cycle specific vinca alkaloid
that is widely utilized in the treatment of many human ma-
lignancies such as lymphomas. It has a very steep dose–
response curve, but its clinical use is limited by neurotoxic-
ity that can be debilitating if the dose exceeds 2 mg in a
single course of treatment. Its sensitivity to the tumor cell
cycle is demonstrated by the fact that varying the duration
of drug exposure to tumor cells in culture from 4 h to 72 h
results in a 105-fold increase in cytotoxic potency, whereas
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other agents such as doxorubicin are affected by less than
50-fold (95). Given our in situ tumor drug infusion model
of liposomal anticancer drug activity, we postulated that
the cytotoxic potency of vincristine in vivo may be dramat-
ically increased if we could increase the level and duration
of drug exposure in tumors using small (100 nm) lipo-
somes.

We found that increasing the retention of vincristine in-
side 100 nm liposomes by changing the phosphorylcholine
containing lipid component from EPC to DSPC to sphin-
gomyelin (while maintaining cholesterol content at 45
mol%) led to dramatic increases in antitumor activity, par-
ticularly when compared to the efficacy obtained with free
vincristine (96). This is consistent with the steep depen-
dence of vincristine antitumor potency on the duration of
drug exposure as well as the fact that retention of vincris-
tine in most tissues, including tumors, is rather poor (96).
In this case it appeared that the ability to prolong the expo-
sure of vincristine in vivo was more important than peak
drug concentrations. Interestingly, although inclusion of
PEG-PE in the liposomes increased the circulating liposo-
mal lipid levels at extended time periods, this steric stabi-
lizing lipid did not improve the vincristine pharmacoki-
netic or therapeutic properties over conventional DSPC/
Chol or sphingomyelin/Chol systems (67). This was be-
cause PEG-PE increased the permeability of the lipid bi-
layer to vincristine, thus offsetting the potential benefits
provided by increased longevity of the liposomal carrier.
The reasons for this increased drug leakage are not well
understood. It may be related to the fact that PEG-modified
phosphatidylethanolamine is negatively charged, and this
may alter drug partitioning properties at the inner mono-
layer membrane surface. In addition, it is not yet clear
whether this phenomenon is specific for vincristine encap-
sulated via pH gradient techniques employing citrate buff-
ers, compared to ammonium sulfate entrapment systems
(97). Nonetheless, for vincristine, we determined that the
optimized formulation for improving therapeutic activity
consisted of a SM/cholesterol conventional liposome using
pH gradient drug entrapment. This formulation is currently
in Phase II clinical trials for non-Hodgkin’s lymphoma and
is exhibiting very promising therapeutic response rates in
addition to evidence of toxicity buffering effects compared
to conventional (nonencapsulated) vincristine.

C. Liposomes for Multidrug Resistance
(MDR) Applications

Multidrug resistance is a significant obstacle to the suc-
cessful treatment of many human malignancies with che-
motherapy, affecting as high as 50% of all cancer patients
(98). The phenomenon of MDR is the simultaneous resis-

tance of tumor cells to a broad range of structurally and
functionally unrelated drugs. Some tumor types such as
colorectal, pancreatic, and renal are inherently resistant to
chemotherapy, whereas other tumors initially respond only
to relapse with tumors exhibiting MDR. Although it is
clear that MDR is a multifactorial problem associated with
various alterations in the biochemical makeup of resistant
tumor cells, one very common and well-characterized me-
diator of MDR is the plasma membrane protein P-glyco-
protein (PGP). This protein is often over-expressed in
MDR tumor cells and acts by pumping anticancer drugs
out of tumor cells in an energy dependent fashion (98).
Consequently, numerous researchers have attempted to de-
velop therapeutic treatment strategies whereby PGP could
be either blocked or bypassed in order to circumvent MDR
and improve the antitumor activity of drugs against such
tumors.

Many properties of liposomal delivery systems de-
scribed in the previous sections appear well suited to solv-
ing the problems associated with therapeutic strategies
utilizing conventional anticancer drugs and MDR modula-
tors. Liposomes have been applied to the treatment of
MDR tumors in three basic approaches. These are (1) the
use of liposomes alone as carriers for anticancer drugs to
provide increased dose intensity and intracellular delivery,
(2) inclusion of PGP modulators in the lipid bilayer or en-
trapped inside liposomes for delivery to MDR tumors, and
(3) combining potent conventional MDR modulators with
long circulating liposomal anticancer drugs.

1. Liposomal Anticancer Drugs Alone

One of the early indications that liposomes can be benefi-
cial for MDR reversal was observed in a study that demon-
strated enhanced activity of a long-circulating liposomal
formulation incorporating either the ganglioside GM1 or
PEG-DSPE for doxorubicin and epirubicin against the mu-
rine C26 colon carcinoma (99,100). These C26 colon car-
cinoma cells are known to express moderate levels of PGP,
and doses of free doxorubicin up to 10 mg/kg are rendered
ineffective (99) in vivo. Results indicated that mice receiv-
ing sterically stabilized formulations of doxorubicin or
epirubicin resulted in tumor regression to nonmeasurable
sizes. In comparison, free drugs did not have any effect on
delaying tumor growth. The authors attributed this en-
hanced activity in a relatively resistant tumor model to be
due to enhanced localization of the drug in tumor tissue,
drug release from liposomes into the extravascular spaces,
and uptake of the released contents by the tumor. Similar
results were observed with free and sterically stabilized
liposomal formulations of epirubicin (100).
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This ability of the liposomes to inherently overcome a
certain degree of MDR stems from the fact that liposomes
can markedly enhance (between 3 and 10 times) the
amount of drug that can be delivered to tumors compared
to free drug. For example, if the tumor exhibits a resistance
factor of 5-fold, this could theoretically be overcome by
increasing anticancer drug dose intensity through liposo-
mal delivery. The fact that stealth liposomes were able to
provide tumor regression in C26 colon carcinoma cells by
delivering higher amounts of the drug supports this argu-
ment. However, for tumors exhibiting higher resistance
levels, liposomes by themselves may be unable to circum-
vent MDR significantly, as demonstrated in a rat glioblas-
toma tumor model (101). In further support of this argu-
ment, DSPC/Chol liposomal DOX alone at a dose of 10
mg/kg was unable to circumvent PGP mediated MDR in
a murine P388/ADR solid tumor model, where resistance
factors are in the order of 50- to 100-fold (102).

Antibody-coated liposomes have the ability to provide
targeting and selective toxicity towards tumor cells, and
this has been demonstrated in KLN-205 squamous cell car-
cinoma in vivo (85). By targeting tumor cells expressing
a specific internalizable surface epitope, these immunoli-
posomes provide a unique approach of providing intracel-
lular tumor delivery of the drug (103). This is exemplified
by a study that reported that doxorubicin resistance was
modulated by an immunoliposome targeting transferring
receptor in MDR human leukemic cells (104). However,
site-directed targeting may not result in enhanced antitu-
mor activity unless targeting leads to endocytosis, since
most tumor cells do not actively internalize nontargeted
liposomes. In addition, given the penetration difficulties
experienced for immunoliposomes in larger solid tumors,
it is likely that this application to circumvent MDR may
be limited to circulating hematopoietic malignancies, as
has been suggested by Allen and coworkers (103,105).

2. Liposomal MDR Modulators

Studies with liposomes composed of certain acidic
phospholipid–based systems such as phosphatidylserine
(106,107) or cardiolipin liposomes (108) have shown that
these lipids are able to increase the cytotoxicity of encapsu-
lated or complexed anticancer drugs against MDR cells.
MDR reversal using such phospholipids has been related
to increased intracellular delivery of anticancer agents as
well as a direct PGP blocking effect (109,110). While these
results provided encouraging data implicating certain lip-
ids as PGP modulating agents, acidic lipids such as cardio-
lipin and phosphatidylserine are readily recognized by
phagocytic cells of the reticuloendothelial system, and li-
posomes containing these lipids are cleared within minutes

from the circulation offering little systemic availability in
vivo. Given the rapid clearance of negatively charged lipo-
somes from the plasma, it is yet to be demonstrated that
such liposome systems will be of use in treating solid tu-
mors. Liposomes have also been employed to deliver anti-
sense oligonucleotides and ribozymes against mdr-1
mRNA, and studies demonstrated increased therapy when
the antisense was encapsulated in liposomes (111,112).
However, effective reduction in mdr1 mRNA and protein
levels is often only obtained when used in conjunction with
cationic liposomes (113). Currently, the therapeutic utility
of such cationic liposomes is limited to local delivery,
since these systems are also cleared very rapidly after sys-
temic administration and are unlikely to provide any sys-
temic delivery.

We have also investigated the activity of conventional
small-molecule PGP inhibitors encapsulated in liposomes
as MDR modulators. However, to date such MDR modula-
tors are either not amenable for liposomal encapsulation
or exhibit high leakage rates after iv injection. We have
demonstrated that modulators such as verapamil, pro-
chlorperazine (67), and cyclosporin A (40,41) could be ef-
fectively entrapped within liposomes. However, their very
high membrane permeabilities resulted in rapid leakage
from the liposomes on iv administration (41, Mayer, un-
published observations), which compromises any potential
advantages of such liposomes to provide improved selec-
tivity of tumor delivery for these agents through the use
of long circulating liposomes. It is speculated that stable
liposomal modulator formulations will increase the selec-
tivity of their reversal properties in solid tumors. However,
in order for such liposomes to be formulated, the modula-
tor must possess either higher affinity for the liposomal
membranes or significantly reduced membrane permeabil-
ity when entrapped in the liposome interior (see Section
III.A).

3. Liposomal Anticancer Drugs Combined
with Conventional PGP Inhibitors

Several compounds from various therapeutic classes al-
ready approved for human use were shown to effectively
block PGP in tumor cells in vitro and restore their sensitiv-
ity to anticancer agents. However, virtually all of these
first-generation modulators displayed significant toxicities
at doses required to achieve PGP blocking concentrations
in plasma as a result of their inherent pharmacological ac-
tivity. Although second-generation agents such as the cy-
closporin derivative PSC 833 have alleviated many of the
problems experienced with first-generation MDR modula-
tors, they often cause significant alterations in pharmacoki-
netics and biodistribution properties of the anticancer
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drugs when coadministered, which typically necessitates a
significant (approx. 50%) reduction in the anticancer dose
(reviewed in Ref. 114). Studies have suggested that this is
due to PGP blockade in normal tissues, given the localiza-
tion of PGP in such tissues as the liver and kidney, which
have a secretory function. When anticancer drug doses are
reduced to accommodate modulator-induced anticancer
drug pharmacokinetic alterations and toxicity, it compli-
cates interpreting whether these dose adjustments affect
drug exposure to the tumor and antitumor activity com-
pared to anticancer drug administration alone. Conse-
quently, the disappointing results from a number of Phase
II clinical trials in patients with colorectal, lung, ovarian,
breast, renal cell, myeloma, and leukemic cancers cannot
be used to resolve the importance of PGP in these tumor types.

Given the pharmacokinetic changes induced by PSC
833 on conventional (free) doxorubicin, we postulated that
liposomes may limit these effects by virtue of their ability
to reduce the exposure of encapsulated drug to the kidneys
and alter clearance of doxorubicin in the liver. These tis-
sues appear to be key factors involved in PSC 833-induced
doxorubicin pharmacokinetic changes (115). This, com-
bined with the ability of small liposomes to extravasate
passively in tumors, opened the possibility that liposomal
doxorubicin may avoid the adverse pharmacokinetic inter-
actions with PSC 833, which may lead to increased selec-
tivity of PGP modulation drug effects at the tumor site and
result in improved therapy of MDR solid tumors.

Our initial studies with DSPC/cholesterol doxorubicin
formulations demonstrated that liposome encapsulation us-
ing nonleaky liposomes could significantly ameliorate the
adverse toxicity effects of PSC 833 on doxorubicin when
compared to free drug form (102). This was accompanied
by a lack of PSC 833–induced alterations in doxorubicin
plasma pharmacokinetics for the liposomal formulation,
whereas free doxorubicin displayed dramatic increases in
terminal elimination phases and AUC when coadminis-
tered with the MDR modulator (102). Subsequent studies
showed that protection from PSC 833–induced doxorubi-
cin toxicity was related to the ability of liposomes to re-
duce the rates of biliary and urinary excretion (116). In
this context, sterically stabilized liposome encapsulated
doxorubicin displayed the least extent of urinary and bili-
ary doxorubicin excretion compared to conventional PC/
cholesterol systems, most likely reflecting the reduced up-
take of such liposomes by the liver and minimal doxorubi-
cin release in plasma compared to EPC/cholesterol lipo-
somes. For sterically stabilized liposomal doxorubicin,
drug excretion rates were well within the capacity of bili-
ary and urinary doxorubicin clearance even under condi-
tions of PSC 833 impairment.

In addition to the improved toxicity profile of sterically
stabilized liposomal doxorubicin combined with PSC 833

compared to other liposomal systems, this formulation also
exhibited superior antitumor activity compared to conven-
tional liposomes and nonencapsulated doxorubicin. Solid
MDR human breast cancer xenografts were virtually unaf-
fected by combinations of PSC 833 and free doxorubicin.
In contrast, the MDR tumors regressed and were kept in
remission for weeks when combined with DSPC/
cholesterol/PEG-DSPE (55:40:5 molar ratio) entrapped
doxorubicin (117). Improved antitumor activity against the
MDR tumors was also observed for EPC/cholesterol and
DSPC/cholesterol formulations, but the degree of therapy
was inferior to that obtained with the sterically stabilized
liposomes. Confocal fluorescence microscopy of fresh
solid tumor specimens after treatment with doxorubicin
and PSC 833 revealed that increased intracellular accumu-
lation of doxorubicin in the MDR tumor cells was observed
with coadministration of PSC 833, and the extent of tumor
cell drug uptake was significantly greater for sterically sta-
bilized liposome formulations compared to either EPC/
cholesterol entrapped or nonencapsulated doxorubicin.
These results indicated that the enhanced therapeutic pro-
file of liposomal doxorubicin combined with PSC 833 was
related to the maintenance of elevated tumor doxorubicin
exposure in conjunction with PGP inhibition by PSC 833.
In addition, the ability to achieve increased antitumor ac-
tivity of liposomal doxorubicin when combined with PSC
833 in the absence of altered total tumor drug accumula-
tion levels strongly supported the direct role of PGP inhibi-
tion in sensitizing MDR tumors to doxorubicin. Taken to-
gether, the results observed for liposome applications to
circumvent MDR suggest that optimal performance will
be obtained using sterically stabilized liposomes.

IV. FUTURE DIRECTIONS

We now have numerous techniques available to optimize
liposomal anticancer drug formulation characteristics such
as entrapment efficiency, in vivo drug leakage, circulation
longevity, protein binding, tumor accumulation, triggered
drug release, and intracellular delivery. Since most produc-
tion and characterization issues have been resolved with
the first wave of commercial liposome formulations, it is
likely that our success in developing effective liposomal
anticancer agents will be limited primarily by matching
the correct biological performance properties with the right
active agent and applying it to the appropriate tumor popu-
lation. For example, the exciting recent efficacy results ob-
tained with thermosensitive liposome formulations of dox-
orubicin suggest that such an ability to control the release
and tumor cell exposure of entrapped cytotoxics will dra-
matically improve the therapeutic activity of liposomal for-
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mulations. However, this application may not be straight-
forward for other cancer drug classes, particularly cell
cycle specific drugs (e.g., vinca alkaloids and camptothec-
ins), where duration of exposure may be more important
in dictating antitumor activity than peak tumor drug levels.
In this case, slower drug release rates or pulsed drug leak-
age may be required in order to optimize therapy. It re-
mains to be seen whether thermosensitive liposomes can
be readily manipulated to provide a range of drug release
properties. Based on the results obtained to date, we predict
that major improvements in antitumor activity of liposomal
anticancer drugs will be obtained if drug bioavailability
can be controlled at the tumor site in this fashion.

This review did not address the area of liposomal for-
mulations of plasmids and oligonucleotides for cancer
gene therapy. This topic has received tremendous interest
in numerous laboratories over the past decade, and several
applications have progressed to the stage of clinical trials.
However, these trials have utilized formulations for direct
tumor injection, s.c. injection, or ex vivo exposure due to
the technical complexity of DNA–liposome formulations
and their general incompatibility for intravenous adminis-
tration. These formulations typically exist as large hetero-
geneous aggregates of DNA–cationic lipid complexes.
When lipids are incorporated to generate small DNA–lipid
complexes that do not aggregate, these systems tend to ex-
hibit poor transfecting efficiencies. The numerous ap-
proaches and applications in this area warrant separate at-
tention, and the reader is directed to informative reviews
on this topic in Chapters 34 and 35 in this book. In addi-
tion, although some liposome formulations of antisense
oligonucleotides (AS-ODN) have been described in the lit-
erature (118,119), it remains to be seen whether liposomes
provide significant improvements over nonencapsulated
AS-ODN other than reducing the dose required to achieve
the desired pharmacological effect. Clearly, these two ar-
eas will continue to attract the attention of liposome re-
searchers focused on gene modulation approaches for can-
cer treatment.

Finally, a significant challenge exists in the formulation
of hydrophobic anticancer drugs in liposomes so that the
benefits of selective tumor delivery can be realized.
Achievements to date have focused primarily on utilizing
liposomes as aqueous compatible excipients for such
agents or as intermediaries for drug transfer to biological
carriers like lipoproteins in vivo. Consequently, one may
expect to see a fourth generation of liposome technology
focused on such applications. Given the historical ability
of liposome researchers to overcome significant technolog-
ical problems to achieve the desired biological behavior,
it is likely that these challenges will be successfully met
in the near future, leading to further improvements in the
therapeutic potential of liposomal anticancer drugs.
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I. SUITABILITY OF POLYMERS FOR
SYSTEMIC ADMINISTRATION

Many soluble polymers have been proposed for use in ther-
apeutic systems for treatment of a range of diseases (1).
Several have undergone exhaustive examination in ani-
mals, and a few have made it through to clinical evaluation.
The most extensively developed of these is poly(ethylene
glycol) (pEG), which is now being used clinically in treat-
ment of several disorders using polymer–protein conju-
gates and also forms an important excipient in the formula-
tion of many licensed drugs (2–8). There are no significant
toxicities associated with pEG, although doses adminis-
tered parenterally have usually been fairly small. Poly-
(vinylpyrrolidone) (pVP) has been evaluated for clinical
use as a plasma expander and was administered to several
hundreds of soldiers in high doses during the Second
World War. pVP does appear to be associated with a stor-
age disease termed ‘‘la maladie vinylique,’’ but the fre-
quency of this is remarkably low and, considering the
doses administered and the delay to onset, the overall tox-
icity profile is very mild (9–12). Copolymers based on
poly [N-(2-hydroxypropyl)methacrylamide] (pHPMA) have
also seen clinical application in recent years (see below)
and there have been no reported instances of any polymer-
related toxicities in over 50 cancer patients treated.

One factor common to many well-tolerated polymers
in therapeutic use is their lack of biodegradability in the
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polymer backbone. Frequently the processes of biodegra-
dation and immunogenicity seem to go hand in hand, prob-
ably reflecting either similar principles of macromolecular
recognition involved in both processes or the requirement
for intracellular degradation to permit cellular presenta-
tion of immunogenic epitopes (13). Although backbone-
biodegradable polymers may appear to have advantages in
terms of good distribution kinetics coupled with efficient
renal excretion, they have not yet undergone thorough clin-
ical evaluation. Poor recognition of polymers by enzymes
and antibodies is likely to be an important factor contribut-
ing to the extended plasma circulation exhibited by large
nondegradable polymers (such as pHPMA), and this plays
a significant role in the successful application as carriers
of drugs, as described in more detail below.

II. PLASMA CIRCULATION AND
EXTRAVASATION OF POLYMERS
AND OTHER MACROMOLECULES

Macromolecules showing significant binding to cells,
membranes, or plasma proteins are generally cleared
quickly from the circulation, often by phagocytes in the
spleen or liver or by trapping in fine capillary beds. Con-
versely, macromolecules not binding biological compo-
nents can show extended circulation in the bloodstream,
being cleared in the fluid phase at rates and locations dic-
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tated largely by their physical properties (14,15). One sig-
nificant clearance mechanism is renal excretion, where
passage through the kidney glomerulus is restricted to ma-
terials of molecular mass of 50–60 kDa for proteins and
30–35 kDa for dextran and pHPMA (16). The reason for
this difference in renal thresholds reflects the more ex-
tended structure of these hydrophilic polymers, compared
with proteins which tend to form intramolecular bonds and
adopt a more globular structure.

Extravasation from the bloodstream can also provide a
significant pathway for clearance of macromolecules, with
extravasated materials either becoming lodged within ex-
tracellular matrix or being recycled to the bloodstream via
the lymphatics. The permeability of the blood vessels var-
ies significantly between organs and tissues, although gen-
erally the wall of the arterioles are relatively impermeable,
with capillaries generally thought to be more permissive
to extravasation. Postcapillary venous endothelium shows
the highest permeability within an individual tissue, al-
though the low postcapillary blood pressure probably does
not promote extravasation; in contrast, these are regions
where osmotic force is collecting tissue fluid from the in-
terstitium back into the circulation, and hence the net flow
is usually away from the tissues into the blood.

Capillaries are generally described as tight, fenestrated,
or sinusoidal. The tightest capillaries in the body are found
in the brain, supported on a continuous basement mem-
brane and with very low levels of fluid-phase extravasa-
tion. Fenestrated capillaries are found in many places, in-
cluding the kidney and intestine, where limited
extravasation is important. Generally speaking, however,
size restrictions prevent extravasation of most proteins.
This limited permeability is reflected in the protein content
of interstitial fluid, which is about 10% that of whole serum
(and underlies the 10% serum conditions employed for cul-
ture of most mammalian nonblood cells, where 100% se-
rum is often toxic) and is also important to prevent uncon-
trolled loss of proteins in the urine. Sinusoidal endothelium
is found in the bone marrow, liver, and spleen. In these
organs the basement membrane is either highly discontinu-
ous or absent, and the vessels are freely permeable. This
complements the phagocytic activity of cells contained
within these organs, providing access of blood-borne mac-
romolecules and particles to cells designed to sequester
them (17).

III. INFLUENCE OF PHYSICOCHEMICAL
PROPERTIES ON PHARMACOKINETICS
OF MACROMOLECULES

The pharmacokinetic of systemically administered macro-
molecules have undergone extensive study in animals in

order to determine the most promising candidates for use
as drug carriers (18,19). Two key factors emerge as deter-
minants of distribution kinetics, molecular weight and mo-
lecular charge. Macromolecules smaller than the renal
threshold are rapidly cleared from the circulation into the
urine. Initially this would appear to indicate in favor of
larger molecules, but when the macromolecule is nonbio-
degradable, eventual excretion is useful to decrease un-
wanted toxicities. Hence some agents (such as the doxoru-
bicin conjugates described below) are smaller than the
renal threshold, and are therefore applied at high doses to
achieve the required systemic exposure.

Macromolecules with significant positive charge show
electrostatic interaction with cells, membranes, and con-
nective tissues in vivo, undergoing unwanted rapid elimi-
nation from the bloodstream. Conversely, macromolecules
with strong negative charge act as substrates for the poly-
anion scavenger receptors of Kupffer cells and other
phagocytes and are also cleared quickly from the circula-
tion. Optimum circulation is obtained using macromole-
cules with a hydrophilic structure, noncharged or slightly
negatively charged under physiological conditions. Hence
for targeted systemic delivery of therapeutic agents, neu-
tral or slightly negative charged carriers are normally em-
ployed.

IV. TUMOR VASCULAR PERMEABILITY
AND THE EPR EFFECT

Tumors are usually thought to arise from uncontrolled pro-
liferation of a single malignant cell, produced by the acqui-
sition of several genetic mutations. Some of the mutations
are inherited, and others are caused by environmental fac-
tors during the lifetime of the individual. Consequently,
the growing tumor is a relatively simple structure, com-
posed of a small mass of proliferating cells. However, such
a structure is unable to grow beyond a size of 2 mm ap-
proximately, due to the difficulty of obtaining a sufficient
supply of oxygen and nutrition that must diffuse an in-
creasing distance from the nearest blood vessel (20–23).
Hence successful tumors must mutate to become angio-
genic, in other words they must attract capillaries to pro-
vide them with blood and nutrients. In order to do this
tumors produce various angiogenic factors, secreted from
tumor cells and mediating mitogenic and chemoattractant
effects through specific receptors expressed on the surface
of endothelial cells (21–26). In this way capillary cells can
be recruited and induced to differentiate to form capillary
tubular sprouts and eventually fully functional capillary
structures. This enables the tumor to obtain better nutrition
and oxygenation, and hence a larger tumor mass can be
viable.
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In order to grow, tumors recruit macromolecules from
the bloodstream and incorporate them into the extended
tumor matrix by clotting them. This matrix extracelluar
stroma provides a framework for the local migration and
growth of new tumor cells and facilitates enlargement of
the primary tumour and its invasion of nearby tissues. The
tumor usually recruits its extracelluar matrix from the
bloodstream, but the efficiency of extravasation of proteins
such as albumin and fibrinogen is usually very low in nor-
mal vasculature. Tumors therefore secrete permeability-
enhancing factors, designed to act on endothelial cells and
increase the rate of extravasation in tumor vasculature. The
best characterised tumor-secreted vascular permeabilizing
factor is vascular endothelial growth factor (VEGF), origi-
nally also termed vascular permeability factor (VPF). The
mechanism of action is not yet completely understood,
although the molecule is known to bind specifically to
two types of receptors, knows as flt-1 and KDR (VEGF-
receptors 1 and 2), on the endothelial cell, exerting signal-
ing cascades and mediating several biological responses in
vitro. In vivo, VEGF is known to be a very potent inducer
of extravasation, although whether fluid extravasates para-
cellularly (between the endothelial cells) or by transcytosis
(by transcellular vesicular pathways, such as the recently
reported vesiculovacuolar organelles (VVOs), is only pres-
ently being elucidated (27,28).

Another property of tumors that significantly affects
their accessibility to macromolecules is their inadequate
lymphatic drainage. The reason for this is unknown, but
presumably it involves either a lack of lymphangiogenic
agents produced by tumors, or possibly overgrowth of lym-
phatic vessels by the proliferating tumor cells (29–31). In
either case there is deficiency of fluid drainage from many
tumors, notably carcinomas, that leads to an interstitial
blood pressure that is significantly elevated in tumors com-
pared with the corresponding normal tissues. This in turn
may contribute to collapse of capillaries, resulting in poor
blood supply in the center of solid tumors, giving rise to
hypoxic and necrotic regions. Production of permeability-
enhancing VEGF is known to be induced by hypoxia, and
hence the residual blood vessels serving the tumor tend to
have regions of high vascular permeability (27,28,32).

This combination of enhanced vascular permeability
and poor lymphatic drainage has been termed the enhanced
permeability and retention (EPR) effect (19,33–36). One
result of the EPR effect is that tumors capture substantial
levels of circulating macromolecules, which extravasate
and then are unable to rejoin the blood circulation in the
normal way (35,37). Clearly one role for this capture is to
provide the tumor with macromolecules for clotting and
formation of new substratum. However, if the macromole-
cule is actually an anticancer drug, this provides a simple
yet effective means of concentrating the therapeutic agent

within the tumor and can mediate significant benefit
(19).

V. PRINCIPLES OF TARGETING
MACROMOLECULAR DRUGS

Most anticancer agents are low molecular weight drugs,
able to enter cells readily either by simple diffusion or by
receptor-mediated capture. Hence they tend to have a rela-
tively high volume of distribution and short circulatory
half life, mediating significant systemic toxicities by ex-
erting their effects against any vulnerable cells they en-
counter. Helmut Ringsdorf proposed in 1975 that linkage
of such drugs to a targeted macromolecular carrier, such
as a synthetic polymer, could be used to deliver the agents
selectively to their targets, simultaneously increasing their
activity and decreasing unwanted side effects (38). In his
original proposal Ringsdorf envisaged incorporation of
drugs, targeting agents, and also solubilizing agents cova-
lently onto the polymer carrier. In practice, incorporation
of specific solubilizing agents has proved superfluous, and
attempts to target polymers with agents such as antibodies
is still under active development. The most advanced ex-
emplification of the Ringsdorf approach is a system where
copolymers based on poly[N-(2-hydroxypropyl)methacry-
lamide], derivatized with tetrapeptide spacers (Gly-Phe-
Leu-Gly) (36,39–41), have been modified with the anti-
cancer agent doxorubicin and the simple targeting agent
galactosamine (42,43). These polymer conjugates, which
are effectively macromolecular prodrugs, since they re-
quire activation by enzymic cleavage of the Gly-Phe-Leu-
Gly spacer, show good anticancer activity in animals (40),
and their pharmacokinetics and anticancer activity have re-
cently been evaluated in humans (see below).

VI. SIGNIFICANCE OF THE
DRUG–POLYMER LINKAGE

The linkage of drug to polymer is key to regulating the
biological activity of the drug and to providing a trigger
for activation of the macromolecular prodrug. Three main
types of linkage are normally used, namely those suscepti-
ble to hydrolysis at neutral pH (such as ester linkages),
those subject to acid-catalyzed cleavage (e.g., based on cis-
aconityl groups) or those designed for cleavage by target-
associated enzymes (such as the Gly-Phe-Leu-Gly linkage
mentioned above, which is designed for cleavage by lyso-
somal cathepsins). Appropriate choice of the optimum
linkage, with respect to its required site of activation and
the speed of activation achieved, is fundamental to suc-
cessful design of a macromolecular prodrug. The reader is
referred to an excellent recent review of this subject (44).
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VII. CLINICAL PHARMACOKINETICS
OF POLYMER CONJUGATES

Clinical studies in the UK have recently been reported
evaluating the use of doxorubicin–pHPMA conjugates, ei-
ther targeted with galactosamine or without, for treatment
of cancer (45,46). The incorporation of galactosamine me-
diates substantial hepatic targeting of the polymer conju-
gate, determined using an analogue bearing 123I (45,47). At
clinical doses (approximately 1 g polymer conjugate/m2),
hepatic targeting of 15–18% of the dose could be achieved,
measured by gamma camera and single positron emission
tomographic (SPECT) imaging. In contrast, nontargeted
doxorubicin–pHPMA conjugate showed no measurable
liver accumulation. Both agents showed rapid elimination
from the bloodstream, with biphasic clearance kinetic and
alpha half-life less than 30 min. Therapeutic activity of the
agents has also been assessed and will shortly be disclosed.

VIII. USE OF POLYMERS FOR DELIVERY
OF THERAPEUTIC PROTEINS

Targeting of polymer conjugates with antibodies is fraught
with difficulties, as the polymer tends to prevent access of
the antibody to its cell surface target, and modifications
must be performed very carefully (48,49). However, this
shielding effect can be turned to major advantage when
the target is a low molecular weight agent, rather than a
cell surface receptor. For example, conjugates of synthetic
polymers with enzymes can stabilize the enzyme, pro-
longing blood circulation and preventing recognition by
cells, without seriously impairing access of low molecular
substrates to the active site of the enzyme. The most ad-
vanced example of this approach is the use of the conjugate
pEG–asparaginase (3–5). Asparaginase has been evalu-
ated and used for many years in the treatment of
asparagine-dependent leukaemia, though asparaginase it-
self is normally immunogenic and displays a relatively
short half-life, with complications of frequent dosing.
pEG–asparaginase, in contrast, shows a prolonged half-
life and can be administered repeatedly when required
without significant toxicological complications. Given the
success of pEG–asparaginase, other pEGylated enzymes
are presently under development (8,50).

IX. GENE THERAPY: THE PROMISE
AND THE HYPE

The concept of gene therapy for treatment of several dis-
eases has attracted considerable attention in recent years,
although the considerable promise of this approach is con-
tinually frustrated by inadequate systems for gene delivery

(51–55). Systemic delivery of genes is a particular prob-
lem and in all of the clinical trials performed to data the
gene vector has been administered locally, either by direct
injection into the target tissue, into the artery supplying it,
or into the body cavity housing it. Many vectors for gene
therapy are based on viruses, usually attenuated to make
them nonreplicative in order to improve their safety profile.
These agents are often highly efficient following arrival at
the target cell, but they usually have no intrinsic tropism
for the diseased cell and tend to deliver their genes nonse-
lectively. In addition, some virus vectors are attracting
concerns over safety, and they are often neutralized by an-
tibodies present in the bloodstream of patients. Conse-
quently, in recent years, attention has largely shifted to the
development of fully defined synthetic vectors.

X. SYNTHETIC VECTORS FOR SYSTEMIC
GENE DELIVERY

There are two main types of synthetic vector for gene de-
livery—those based essentially on cationic lipids (51,52),
and those based on cationic polymers (56). The former
have the advantage of good ability to disrupt membranes
and mediate relatively efficient delivery of DNA, while the
latter are more selective in transfection and are more suit-
able for intravenous administration. Cationic lipid/DNA
complexes are usually sequestered by the first capillary bed
they encounter, normally the pulmonary bed following in-
travenous administration (57), and this severely hampers
their ability to reach dispersed systemic cellular targets.
Polyelectrolyte DNA complexes, on the other hand, show
less tendency to occlude capillary beds following intrave-
nous injection, often passing through the lungs into the
oxygenated blood and then dispersing throughout the body
in the arterial circulation. Factors affecting biodistribution
will be assessed for both types of vector in turn.

A. Systemic Distribution of Cationic
Lipid/DNA Complexes

When DNA binds to cationic liposomes, the structures re-
orientate and the DNA is thought to become coated in a
double membrane of cationic lipid, with the outside surface
presenting a combination of cationic charge and hydropho-
bic domains (58). This is thought to mediate the high mem-
brane activity of the complexes, although it also mediates
interaction of lipid complexes with proteins in the plasma,
leading to the formation of large aggregates. This is likely
to constitute a major contributory factor in the pulmonary
first pass clearance, although the precise details of the sol-
vent employed and the volume administered can signifi-
cantly affect biodistribution, probably by regulating the
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speed at which the complexes encounter serum proteins,
and to some extent affecting the solvent in which the mix-
ing takes place (15,51,59). The organ immediately preced-
ing and also following the pulmonary capillary bed is the
heart, and cationic lipid formulations with significant
membrane activity can often achieve measurable deposi-
tion and even transgene expression within the cardiac en-
dothelium as well as the pulmonary endothelium.

B. Systemic Distribution of Cationic
Polymer/DNA Complexes

Most simple cationic polymer/DNA complexes are cleared
rapidly from the circulation following intravenous admin-
istration, usually becoming sequestered by cells in the liver
(60). The precise reasons for this are presently under inten-
sive investigation, although they are usually assumed to
include binding of serum proteins to the complexes leading
to their destabilization and rapid phagocytic scavenging by
Kupffer cells (61). There is evidence that simple polyelec-
trolyte complexes that remain in the circulation are actu-
ally bound to the surface of erythrocytes (Ward and Sey-
mour, unpublished observations), and this may represent
one strategy for gaining systemic circulation of such gene
delivery vectors; however, passage of complexes through
the endothelial layer to gain access to extravascular target
cells would present a significant problem.

XI. STERIC STABILIZATION OF
POLYELECTROLYTE COMPLEXES

The concept of introducing a surface layer of hydrophilic
polymers onto the surface of polyelectrolyte complexes in
order to induce a level of stabilization, preventing their
interaction with cells and proteins, has been under develop-
ment for several years. Oriented self-assembly of DNA
with cationic-hydrophilic block copolymers can lead to the
formation of particles with a shielded surface charge
(62,63), although improved pharmacokinetics of these ma-
terials have not been reported. Subsequently Ogris et al.
(1999) were the first to examine the biodistribution of steri-
cally stabilized particles following intravenous injection
(64). These authors worked with pEGylated pEI/DNA
complexes including also transferrin; compared with com-
plexes lacking the pEG layer, pEGylated materials showed
extended plasma circulation leading to detectable accumu-
lation and gene expression in subcutaneous B16F10 mela-
noma tumors (64,65). This achievement paves the way for
gaining extended circulation of sterically stabilized poly-
electrolyte gene vectors that are further modified to carry
target-specific ligands in order to mediate their association
and uptake by preselected target cells and tissues (66).

Probably the greatest challenge in this field is to design a
sterically stabilized vector that is capable of extended
plasma circulation, but which incorporates a powerful trig-
ger mechanism capable of activating strong transfection
activity following arrival at the vector at the desired target
site. Such systems, analogous to the design of macromo-
lecular prodrugs, could be regarded as inactive chemical
precursors of transcriptionally active DNA, or ‘‘pro-
genes.’’ Suitable triggers might involve selective pro-
cessing by target-associated enzymes, or they could
involve the falling endosomal pH after endocytic internal-
ization of complexes into cells. Design of effective triggers
in many ways reflects the development of effective drug–
polymer spacers, described above, and it may be that the
most effective systems are based ultimately on the same
principles.

XII. SURFACE MODIFICATION
AND STERIC STABILIZATION
OF ADENOVIRUSES

Recent studies have shown that viruses, specifically adeno-
viruses, can be surface modified with hydrophilic polymers
in order to decrease binding of antiadenovirus antibodies
that often restrict clinical usefulness. Judicious application
of the polymer can either maintain binding to the normal
adenovirus receptor (CAR) or ablate it (67,68). Preventing
CAR-mediated infection of cells essentially prevents nor-
mal infection, and the introduction of new targeting ligands
onto the polymer-coated virus can then promote its infec-
tion of chosen cells by target-associated receptor-mediated
endocytosis. These polymer-coated virus vectors offer
considerable steps forward for gene therapy, combining
the great infective power of adenoviruses with the versatile
targeting and low antibody binding activity of nonviral
vector systems.

XIII. CONCLUSIONS

It is enlightening that soluble polymers are finding useful
applications through the fields of systemic therapies. At
one level they can enhance solubility of hydrophobic drugs
and change their pharmacokinetics, simultaneously en-
dowing them with the possibility of targeting to desired
sites of action. With larger molecules, such as proteins,
they are capable of steric stabilization, preventing interac-
tion with proteases and extending plasma circulation. In
the context of polyelectrolyte complexes for gene delivery,
hydrophillic polymers are capable of steric stabilization
but also of cross-linking the surfaces of complexes, pre-
venting their desegregation by components of the plasma.
Finally, in new fields that are just being probed, hydrophil-
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lic polymers are clearly capable of enshrouding biological
agents such as viruses, preventing antibody recognition
and permitting the introduction of new targeting tropisms.
Each of these approaches holds important clinical ad-
vances, often in different and sometimes complementary
therapeutic fields, and each is presently under active devel-
opment in widespread parts of the global research commu-
nity.
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Anticancer Drug Conjugates with Macromolecular Carriers
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I. INTRODUCTION: DRUG TARGETING IN
ANTICANCER CHEMOTHERAPY USING
MACROMOLECULAR CARRIERS

The therapeutic concept of drug targeting is founded on
Paul Ehrlich’s vision of ‘‘the magic bullet,’’ which he pro-
claimed at the beginning of the last century (1). Ehrlich’s
notion was based on a concept of affinity between a drug
acting as a ligand and a molecular target, e.g., a receptor
(see Fig. 1). Even if the precise molecular targets for all
of today’s drugs are not known, Ehrlich’s concept appears
to be valid in principle.

With the advances in protein crystallography and mo-
lecular modeling, the number of tailor-made drugs will cer-
tainly increase. However, even when the drug and its mo-
lecular target interact ideally according to a ‘‘key and lock
principle,’’ the issue of site-specific and optimal drug de-
livery, especially for drugs with a narrow therapeutic in-
dex, has not been satisfactorily solved for a great number
of medical indications. Indeed, tailor-made drugs that fit
neatly into their target cannot always be developed clini-
cally due to poor water-solubility or rapid elimination from
the body after systemic administration of the respective
drug candidate. In this respect, fundamental goals of drug
conjugation with suitable carriers are to circumvent such
inherent disadvantages and to achieve a higher concentra-
tion of the drug at its site of action.

In the field of cancer research, coupling of anticancer
drugs to macromolecular carriers received an important
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impetus from 1975 onwards with the development of
monoclonal antibodies by Milstein and Köhler (2). In addi-
tion, research efforts have recently concentrated on conju-
gating anticancer agents with a wide spectrum of macro-
molecules including polysaccharides, lectins, serum
proteins, peptides, growth factors, and synthetic polymers.
Some typical examples are summarized in Table 1.

The rationale for simply using high molecular weight
molecules as efficient carriers for the delivery of antitumor
agents, even if they are not targeted towards an antigen or
receptor on the surface of the tumor cell, has been strength-
ened by recent studies concerning the enhanced vascular
permeability of circulating macromolecules for tumor tis-
sue and their subsequent accumulation in solid tumors (3–
9). This phenomenon has been termed ‘‘enhanced perme-
ability and retention’’ in relation to passive tumor targeting
(EPR effect) (3) and is depicted schematically in Fig. 2.
Blood vessels in most normal tissues have an intact endo-
thelial layer that allows the diffusion of small molecules
but not the entry of macromolecules into the tissue. In con-
trast, the endothelial layer of blood vessels in tumor tissue
is often leaky, so that small as well as large molecules have
access to malignant tissue. Because tumor tissue does not
generally have a lymphatic drainage system, macromole-
cules are thus retained and can accumulate in solid tumors.

The pathophysiology of tumor tissue, characterized by
angiogenesis, hypervasculature, a defective vascular archi-
tecture, and an impaired lymphatic drainage, seems to be
a universal feature of solid tumors that can be exploited
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Figure 32.1 Hand drawing by Paul Ehrlich (1854–1915) illus-
trating his concept of receptor–ligand interaction. (We thank Pro-
fessor Gerd Folkers of the ETH, Zürich, Switzerland, for supply-
ing this figure.)

Table 32.1 Examples of Macromolecular Carriers
for Anticancer Agents

Macromolecular carrier Examples

Biological macromolecules
Proteins Antibodies, serum proteins
Polysaccharides Dextran, hyaluronic acid
Lectins Concanavalin A
Peptides Growth factors, cytokines
Nucleic acids Deoxyribonucleic acid (DNA)

Synthetic macromolecules
Poly(amino acids) Polylysine, polyaspartic acid
Copolymers Styrene–maleic acid anhydride copoly-

mer (SMA)
Divinylether–maleic acid anhydride copol-

ymer (DIVEMA)
N-(2-hydroxypropyl)methacrylamide co-

polymer (HPMA)
Polymers Polyethylene glycol (PEG)

Polyvinylalcohol (PVA)

Figure 32.2 Schematic representation of the anatomical and
physiological differences between normal and tumor tissue with
respect to vascular permeability of small and large molecules.

for tumor-selective drug delivery. A detailed description
of the EPR effect is given in the article by L. Seymour in
this book.

This article focuses on the design of drug polymer con-
jugates, on drug conjugation techniques, and on drug poly-
mer conjugates that have reached the clinical setting or
an advanced stage of preclinical development. Monoclonal
antibodies, serum proteins, growth factors, cytokines, and
polysaccharides are discussed as macromolecular carriers.
Drug conjugates with synthetic polymers are presented in
detail in the contribution by L. Seymour.
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Primarily, the review describes conjugates with organic
anticancer agents of clinical relevance. Immunotoxins are
only discussed with growth factors and cytokines because
anticancer drugs have rarely been coupled to these carriers.
It is beyond the scope of this article to review the vast
amount of work that has been carried out with immunotox-
ins using antibodies, and the reader is referred to several
review articles covering this topic (10–12).

In our discussion, we make no attempt to include every
conjugate that has been developed and investigated in
vitro; rather, examples are described that illustrate the
characteristics of a particular drug delivery system. When
covering the different macromolecular carriers that have
been used for drug conjugation, we have taken care to refer
to pertinent review articles that have appeared throughout
the past 30 years.

II. DESIGN OF ANTICANCER
DRUG CONJUGATES

A. Macromolecular Prodrugs with Anticancer
Agents—Similarities and Differences
in Their Design and Implications
for Their Preparation

In 1975, Ringsdorf proposed a general model for a drug
delivery system using synthetic polymers (see Fig. 3) (13).
A definite number of drug molecules are bound to a macro-
molecule through a spacer molecule that incorporates a
predetermined breaking point to ensure release of the drug
after cellular uptake of the conjugate (the significance of
incorporating predetermined breaking points will be dis-
cussed in Section D). The system can also contain targeting
moieties, e.g., tumor-specific antibodies (14), antibody
fragments (15), or saccharides (14), which render the con-
jugate biorecognizable and enhance cellular uptake by re-
ceptor-mediated endocytosis.

Macromolecules chosen for the preparation of drug
conjugates should ideally be water soluble, nontoxic, and

Figure 32.3 Ringsdorf’s model for drug delivery systems
based on synthetic polymers.

nonimmunogenic. Furthermore, after fulfilling their func-
tion, they should be degraded and/or eliminated from the
organism (16). A final, and from the chemical point of
view most important, feature of the carrier is the existence
of drug attachment sites or at least the possibility of their
creation through chemical modification of the polymer.
The number of accessible attachment sites depends on the
type of polymer. The majority of relevant synthetic poly-
mers are homopolyfunctional: classical examples for
mono- or bifunctional polymers are poly(ethylene glycols)
(PEGs), which have the advantage that the drug loading
rate is well-defined (17).

In contrast to synthetic polymers, biomolecules (e.g.,
serum proteins, antibodies, or polysaccharides) are classi-
fied as heteropolyfunctional due to the abundance of differ-
ent functional groups that can compete with each other in
coupling reactions. Treatment of biomolecules with unspe-
cific coupling agents can yield mixtures, and conjugation
methods that allow group-specific coupling of the drug to
the biopolymer are therefore preferred. Furthermore, cou-
pling of low molecular weight drugs to proteins or antibod-
ies should yield stable products preserving their native
state and activity (e.g., drug–antibody conjugates have to
retain their affinity for corresponding antigens). Hence
coupling reactions are carried out in aqueous solution un-
der mild conditions (temperature range 5–37°C, pH range
6–8, low concentration of organic solvents) in order to pre-
vent the biopolymer from denaturation and/or degradation.

In the following section, the description of coupling
methods will be restricted to bioconjugation methods for
developing drug–polymer conjugates. Examples including
synthetic polymers as carriers will be additionally men-
tioned if the applied coupling method can be classified as
a typical bioconjugation technique. This article will not
cover special methods that are only applicable to the prepa-
ration of drug conjugates with synthetic polymers (e.g.,
copolymerization of drug derivatives with suitable mono-
mers), and we refer the reader to excellent reviews cov-
ering this topic (16,18).

B. Bioconjugation Methods Used for the
Preparation of Drug–Carrier Conjugates

Bioconjugate chemistry plays an important role in today’s
life sciences; applications range from basic protein chemis-
try to applied biotechnology and from immunology to
medicine; relevant methods have been reviewed exten-
sively (19–21). In the field of bioconjugation, the two
terms cross-linking and conjugation are often used synony-
mously although there is a fine distinction in connotation
between them. Cross-linking usually refers to the joining
of two molecular species that have some sort of affinity
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between them. Covalent coupling of a ligand to its receptor
is an example of cross-linking as well as the formation of
chemical bonds between subunits of enzymes. Conjuga-
tion, however, refers to the coupling of two unrelated spe-
cies. Thus coupling low molecular weight anticancer drugs
to macromolecules belongs to this category. Nevertheless,
coupling reagents for conjugation purposes are denoted as
cross-linking agents, and we also use this expression in our
article.

Cross-linking agents with two attachment sites are clas-
sified as homobifunctional and heterobifunctional, respec-
tively. Glutaraldehyde is a popular member of the first
group, forming Schiff bases with amines. However, homo-
bifunctional cross-linkers are not always appropriate for
the preparation of well-defined drug–polymer conjugates,
and even from a theoretical point of view quantitative cou-
pling is impossible (22). In contrast, heterobifunctional
cross-linking agents have the advantage that different func-
tional groups of the polymer as well as of the drug can be
chemically exploited. Typically, the drug is first reacted
with the heterobifunctional cross-linker and then coupled
to another functional group of the polymer without prior
purification of the derivatized drug. Although a number of
heterobifunctional cross-linking agents are commercially
available, most of them were designed for the conjugation
of proteins. Several groups have therefore developed
tailor-made heterobifunctional cross-linkers that allow an
improved derivatization of the respective functional group
of the drug. Furthermore, it has proved advantageous to
isolate and characterize the polymer-binding drug deriva-
tive, which is subsequently coupled to the surface of the
macromolecular carrier. In this way, the drug loading ratio,
the purity of the conjugate, as well as the nature of the
chemical bond between the drug and the carrier are better
defined.

In the next two sections, the main functional targets of
biopolymers and their reactivity in coupling reactions will
be discussed (Section II.B.1), and a short overview of
methods for the chemical modification of functional
groups will be given (Section II.B.2). Section II.C deals
with specific coupling reactions with respect to the func-
tional groups discussed in Section II.B.1.

1. Functional Targets for Bioconjugation

a. Polypeptides (Proteins)

The twenty amino acids that constitute proteins can be di-
vided into three classes according to the polarity of their
side chains (Fig. 4).

The degree of hydrophilicity and hydrophobicity is one
of the major determinants of the three-dimensional struc-
ture of proteins. In contrast to hydrophobic amino acids

that are generally found in the interior of proteins, hydro-
philic groups are located on the surface of the protein,
where they can interact strongly with the aqueous environ-
ment. Eight of the hydrophilic side chains are chemically
active. These are the guanidinyl group of arginine, the β-
and γ-carboxyl groups of aspartic and glutamic acid, re-
spectively, the sulfhydryl (thiol) group of cysteine, the imi-
dazolyl group of histidine, the 
-amino group of lysine, the
thioether moiety of methionine, and the phenolic hydroxyl
group of tyrosine. However, the frequency with which they
are incorporated in proteins differs substantially, and some
of them are rarely found (Table 2) (23).

Important functional targets are the sulfhydryl group of
cysteine, the amino group of lysine, and the carboxylic
groups of aspartic and glutamic acid.

The nucleophilicity of functional groups as well as the
electrophilic properties of the attacking polymer-binding
group are fundamental parameters in coupling reactions.
Nucleophilicity is influenced by various factors, such as
charge (which again depends on the pH value), basicity,
size, and polarizability. Furthermore, the influence of the
solvent cannot be neglected, since the order of nucleophi-
licity can be reversed by changing from a protic solvent
to an aprotic polar one (e.g., DMF or DMSO). Pearson
and coworkers measured the rate constants of the reaction
between methyliodide and various nucleophilic com-
pounds in methanol to formulate the following order of
nucleophilicity (24,25):

C4H9S� � ArS� � HS� � (C2H5)2NH � ArO�

� ArSH � (CH3)2S � imidazole � AcO� � CH3OH

The strongest nucleophile is the thiol group in its ionized,
thiolate form, followed by the amino group. Thioethers and
carboxylic acids are less potent nucleophiles. Applying
this order of nucleophilicity to amino acid residues, we
obtain the following general order:

Cys � Lys � Tyr � Met � His � Glu, Asp � Ser, Thr

The aliphatic hydroxyl groups of serine and threonine, hav-
ing about the same nucleophilicity as water, are generally
unreactive in aqueous solutions. A reactive reagent will
preferably undergo hydrolysis before it reacts with amino
acids containing hydroxyl group.

One of the most important considerations for planning
coupling reactions is the choice of the pH value. For exam-
ple, the protonated form of amino groups is unreactive to-
wards electrophilic agents. According to the equation of
Henderson and Hasselbalch (1), an ionizable group is 50%
protonated at its pKa value.

pH � pKa � log �[base]
[acid]� 1



Anticancer Drug Conjugates 855

Figure 32.4 Structures of the twenty common amino acids.

Further implications of this equation are that at one or two
pH units above the pKa, an acidic group will be 91% and
99% deprotonated, respectively. pKa ranges of the major
functional targets of proteins are given in Table 3 (20).
Notably, pKa values can vary up to three pKa units in ex-

treme cases depending on the influence of the microenvi-
ronment.

Generally, coupling reactions are carried out by ad-
justing the pH value close to the pKa value of the proton-
ated form of the respective functional group.
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Table 32.2 Average Frequency
with which Amino Acids Are Incorporated
in Proteins. Values were Determined
by Comparing the Structures of 207
Nonrelated Proteins

Average frequency
Amino acid of incorporation (%)

Arginine 4.7
Aspartic acid 5.5
Glutamic acid 6.2
Histidine 2.1
Lysine 7.0
Tyrosine 3.5
Cysteine 2.8
Methionine 1.7

Source: Ref. 23.

Fortunately, the reaction profile of amino acid residues
with coupling agents does not depend only on their nucleo-
philic properties (otherwise, it would be difficult to achieve
group specific coupling) but also on the nature of the at-
tacking electrophile. In some cases, the HSAB (hard and
soft acids and bases) principle propagated by Pearson can
serve as a tool for predicting preferences of a nucleophile
towards an electrophilic group of a coupling agent (26,27).

Finally, it should be mentioned that, apart from nucleo-
philic reactions, group specific properties can be exploited
for conjugation purpose. Cysteine, for example, is suscep-
tible to oxidation forming disulfide bonds. Tyrosine resi-
dues represent activated aromatic systems that can undergo
electrophilic reactions, e.g., addition of iodine or diazo-
nium salts (labeling reactions), and Mannich condensation
reactions. To our knowledge, the latter reaction has not
been applied in the field of drug–carrier conjugation.

b. Polysaccharides

Polysaccharides are polymers in which monosaccharide
units are covalently linked via acetale (ketale) bonds.

Table 32.3 pKa Ranges of Amino
Acid Side Chains in Proteins

Amino acid residue pKa range

Lysine 9.3–9.5
Histidine 6.7–7.1
Arginine � 12
Tyrosine 9.7–10.1
Aspartic acid 3.7–4.0
Glutamic acid 4.2–4.5
Cysteine 8.8–9.1

Popular polysaccharide carriers for drugs are dextran,
chitosan, and hyaluronic acid consisting of d-glucose, d-
glucosamine, and N-acetyl-d-neuraminic acid, respec-
tively. With the exception of hyaluronic acid and chitosan,
polysaccharides merely contain hydroxyl groups as pri-
mary targeting moieties. Thus for performing coupling re-
actions in aqueous solutions, the biopolymer has to be
modified by introducing functional groups of higher reac-
tivity. However, coupling reactions using polysaccharides
can also be carried out in organic solvents that allow the
drug to be coupled to hydroxyl groups.

c. Antibodies

Most tumor-targeted monoclonal antibodies belong to the
immunoglobulin-γ (IgG) class. IgGs are symmetric glyco-
proteins composed of heavy and light chains. At the ends
of these two chains are hypervariable regions containing
antigen-binding domains. A variable sized branched carbo-
hydrate domain is attached to the complement-activating
Fc region, and the so-called ‘‘hinge region’’ contains espe-
cially accessible interchain disulfides.

For attaching cytotoxic drugs to antibodies three differ-
ent methods have been used (28):

1. Coupling to lysine moieties that are distributed over
the entire antibody surface

2. Generation of aldehyde groups by oxidizing the
carbohydrate region and subsequent reaction with
amino-containing drugs or drug derivatives

3. Coupling to sulfhydryl groups that are obtained by
selectively reducing the interchain disulfides at the
‘‘hinge region’’

Various problems are encountered with the first method.
Binding to lysine residues results in a relatively nonselec-
tive distribution of drugs on the antibody surface, often
including the antigen-binding domains. The latter will
cause significant loss of antigen specificity (29). Further-
more, aggregation and precipitation of the conjugate can
occur due to a reduced number of solubilizing amino
groups (30).

Preparing conjugates using the second method should
circumvent the first of the above mentioned problems,
since the carbohydrate region is far away from the antigen-
binding domain. However, the resulting immunoconju-
gates will have a distribution of drug loading ratios, and
therefore the product will not be truly homogenous. A
given glycosylation pattern may also be necessary for re-
taining the protein structure (31), and severe changes in
the carbohydrate region can alter protein topology with
consequences for antigen specificity, immunogenicity, and
aggregation.
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The great advantage of the third method is that four
disulfides can be reduced to generate eight sulfhydryl
groups selectively at the ‘‘hinge region’’ of an IgG under
mild conditions and without significant perturbation of the
protein structure (32). Hence, sulfhydryl groups obtained
by reduction of interchain disulfides are the most important
functional targets for conjugation of anticancer drugs to
antibodies.

2. Methods for Modification of Functional Groups

In many cases, the native structure of a biopolymer is mod-
ified by introducing functional targets for conjugation
because the carrier does not provide appropriate or
sufficiently reactive groups. Chemical modifications are
described in the following paragraphs including examples
for applications in drug–carrier conjugation.

a. Introduction of Sulfhydryl Groups

Reduction of Disulfide Bonds with DTT (Cleland’s
Reagent). Dithiothreitol (DTT) is the trans isomer of
1,4-dimercapto-2,3-butanediol. The reducing potential of
this versatile reagent was first described by Cleland in
1964. Due to its low redox potential, it cleaves all accessi-
ble biological disulfides and maintains free sulfhydryl
groups, even in the presence of oxygen (Fig. 5). In contrast
to other disulfide reductants, such as 2-mercaptoethanol,
2-mercaptoethylamine or thioglycolate, which are added
in large excess, DTT forms an entropically favored cyclic
product, and reduction succeeds with a slight excess of
DTT.

For example, this method has been used for selectively
reducing the four interchain disulfides of monoclonal anti-
bodies (32,33).

Modification of Amines with 2-Iminothiolane (Traut’s
Reagent). 2-Iminothiolane (Traut’s Reagent) is a water-
soluble hydrochloride of a cyclic thioimidoester that reacts
with amines in a ring-opening reaction forming stable
amidine bonds while generating sulfhydryl groups (Fig. 6).
This reaction offers the advantage of maintaining the net
charge of the protein, since amidine bonds are positively
charged under physiological conditions.

Figure 32.5 Reduction of disulfides with dithiothreitol.

Figure 32.6 Thiolation of amines with 2-iminothiolane.

This reaction has mainly been applied for modifying
lysine residues of antibodies (32,34) and of serum proteins,
such as human serum albumin (35) or transferrin (36).

Modification of Amines with N-Succinimidyl
3-(2-Pyridyldithio)propionate (SPDP). N-succinimidyl-
3-(2-pyridyldithio)propionate (SPDP) is one of the most
popular heterobifunctional cross-linking agents that forms
a stable amide bond with amines of proteins. Free sulfhy-
dryl groups are generated after straightforward DTT-
reduction of the pyridyldithio moieties (Fig. 7) (37).

Using this technique, a number of drug conjugates have
been prepared with antibodies (32,38,39) and with the iron
transport protein transferrin (40). HPLC methods de-
termining the degree of derivatization (ratio of pyridyl di-
sulfide moieties to macromolecule) have recently been de-
veloped (41).

Furthermore, SPDP can be employed as a sulfhydryl-
binding heterobifunctional cross-linking agent by first re-
acting the linker with an amino-containing drug and subse-
quently binding it to cysteine moieties (34).

b. Introduction of Aldehyde Groups

Carbohydrates and other biological molecules that contain
polysaccharides, such as antibodies, can be specifically
modified at their sugar residues to yield reactive aldehyde
groups. The most commonly used method is the oxidation
with sodium periodate that cleaves the carbon–carbon
bond between vicinal hydroxyl groups (Fig. 8).

Although this method alters the polysaccharide struc-
ture substantially, it has been frequently used for the prepa-
ration of drug–polysaccharide conjugates with dextran
(42–44) and antibodies (30).

c. Introduction of Carboxylic Groups

A commonly used method for introducing carboxylic
groups is the reaction of amino groups with cyclic anhy-
drides, such as succinic, glutaric, or maleic anhydride (Fig.
9).

The sulfhydryl group of cysteine, the phenolate group
of tyrosine, and the imidazole ring of histidine can also
react, but the acylated products are sensitive to hydrolysis,
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Figure 32.7 Reaction of SPDP with amino-containing polymers forming an amide bond and subsequent reduction with DTT yielding
the thiolated macromolecule.

Figure 32.8 Periodate oxidation of vicinal dihydroxyl com-
pounds.

thus regenerating the original group of the respective
amino acid at physiological pH.

Only a few examples for preparing drug–carrier conju-
gates with succinylated macromolecules have been re-
ported (45). For instance, bovine serum albumin was
treated with succinic anhydride yielding 88–95% conver-

Figure 32.9 Introduction of carboxylic groups into amino-containing polymers.

sion of the lysine residues. Subsequently, peptide spacer
containing daunorubicin derivatives were coupled to the
introduced carboxylic groups (46).

It should be noted that converting positively charged
amino groups into negatively charged carboxylic groups
is often accompanied by a dramatic change in the three-
dimensional structure of the protein (47) that results in an
irreversible loss of biological activity (48).

C. Group-Specific Coupling Reactions

This chapter deals with the final step in the preparation
of drug–carrier conjugates: the coupling of the polymer-
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Figure 32.10 Michael addition of a sulfhydryl group to the dou-
ble bond of a maleimide group.

binding drug to the (modified) macromolecular carrier. Al-
though a number of water-soluble spacer molecules have
been developed (49), most polymer-binding drug deriva-
tives have the disadvantage of being hydrophobic. In these
cases, it has proved useful to add small amounts of organic
solvents, such as dimethylformamide or dimethylsulfox-
ide, up to a concentration of approximately 10%. It is im-
portant that under these coupling conditions no denaturing
and/or irreversible precipitation of the biopolymer takes
place. Due to the poor water-solubility of many drugs, pre-
cipitation can also take place if the carrier is overloaded
with hydrophobic drugs. Therefore the drug loading ratio
needs to be carefully controlled (30).

In the following sections, the most commonly used
group-specific coupling methods are described, including
examples for their application in drug–carrier conjugation.

1. Sulfhydryl-Reactive Methods

a. Maleimides

Maleimides are the most important sulfhydryl specific cou-
pling agents. The sulfhydryl group adds to the double bond
of the heterocycle’s Michael system, forming a stable thio-
ether bond (Fig. 10).

Maleimide reactions are specific for sulfhydryl groups
when carried out in a pH range of 6.5–7.5 and can be
followed spectrophotometrically by the decrease in ab-
sorbance at 300 nm as the double bond reacts and disap-
pears. At pH 7, the reaction of the maleimide with sulfhy-
dryl groups is approximately 1000 times faster than with
amino groups. At higher pH values, cross-reactivity with
amino groups can take place (20), whereas tyrosine, histi-
dine, or methionine residues do not react (21). A possible
side reaction of the maleimide itself is a hydrolytic ring-
opening reaction forming maleamic acids (Fig. 11) that
typically occurs at higher pH values.

For preparing tailor-made spacer molecules containing
maleimide groups, three methods are commonly used:

1. Acylation of amines with maleic anhydride followed
by dehydration of the intermediate maleamic acid (Fig. 12)
(50).

Figure 32.11 Hydrolysis of maleimide derivatives at alkaline
pH.

Figure 32.12 Synthetic route for maleimide derivatives by
treating primary amines with maleic anhydride in a first step and
forming the maleimide ring by dehydratation in a second step
(method 1).

Although this approach proved to be suitable for the
preparation of a number of heterobifunctional cross-
linking agents containing maleimide groups (51), it was
not applicable to acid-sensitive compounds. A variation of
this method carried out as a microwave-induced one-pot
reaction has been reported recently (52).

2. Conversion of amino acids under mild conditions by
treatment with N-alkoxycarbonylmaleimides in aqueous
solution (Fig. 13) (53).

This method was chosen for synthesizing water-soluble
oligooxyethylene-based heterobifunctional cross-linkers
(49).

3. Alkylation of maleimide by alcohols using Mitsu-
nobu reaction conditions (Fig. 14) (54,55).

Since alcohols as starting materials are generally easier
to prepare than the analogous amino compounds, the im-
portance of this reaction for the synthesis of heterobifunc-
tional cross-linkers will probably increase in future.

Due to their excellent sulfhydryl binding properties,
maleimide groups have been extensively used for coupling
drug derivatives to thiol-group-containing macromole-
cules (28,32,33,56–63). For instance, the commercially

Figure 32.13 Synthetic route for maleimide derivatives by re-
acting amines with N-alkoxycarbonylmaleimides (method 2).
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Figure 32.14 Mitsunobu aklylation of maleimide with alcohols
(method 3).

available heterobifunctional cross-linker 6-maleimidoca-
pric acid hydrazide has been employed in the preparation
of the immunoconjugate BR96-Dox (32,33), which has un-
dergone clinical trials (57). In more recent work, the syn-
thesis of branched-maleimide-bearing linkers that are ca-
pable of binding two or more molecules of doxorubicin
and attaching them to BR96 antibodies has been reported
(58). Maleimide derivatives of doxorubicin were coupled
to a number of thiolated poly(ethylene glycols) employing
maleimide-containing heterobifunctional cross-linkers (59).
Maleimide chemistry has also been used for coupling anti-
cancer drugs to thiolated serum proteins (60,61). Recently,
it could be shown that the selectivity of the maleimide
group towards the cysteine 34 position of circulating albu-
min is sufficient for forming doxorubicin–albumin conju-
gates in vivo after intravenous application of the malei-
mide-containing drug derivative shown in Fig. 15 (62).

b. Haloacetyl Derivatives

Sulfhydryl groups can be alkylated by haloacetyl deriva-
tives, e.g., bromoacetyl or iodoacetyl compounds, in a nu-
cleophilic substitution reaction (Fig. 16).

Figure 32.15 Albumin-binding doxorubicin prodrug incorpo-
rating an acid-cleavable hydrazone bond and a thiol-binding ma-
leimide moiety.

Figure 32.16 Alkylation of sulfhydryl groups by haloacetyl
compounds forming a thioether bond.

In contrast to the reaction with maleimides, coupling of
bromoacetamides to sulfhydryl groups takes place only at
higher pH values (pH 9) with a desirable reaction rate (63)
whereby surprisingly no cross-reactivity towards amino or
imidazole groups could be observed in the investigated ex-
amples. According to Hermanson, the relative reactivity of
haloacetates toward protein functionalities is sulfhydryl �
imidazolyl � thioether � amine (32). Among halo deriva-
tives, the relative reactivity is I � Br � Cl � F, with fluo-
rine being almost unreactive. Haloacetyl drug derivatives
can be conveniently prepared by esterification or by form-
ing amides of a haloacetic acid with hydroxyl- or amino-
containing drugs using carbodiimides for activation.

Although haloacetyl derivatives are generally appro-
priate for group-specific coupling, their use in the field of
drug–carrier conjugation is limited due to the basic pH
values needed for achieving effective coupling.

c. Pyridyl Disulfides

Pyridyl disulfides are perhaps the most popular type of
sulfhydryl-disulfide-exchange reagents that ensure effec-
tive group specific coupling. Treatment of thiols with these
compounds yields mixed disulfides and releases pyridine-
2-thione as a nonreactive by-product (Fig. 17).

For the preparation of tailor-made heterobifunctional
cross-linkers, pyridyl disulfides can be generated by acti-
vating thiols with methoxycarbonylsulfenylchloride and
subsequent reaction with 2-mercaptopyridine (Fig. 18)
(39).

Pyridyl disulfide containing drug derivatives have been
conjugated with antibodies. For instance, doxorubicin was
reacted with pyridyl disulfide containing carboxylic hy-
drazides to form respective hydrazone derivatives. The

Figure 32.17 Disulfide exchange reaction of sulfhydryl com-
pounds with pyridyl disulfide derivatives.
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Figure 32.18 Pyridyl disulfides formed by reaction of sulfhydryl compounds with methoxycarbonylsulfenylchloride and 2-mercapto-
pyridine.

drug derivatives were then coupled to a thiolated mono-
clonal antibody (39). In another work, the hydrazone of
doxorubicin and hydrazine was treated with SPDP to form
a thiol-binding drug derivative, which was coupled to a
SPDP-thiolated antibody (38).

2. Amino Groups

In most cases, drugs are coupled to amino-containing poly-
mers by acylation. Other functional groups, e.g., sulfhy-
dryl, imidazolyl, or phenolate groups, can also be acylated,
but the products are sensitive to hydrolysis, thus regenerat-
ing the original group. Acylation can be achieved by in
situ activation of carboxyl-group-containing drugs with
carbodiimides (compare with Section II.C.3) or by the use
of drug derivatives containing isothiocyanates, imidoes-
ters, or active esters, especially (NHS) esters. NHS esters
react readily with amines, forming a stable amide bond
while releasing N-hydroxysuccinimide as a by-product
(Fig. 19)..

NHS esters are usually prepared by esterification of the
carboxyl-containing drug with N-hydroxysuccinimide and
DCC (N,N′-dicyclohexyl carbodiimide) (Fig. 20). In situ
activation using this method is also possible.

In some cases, the NHS ester derivatives exhibit poor
water solubility. This problem can be circumvented by the
use of sulfo-NHS (N-hydroxysulfosuccinimide), a highly
hydrophilic NHS derivative. Sulfo-NHS-esters reacts with
amines on target molecules with the same specificity and
reactivity as NHS-esters (64).

The use of NHS- or sulfo-NHS esters in the field of
drug–carrier conjugation is widespread. For example, the

Figure 32.19 Reaction of amines with NHS esters forming stable amide bonds.

Figure 32.20 Synthesis of NHS esters using DCC activation.

sulfo-NHS or NHS esters of a succinylated derivative of
the anticancer drug paclitaxel was coupled to human serum
albumin (65) and hyaluronic acid, respectively (66).

3. Carboxylic Acid Groups

In contrast to other functional targets of polymers, car-
boxyl groups need to be activated by so-called zero-length
cross-linking agents in order to react with amino-bearing
drugs. Carbodiimides are popular members of this class of
cross-linkers. In a first step, they react with carboxylic
acids forming a reactive O-acylisourea intermediate that
is capable of acylating amines (Fig. 21). In nonaqueous
solutions, reaction with alcohols takes place, forming re-
spective esters.

Due to the poor water-solubility of most carbodiimides,
such as DCC or DIPC (N,N′-diisopropyl carbodiimide),
water-soluble derivatives have been developed. EDC
(1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-
chloride) (Fig. 22), a hydrophilic tertiary amine containing
reagent, is the most popular zero-length cross-linker used
for bioconjugation purposes. The urea by-product formed
after reaction with the amine compound is also water-solu-
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Figure 32.21 Activation of carboxylic acids with carbodiimides forms a reactive O-acylisourea intermediate that readily reacts with
amines forming a stable amide bond.

ble, so it can be removed using standard methods such as
dialysis or gel filtration.

A general problem that can occur when working with car-
boxyl group activating agents is cross-linking of the protein
due to the presence of reactive groups on the protein surface,
such as amino groups. This method has therefore been
mainly used with homopolyfunctional polymers (67–69).

4. Aldehyde Groups

Amino-containing drugs can be coupled to aldehyde
groups of the macromolecular carrier that are typically
generated by periodate oxidation. The resulting imine
bonds of the Schiff base are sensitive towards hydrolysis
and are therefore converted into respective stable second-
ary amines by treatment with the mild reducing agent so-
dium cyanoborohydride (Fig. 23).

This method is named reductive amination, wherein the
first step (the formation of the Schiff base) is pH depen-
dent, and best results are obtained when it is carried out
at a pH of � 9 (19). Instead of using sodium cyanoborohy-
dride in the second step, sodium borohydride can be se-
lected if other reducible groups are absent.

Figure 32.22 Structure of EDC (1-ethyl-3-(3-dimethylamino-
propyl) carbodiimide hydrochloride).

Primarily, doxorubicin has been coupled to oxidized
dextran (42–44) or to the carbohydrate region of antibod-
ies using this method (30).

D. Incorporation of a Predetermined Breaking
Point Between Drug and Carrier

One of the key issues that has been addressed in recent
years regarding the pharmacological activity of polymer
drug conjugates is the significance of the chemical bond
between the drug and the polymer. For designing effective
drug polymer conjugates, spacers can be incorporated be-
tween the anticancer agent and the macromolecule, which
allow the drug to be released either extra- or intracellularly.
Over the past ten years two types of bonds have been in-
vestigated in some detail: (a) acid-cleavable bonds [re-
viewed in (70)] and (b) peptide bonds, which can be
cleaved by lysosomal enzymes [reviewed in (71)].

Essentially, both types of bonds exploit the cellular up-
take mechanism for macromolecules, i.e., endocytosis,
which allows the macromolecular bound drug to be
released in intracellular compartments. In general, macro-
molecules are taken up by the cell through receptor-medi-
ated endocytosis, adsorptive endocytosis, or fluid-phase
endocytosis.

Endocytosis is a complex process that is shown as a
simplified scheme in Fig. 24 [for a review see (72)].

At the cell surface, invaginations occur and endosomes
are formed that migrate into the cytoplasm. Depending on
the macromolecule and the kind of endocytosis process in-
volved, a series of sorting steps takes place in which the
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Figure 32.23 Reductive amination of aldehydes.

endosome is transported to certain cell organelles (e.g., the
Golgi apparatus), returns to the cell surface (recycling), or
forms primary and secondary lysosomes, respectively.

During endocytosis a significant drop in the pH value
takes place from the physiological pH (7.2–7.4) in the ex-
tracellular space to pH 6.5–5.0 in the endosomes and to
around pH 4 in primary and secondary lysosomes. A great
number of lysosomal enzymes become active in the acidic
environment of these vesicles.

Both the low pH values in endosomes and lysosomes
and the presence of lysosomal enzymes are therefore intra-
cellular properties that can be exploited for developing
drug–polymer conjugates that release the polymer-bound
drug specifically in tumor cells.

Classical examples for acid-cleavable bonds are carbox-
ylic hydrazone and cis-aconityl bonds (70). Peptide spac-
ers that are enzymatically degraded by lysosomal enzymes,
such as cathepsin B, have been studied in great detail, and
tailor-made sequences, e.g., Gly-Phe-Leu-Gly, have been
identified (71).

Figure 32.24 Schematic illustration of endocytosis of polymer drug conjugates.

III. DRUG CONJUGATES WITH
MONOCLONAL ANTIBODIES

A. Introduction

Targeted tumor therapy is based on the presumption that
characteristic differences exist between normal and cancer
cells, which can be exploited for the selective delivery of
antineoplastic agents to the tumor site (73–79). The initial
discovery that tumor cells expressed certain determinants
(tumor-associated antigens) on their cell surface that were
not found on normal cells and the subsequent advent of
hybridoma technology (2,80) led to the development of
a large number of monoclonal antibodies (mAbs), each
with its own binding specificity for certain tumor-specific
antigens. Monoclonal antibodies are very attractive as
drug carriers due to the high binding affinity for their re-
spective antigens. This should allow the accumulation of
lethal drug concentrations in the tumor tissue. In addition,
the long circulation time of antibodies in the blood stream
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Table 32.4 Examples of Cytotoxic Agents Linked
to Monoclonal Antibodies

Agents Examples

Toxins Pseudomonas exotoxin, ricin, saporin, diphthe-
ria toxin

Isotopes 131Iodine, 90yttrium, 213bismuth, 211astatine, 177lu-
tetium

Drugs Anthracyclines Doxorubicin
Daunorubicin
Idarubicin
Morpholinodoxorubicin
Bleomycin

Antimetabolites Aminopterin
Methotrexate
5-Fluorouracil
5-Fluorouridine
5-Fluorodeoxyuridine
Cystosine arabinoside

Alkylating agents Chlorambucil
Cisplatin
Melphalan
Mitomycin C
Trenimon

Antimitotic drugs Vinca alkaloids
Desacetylvinblastine
Podophyllotoxin
Colchicine

Enediynes Neocarzinostatin
Calicheamicin

provides a greater probability that the drug will reach the
tumor site.

In the past twenty-five years, a great number of immu-
noconjugates with cytotoxic agents, such as bacterial or
plant toxins, radioisotopes, and anticancer drugs, have
been synthesized, and their biological activity has been in-
vestigated intensively (see Table 4) (28,82–84).

Radioimmunoconjugates are widely used in the diagno-
sis of malignant diseases. Additionally, they are currently
being evaluated as therapeutic agents in radioimmunother-
apy with encouraging results in the treatment of advanced
hematological malignancies. The concept for radioimmu-
notherapy as well as preclinical and clinical investigations
have been reviewed elsewhere (85–87). Immunotoxins,
conjugates comprising toxins and antibodies, have recently
been tested clinically and have demonstrated promising ef-
ficacy in some patients with malignant diseases refractory
to surgery, radiation therapy, and conventional chemother-
apy (10).

This chapter does not address the latter two topics but
focuses on recent progress that has been made in the area
of antibody-targeted delivery of conventional chemothera-

peutic drugs, summarizing the results of clinical trials with
these chemoimmunoconjugates.

B. Design of Chemoimmunoconjugates

As a result of their transformed state, cancer cells overex-
press various membrane-associated proteins in comparison
to normal tissue, a property that is exploited in targeted
cancer chemotherapy.

To achieve optimal targeting, the antigen (Ag) on the
tumor cell surface should (a) be a well-defined molecule
expressed exclusively on tumor tissue, (b) not be expressed
on normal tissues, (c) be bound by the targeting molecule
with high affinity, (d) be expressed homogeneously on all
the tumor cells, (e) be present on the tumors of all patients
with the same type of cancer and (f) not be shed into the
circulation.

1. Antigenic Targets

A variety of cell surface proteins have been exploited as
targets for monoclonal antibodies (88,89). Notable classes
of tumor-associated Ags include the carcinoembryonic an-
tigen (CEA), α-fetoprotein, blood group carbohydrates
such as Lewis y (Ley) (recognized by the mAbs BR64 and
BR96), gangliosides such as the L6 Ag, the adenocarci-
noma-related KS1/4 antigen, mucins, selectins, glyco-
sphingolipids, integrins, and other adhesion molecules.
These antigens are generally overexpressed on the surface
of tumor cells, although they are found to some extent on
normal cells as well. The only truly tumor-specific antigens
appear to be those found in hematopoietic tumors, such as
idiotypes present on the surface of B-cell tumors (90).

2. Antibodies as Targeting Moieties

Monoclonal antibodies have been used for tumor targeting
in their natural, fragmented, chemically modified, or re-
combinant forms in a variety of experimental settings.

The majority of employed natural antibodies were mu-
rine immunoglobulins of the IgG class. A murine immuno-
globulin IgG molecule is a symmetric glycoprotein (MW
ca. 150,000 Da) that has a Y-shaped structure and is com-
posed of two heavy and two light chains that are linked
through disulfide bonds (91). Each chain contains a con-
stant and a variable region (see Fig. 25). The stem region is
a constant domain that is responsible for triggering effector
functions that eliminate the antigen-associated cells (80).
It also contains a carbohydrate moiety.

Treatment with pepsin removes the constant domains
that are not required for antigen binding, generating a biva-
lent antibody-binding fragment F(ab′)2. In contrast, diges-
tion of the antibody with papain produces two monovalent
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Figure 32.25 Schematic representation of an IgG.

antigen-binding fragments Fab, and one crystallizable
fragment Fc (see Fig. 26). The smallest fragment that re-
tains the full monovalent binding affinity of the intact anti-
body is the Fv molecule that comprises aligned and nonco-
valently associated VH and VL domains containing three
hypervariable amino acid sequence regions that are respon-
sible for antigen recognition, known as the complementary
determining regions (CDR).

Most mAbs that have been evaluated in the clinical set-
ting, were generated in mice. As a consequence, the use
of these mAbs and respective conjugates is limited by the
development of human antimouse antibodies (HAMA),
which results in accelerated clearance of the administered
immunoconjugates (92,93). The antigen-binding frag-
ments (F(ab′)2, Fab, or Fv) are much less immunogenic
than the intact antibody, because the cleavage of the Fc
region generally removes the most immunogenic portion
of the immunoglobulin molecule.

Recently, innovative recombinant techniques have
opened the possibility of generating genetically engineered
monoclonal antibodies (94,95). Chimeric antibodies are
constructs containing a mouse Fab portion and a human
Fc portion (see Fig. 27a). For preparing chimeric mAbs,
the genes encoding the murine Fab variable regions are
spliced to the genes encoding the human constant region
(96,97). Humanized monoclonal antibodies contain mouse
sequences in the binding site of a human mAb (see Fig.
27b). These antibodies are engineered by transferring the
antigen-binding hypervariable sequences (CDR) of a mu-
rine antibody into human immunoglobulin framework re-

gions (98,99). Since CDRs form the antigen binding site,
a humanized antibody preserves the murine antigen speci-
ficity. Both constructs, chimeric and humanized antibod-
ies, are predicted to minimize the immune response, be-
cause the most immunogenic domain of the murine
antibody, the constant Fc region, is substituted by a human
sequence.

3. Coupling of Drugs to the Monoclonal Antibody

The success of drug immunoconjugate therapy depends
not only on highly tumor-specific mAbs but also on the
drug coupling technique used (100,101). Conjugation of
cytotoxic drugs with antibody molecules aims to introduce
a maximum number of residues under conditions that en-
sure optimal retention of both drug activity and antibody
reactivity. Only a limited number of drug molecules can
be introduced by conjugation with the antibody without
producing protein denaturation and loss of antibody reac-
tivity. Individual antibodies vary in their ruggedness to-
wards substitution. Some antibodies will lose antigen-
binding activity even when using mild procedures, while
others permit a relatively high substitution rate without los-
ing binding affinity (102,103).

C. Clinical Trials with
Chemoimmunoconjugates

Several chemoimmunoconjugates have been investigated
in clinical trials. Although, in general, the observed thera-
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Figure 32.26 Cleavage of IgG into F(ab′)2 and Fab fragments by pepsin and papain, respectively.

Figure 32.27 Schematic representation of (a) chimeric and (b) humanized antibody.
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peutic efficacy must be considered disappointing, these
studies provide valuable information on the fate of cyto-
toxic immunoconjugates in humans. The results of perti-
nent studies are summarized in Table 5. In the following,
selected trials are described in more detail with respect to
the exploited cytotoxic drug.

1. Doxorubicin-BR96-Immunoconjugate

One of the most promising chemoimmunoconjugates in
preclinical studies has been the BR96-doxorubicin conju-
gate (BR96-DOX) (32,33,104–106). BR96 is a mouse/
human chimeric monoclonal antibody (IgG1) that identi-
fies a tumor-associated antigen related to Lewis Y (Ley),
which is overexpressed on the surface of human carcinoma
cells of the breast, colon, lung, and ovary (� 200,000
molecules/cell); the antibody shows high tumor selectivity
and is rapidly internalized after binding (107).

BR96-DOX is prepared in a multi step reaction. First,
the four interchain disulfides of the mAb are reduced with
dithiothreitol to create eight thiol groups. These are then
reacted with the maleimidocaproyl hydrazone derivative
of doxorubicin. The caproyl hydrazone bond has acid-
sensitive properties that allow the drug to be released in
the acid environment of lysosomes or endosomes (see Fig.
28). The antitumor activity of the BR96-DOX-immuno-
conjugate has been evaluated in several clinical trials.

In a first phase I study, the immunoconjugate was ad-

Table 32.5 Clinical Trails with Chemoimmunoconjugates

Drug Tumor types Antibody MOLR Patients Response Ref.

Doxorubicin Various BR96 8 62 2 PR (41,42)
BR96 8 34 None (43)

Metastatic breast BR96 8 14 1 PR (44)
cancer

Various Various cocktails * 24 2 MR (59)
Various cocktails * 23 5 MR (93)

Methotrexate Non-small-cell lung KS1/4 6 5 None (49)
cancer

KS1/4 6 11 1 MR (50)
Vinca alkaloid Lung and colon KS1/4 4–6 22 None (55,56)

carcinoma
KS1/4 4–6 22 None (54)

Daunomycin/ Neuroblastoma Human allogenic IgG 3 7 3 CR, 1 PR, 2 MR (57)
Chlorambucil

Mitomycin C Various Various cocktails 2.5–15.8 19 1 SD (60)
Neocarzinostatin Colon carcinoma A7 (α-colon Ca) 2 41 3 MR (67)
N-acetylmelphalan Colon carcinoma α colon Ca mAb— * 10 3MR (62)

cocktails
Calicheamicin Acute myeloid Humanized anti-CD33 2–3 40 3 CR, 5–8 PR (74)

leukemia

CR � complete response; MR � minor response; PR � partial response; SD � stable disease; MOLR � Drug/mAb mole ratio; * � value not given.

Figure 32.28 Structure of the BR96–doxorubicin immunocon-
jugate. (From Ref. 104.)

ministered to 62 patients as an intravenous infusion every
21 days (108,109). Doses of BR96-DOX ranged from 66
to 875 mg/m2, which is equivalent to 2 to 25 mg/m2 of
free doxorubicin. Two patients exhibited partial responses,
one with breast and the other with gastric carcinoma. A
stable disease was observed in a number of patients.

In a second phase I dose-escalation study, 34 patients
with Ley-expressing tumors were treated with BR96-DOX
administered as a weekly infusion of 100–500 mg/m2 of
BR96-DOX (equivalent to 3–15 mg/m2 doxorubicin)
(110). Although antibody localization studies demon-
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strated binding of the immunoconjugate at the tumor site,
no objective responses were observed. In both studies,
BR96-DOX showed dose-limiting gastrointestinal (GI)
toxicity at the highest doses. Importantly, no cardiotoxicity
was observed, and no HAMA response to the chimeric Ab
was induced after repeated dosing.

Recently, a randomized phase II study was performed
to evaluate the activity of BR96-DOX against metastatic
breast cancer in patients with confirmed sensitivity to
single-agent doxorubicin (57). Patients received either 700
mg/m2 of BR96-DOX (equivalent to 20 mg/m2 DOX) or
60 mg/m2 doxorubicin every 3 weeks. There was one par-
tial response in the 14 patients receiving BR96-DOX as
well as one complete and three partial responses in the nine
patients treated with doxorubicin alone. Interestingly, two
of the four patients who crossed over to the BR96-DOX
group of the trial after persistent stable disease during treat-
ment with doxorubicin, achieved partial regression of
hepatic metastases following immunoconjugate therapy
(111). The cross-reactivity of BR96 with normal gastroin-
testinal tissue led to prominent toxicities and probably im-
paired the delivery of the immunoconjugate to the tumor
sites.

Localization of the antibody and the drug was seen in
tumor biopsies of patients receiving BR96-DOX, indicat-
ing that the antibody successfully delivered doxorubicin to
tumors. Together with the low clinical response rates, the
data suggest that the dose that could be safely administered
every 3 weeks was insufficient for maintaining the intratu-
moral concentration of doxorubicin required to achieve tu-
mor regression.

2. Methotrexate-KS1/4-Conjugate

A conjugate of methotrexate (MTX) and the monoclonal
antibody KS1/4 was evaluated in two phase I studies in
patients with non-small-cell lung cancer. KS1/4 is a mu-
rine monoclonal IgG2a antibody that recognizes a Mr

40000 antigen found on most adenocarcinomas (112,113).
Its high density on the cell surface and homogeneous ex-
pression in non-small-cell lung carcinoma makes this anti-
gen a suitable target for mAb-directed therapy. The conju-
gate was prepared by simple nonspecific carbodiimide
coupling of MTX to the lysine moieties of the mAb (114).

In the first trial, five patients received the MTX–KS1/4
conjugate, while six other patients were treated with KS1/4
alone (115). The total dose of protein administered was
1661 mg, while the amount of methotrexate received with
the preparation was 28 mg. In general, the infusions were
well tolerated, and similar toxicities were observed in both
groups. A majority of patients in both groups developed a
HAMA response. Immunoperoxidase staining of carci-

noma samples provided evidence of posttreatment local-
ization of antibody and conjugate, respectively. However,
no significant clinical response was observed in either
group.

In a second clinical study, differing schedules at higher
doses were administered to evaluate the therapeutic effi-
cacy and toxicity of the MTX immunoconjugate in more
detail (116).

Eleven patients were treated with the KS1/4–MTX con-
jugate. The resulting MTD of the conjugate was 1750 mg/
m2, equivalent to 40 mg/m2 MTX.

Under therapy, two patients developed meningitis. One
patient had an objective response in two lung nodules (�
50% decrease) but developed immune-complex-mediated
arthritis and serum sickness upon subsequent treatment.

3. Immunoconjugates with Desacetylvinblastine

In various preclinical studies, the tumor-associated anti-
gen recognized by the KS1/4 mAb (112) has been investi-
gated as a target for site-directed therapy strategies with
chemoimmunoconjugates of vinca alkaloid derivatives
(30,117,118). Two of these conjugates, KS1/4–desacetyl-
vinblastine (KS1/4-DAVLB) and KS1/4–desacetylvin-
blastine-3-carboxyhydrazide (KS1/4-DAVLBHYD), have
been examined in phase I clinical studies in patients with
epithelial malignancies (119–121).

The first conjugate, KS1/4–DAVLB, contains four to
six molecules of desacetylvinblastine covalently attached
to the 
-amino groups of lysine residues of the KS1/4 mAb
through hemisuccinate linkers (see Fig. 29a). Twenty-two
patients with lung, colon, or rectum adenocarcinomas re-
ceived KS1/4–DAVLB in phase I clinical trial (120,121).
Single-infusion doses in 13 patients ranged from 40 to 250
mg/m2 (equivalent to 1.4–14 mg DAVLB). Nine patients
were treated with multiple doses of 1.5 mg/kg every 2–3
days. Antitumor activity was not observed in any of the
patients. The development of gastrointestinal toxicity was
predominant and limited the amount of KS1/4–DAVLB
that could be administered. Results from preclinical studies
suggested that substantially higher doses than those
achieved in the clinical trial would be required to observe
antitumor activity.

The second conjugate, KS1/4–DAVLBHYD, was syn-
thesized by coupling 4-desactetyl-vinblastine-3-carbohy-
drazide to aldehyde moieties generated by mild oxidation
of the immunoglobulin’s carbohydrate region (30). The re-
sulting conjugate contains 4–6 drug molecules linked to
the antibody through an acid-cleavable hydrazone bond
that allows release of the free drug in the acidic environ-
ment of tumor cells and tumor tissue (see Fig. 29b).

Fourteen patients were treated with a single dose of the
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Figure 32.29 Structure of the KS1/4–DAVLB immunoconjugate (a) and the KS1/4–DAVLBHYD immunoconjugate (b).(From Ref.
30.)

conjugate, ranging from 5 to 178 mg KS1/4–DAVLB-
HYD. Eight patients received multiple infusions with a to-
tal of 127–896 mg conjugate. 77% of the patients devel-
oped a HAMA response and 36% showed antivinca
antibodies (119). No clinical responses were seen in these
studies.

4. Immunoconjugates with
Daunorubicin/Chlorambucil

Allogenic antibodies directed against neuroblastoma tumor
cells were used as macromolecular carriers of daunoru-
bicin and chlorambucil (122). Seven children bearing neu-
roblastoma have been treated with 1 mg daunorubicin/kg
or 0.5 mg chlorambucil/kg per dose. Treatment was con-
tinued up to one year, achieving three cures and one long-
term response. Two further patients showed minor re-
sponses.

5. Immunoconjugates with Mitomycin C

Mitomycin C immunoconjugates were prepared by cou-
pling mitomycin C through an N-hydroxysuccinimide ester
intermediate to amino groups of the antibody (123). In a
phase I clinical trial, 19 patients with refractory solid ma-
lignancies received individualized combinations of mito-
mycin C murine monoclonal antibody conjugates selected
by immunohistochemical and flow cytometric screening of
tumor specimens. These ‘‘cocktails’’ were composed of
up to six different MMC–antibody conjugates. Doses were
escalated to 60 mg of MMC conjugated to 3–5 grams of
mAbs over a period of 2–3 weeks. The most frequent tox-
icities were rash, fever, and chills. No clinical responses
were seen with these immunoconjugates, although several

patients had less tumor-induced pain after treatment
(124,125).

6. N-Actelymelphalan-Immunoconjugates

N-Actelymelphalan, a derivative of the alkylating agent
melphalan, has been coupled to murine anticolon cancer
monoclonal antibodies (126). The selected antibodies dem-
onstrated a high specificity for colon carcinomas as shown
by immunoperoxidase staining.

In a phase I clinical trial with N-acetylmelphalan conju-
gates in nine patients with colorectal cancer, up to 1000
mg/m2 of conjugate (equivalent to 20 mg/m2 N-acetylmel-
phalan) could be safely administered via the hepatic artery
without causing serious side effects (127).

Interestingly, the patients did not develop myelosup-
pression that typically occurs with the free drug at equiva-
lent doses. HAMA responses were observed in all patients
as well as serum sickness in one patient who received two
courses of treatment. Minor objective responses of dissem-
inated disease in the liver were noted in three of nine pa-
tients.

7. Neocarzinostatin-Immunoconjugate

The anticancer antibiotic neocarzinostatin (NCS) consists
of a very reactive polycyclic chromophore that is noncova-
lently associated with an apoprotein that protects it from
degradation (128,129). The proteinaceous drug (MW �
11,700 Da) is obtained from the culture filtrate of Strepto-
myces carzinostaticus and inhibits DNA synthesis by di-
rect DNA strand scission (130). In vivo, NCS is deacti-
vated within minutes and quickly cleared from the
circulation-causing renal toxicity.
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A neocarzinostatin immunoconjugate containing the
murine monoclonal antibody A7 (131) directed against hu-
man colorectal cancer has been evaluated in 41 patients
(132). No adverse effects were reported, and immunostain-
ing of biopsied cancerous tissue showed that the conjugate
was localized in these cells.

Three of eight patients with postoperative liver metasta-
ses exhibited tumor reduction as shown by computer-aided
tomography. However, patients with lung or peritoneal
metastases had no benefit. A follow-up study (133) showed
that, in general, the rate of 5-year survival was similar for
the group treated with the conjugate in comparison with
groups treated with traditional chemotherapy, while indi-
vidual patients of the conjugate-treated group lived longer.
In addition, patients who received higher doses of the A7–
NCS conjugate had a higher survival rate. Even after 5
years, human antimouse responses against the conjugate
were still detected.

8. Calicheamicin γ1
I-Immunoconjugate

Calicheamicins are a family of enediyne antibiotics (129)
that are probably the most toxic antitumor drugs described
to date. Calicheamicin γ1

I is the most prominent member
of this class of compounds. It binds to the minor groove
of DNA and causes double-strand DNA breaks that ulti-
mately induce cell death (134–136). Antibody-directed de-
livery provides a potential means of exploiting the impres-
sive potency of this compound while minimizing its
systemic toxicity (137,138).

A phase I study of CMA-676, an immunoconjugate of
calicheamicin γI

1 conjugated to a humanized anti-CD33
monoclonal antibody through an acid-labile hydrazone
bond (see Fig. 30), has recently been completed (139). The
CD33 target antigen is expressed on blast cells in most
patients with acute myeloid leukemia (AML), but not on
normal hematopoietic stem cells. This feature raises the

Figure 32.30 Structure of the CMA-676 calicheamicin immunoconjugate. (From Ref. 137.)

possibility of selectively delivering the cytotoxic drug to
malignant cells while sparing healthy stem cells.

Forty patients with refractory or elapsed AML were
treated intravenously with 0.25–9.0 mg/m2 of CMA-676.
Besides fever and chills, toxicity was preliminary hemato-
logical but not considered to be a dose-limiting factor. Leu-
kemic cells were eliminated from the blood and marrow
in eight (20%) of the treated patients, while blood counts
returned to normal in three (8%) of them.

A phase II study has been performed involving pa-
tients with AML in first relapse, who received 9 mg/m2

CMA-676 intravenously every 14 days in three cycles.
An interim analysis of 23 patients showed a response rate
of 43% (86,140). In ten patients, treatment with CMA-
676 resulted in elimination of blasts from peripheral
blood and marrow; three patients achieved a complete re-
sponse, with toxicity being lower than with standard che-
motherapy.

D. Strategies for Enhanced Antibody Delivery
to Tumors

Despite the encouraging preclinical results with distinct
anticancer immunoconjugates, the antitumor efficacy of
these conjugates in clinical trials has been modest. The
shortcomings of the strategy may derive from different ob-
stacles concerning the effective delivery of immunoconju-
gates to the tumor site (141–143). Some of these problems
and their potential solutions are listed in Table 6.

The most disappointing aspect of the clinical studies
using chemoimmunoconjugates is the poor mAb localiza-
tion in tumors, resulting in minimal antitumor responses.
Tumor imaging in patients has shown that the amount of
mAb localizing to the tumors is sometimes less than 0.01%
(81). The inability to translate the promising efficacy seen
in animal models to patients can, in part, be rationalized
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Table 32.6 Problems of Delivery of Monoclonal Antibodies and Some Potential Solutions

Phenomenon Delivery problem/obstacle Potential solutions

Low tumor uptake Heterogeneous Ag expression Cytokines
Antibody cocktails

Poor vascularization Interleukin 1 � 2
TNF-α
Vasoactive agents
Antibody fragments

Small amounts of mAb binding to the More potent drugs
tumor cell Ab cocktails

Carriers
Higher doses

Systemic toxicity Cross-reactivity of mAbs with normal More selective antibodies
tissue Interleukins to enhance Ag expression

Host immune response Murine origin of antibodies Antibody fragments
Chimeric/humanized antibodies

by a dilution effect due to the larger volume of humans
compared with mice. In addition, several other reasons that
prevent effective delivery of the chemoimmunoconjugates
to the tumor have been discussed:

1. Monoclonal antibodies are not absolutely tumor
specific, and cross-reactivity of the conjugates with
normal tissue causes systemic toxicity. For in-
stance, severe gastrointestinal toxicity was ob-
served in clinical trials with the doxorubicin conju-
gate BR96–DOX due to cross-reactivity of the
antibody with these tissues (109–110).

2. The inner regions of solid tumors are often poorly
vascularized and exhibit a relatively low blood flow
(144–146). Both factors reduce the amount of
chemoimmonconjugate reaching these parts of the
tumor.

3. Heterogeneity of antigen expression by tumor cells
restricts the amount of cells that can effectively be
targeted by antibody conjugates. Tumor cells that
express the associated antigen only at a low level
or not at all will most likely escape therapy due to
their failure to bind the mAbs.

4. To some extent, antigens are secreted into the circu-
lation (147). The ‘‘shedding’’ of antigen from the
surface of tumor cells limits the amount of immu-
noconjugate accumulating in the tumor because
soluble antigens neutralize the chemoimmunocon-
jugate in the circulation.

5. Murine antibodies and respective immunoconju-
gates evoke a human antimouse antibody (HAMA)
immune response when administered to humans
(93), which leads to their rapid neutralization and
clearance from the bloodstream (92).

6. Conventional anticancer drugs are only moderately
cytotoxic, and a large number of drug molecules
have to be internalized to cause cell death. This is
difficult to achieve by antibody delivery, as only a
limited number of drug molecules can be linked to
the immunoglobulin without diminishing its immu-
noreactivity (103).

Consequently, a number of strategies for improving the
delivery of chemoimmunoconjugates to the tumor have
been considered.

1. Increasing the Administered Dose

The rate of diffusion of chemoimmunoconjugates from the
blood to the tissues is dependent on the concentration gra-
dient between the plasma and the extravascular space
(144).

Thus increasing the administered dose of the conjugate
generally results in higher drug levels at the tumor site,
but it also increases the concentration of conjugate in the
blood and normal tissues. Furthermore, high concentra-
tions of immunoconjugate in the blood may lead to satura-
tion of binding sites on the tumor, resulting in decreased
tumor uptake (‘‘binding-site barrier’’) (148–150).

2. Regional Administration of Immunoconjugates

Administration of chemoimmunoconjugates via an inter-
cavitary route provides the advantages of (1) increased
concentration of the agent at the tumor site and (2) de-
creased systemic toxicity to normal organs, such as the
bone marrow or the gastrointestinal tract.

The route of local arterial injection at the tumor site has
been evaluated for the neocarzinostatin immunoconjugate
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A7-NCS (151). In contrast to systemic injection, the re-
gional administration of the A7-NCS immunoconjugate
produced a significant tumor reduction and was effective
in preventing tumor development with concomitant low
toxicity.

3. Overcoming Antigenic Heterogeneity

The homogeneity of antigen expression is a critical deter-
minant for the therapeutic efficacy of chemoimmunoconju-
gates (152). Several biological response modifies, such as
interferon-alpha (IFN-α), interferon-gamma (IFN-γ) and
tumor necrosis factor alpha (TNF-α), are capable of modu-
lating the expression of certain tumor antigens, both in
vitro and in vivo (153–155).

Interleukin-2 in combination with antibodies and an in-
terleukin-2 immunotoxin was shown to overcome antigen
heterogeneity by inducting a cellular immune response
(156,157). Furthermore, a combination of antibodies may
be useful for targeting all of the cancer cells. In clinical
studies with chemoimmunoconjugates that were men-
tioned before, the use of immunoconjugate ‘‘cocktails’’
has been evaluated by different groups with good clinical
results (124,158).

4. Engineered Antibodies

The large size of the IgG molecules impairs their diffu-
sion into extravascular tumor regions (144). A variety of
chemically digested or recombinantly prepared antibody
fragments of lower molecular weight have therefore been
developed and evaluated in preclinical models (99). Com-
monly used antibody-based structures include F(ab′)2,
Fab, and Fv fragments (see Fig. 26). Immunoconjugates
derived from these compounds usually exhibit a faster
and deeper diffusion into the tumor tissue (160,161).
However, renal clearance rates are also enhanced because
the reduced molecular weight falls below the exclusion
size of the kidney, which can lead to increased renal tox-
icity.

The HAMA response in humans was significantly re-
duced by the use of chimeric (96) and humanized (139)
antibodies. However, it cannot be eliminated completely,
since the mouse variable and hypervariable regions may
still elicit an immune response.

5. Enhancement of Tumor Vascularization

Several cytokines, including interferons, tumor necrosis
factor α, and interleukin-2 along with some novel drugs,
can increase the vascular permeability and thus enhance
the uptake of macromolecules in tumors (142). Several
preclinical studies have demonstrated improved targeting

of radiolabeled mAbs to tumor xenografts in mice that
were treated with some of these compounds (82,156).

6. Increasing the Cytotoxicity
of Chemoimmunoconjugates

In order to increase the drug loading ratio of chemoimmu-
noconjugates, intermediate carrier molecules, such as dex-
tran (103,162) or human serum albumin (163–166), have
been developed, but none of these constructs have reached
an advanced stage in preclinical development.

Another possibility of enhancing the cytotoxicity of a
chemoimmunoconjugate is to use drugs that are much
more cytotoxic than conventional anticancer agents, such
as calicheamicins. The feasibility of this approach has been
demonstrated in recent clinical trials with a calicheamicin-
immunoconjugate CMA-676 (see Section III.C)

IV. DRUG CONJUGATES
WITH SERUM PROTEINS

During the past 40 years numerous studies have demon-
strated that the blood proteins albumin and transferrin ac-
cumulate in tumor tissue (167–171). Tumor uptake has
been demonstrated by labeling these proteins with 67gal-
lium, 68gallium, 111indium, 97ruthenium. or 103ruthenium,
and 131iodine, respectively, or with dyes such as evans blue
or fluorescein compounds. Relevant diagnostic studies
with albumin, transferrin and low-density lipoprotein
(LDL) have been recently reviewed (171).

As an example of a fairly new technique to determine
the uptake of labeled proteins, Fig. 31 shows the results
of near-infrared imaging with an indotricarbocyanine albu-
min conjugate (structures are depicted in Fig. 32) in a tu-
mor-bearing nude mouse model. In near-infrared imaging,
suitable fluorescent dyes are administered intravenously to
tumor-bearing mice, and these are then exposed to radia-
tion in the near-infrared (� 740 nm). The resulting emis-
sion spectrum is recorded with a camera and analyzed with
a software program, thus revealing the in vivo distribution
pattern of the respective dye. As can be seen in Fig. 30,
there is a high rate of tumor accumulation for the albumin
conjugated form (MW � 67,500 g/mol).

Besides the diagnostic evidence for tumor uptake, albu-
min and transferrin are suitable as drug carriers for a num-
ber of reasons: (1) tumor cells express high amounts of
specific transferrin receptors on their cell surface (172–
177); (2) they accumulate in tumor tissue and are taken up
by proliferating tumor cells through endocytosis, probably
in order to cover nutritional needs, i.e., amino acids and
iron (178–182); (3) they are biodegradable, nontoxic, and
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Figure 32.31 Near-infrared imaging in a nude mouse bearing
a subcutaneously growing colon tumor 24 h after intravenous ad-
ministration of an acid-sensitive indotricarbocyanine albumin
conjugate (see Fig. 31). Tumor localization is indicated by an
arrow. (From cooperation with the IDF of the University of Ber-
lin, FRG.)

nonimmunogenic (4) they are readily available in a pure
form exhibiting good biological stability. In the past, vari-
ous transferrin and albumin conjugates have been devel-
oped with clinically established anticancer drugs and some
representative examples are described in the following. Di-
rect coupling methods employing glutaraldehyde for cross-
linking doxorubicin and daunorubicin to either albumin or
transferrin have resulted in active conjugates. Faulk et al.
have shown that transferrin conjugates of doxorubicin
show high in vitro activity (183). These transferrin doxoru-
bicin conjugates have been used in the treatment of patients
with acute leukemia, and the results have shown dimin-
ished numbers of leukemic cells in peripheral blood, no
increase of leukemic cells in bone marrow biopsies, and

Figure 32.32 Structure of an acid-sensitive indotricarbocyanine albumin conjugate.

no anaphylactic reaction in the patients (184). When doxo-
rubicin was coupled to bovine serum albumin by the same
glutaraldehyde method, Ohkawa et al. demonstrated that
this albumin conjugate was able to overcome multidrug
resistance in a rat hepatoma model (185).

The importance of realizing a point of cleavage in the
spacer between the drug and the carrier protein was estab-
lished through experiments by Trouet et al. in the develop-
ment of peptide spacers (46). Daunorubicin was bound to
succinylated albumin through a series of peptide spacer
arms, and the resulting conjugates differed significantly in
their antitumor activity against L1210 leukemia depending
on the cleavability of the oligopeptide by lysosomal en-
zymes. Albumin daunorubicin conjugates containing dis-
tinct tri- and tetrapeptide spacers have shown high antitu-
mor activity in in vivo models when administered i.p. (46).

We have recently developed a number of transferrin and
albumin conjugates with the anthracyclines doxo- and
daunorubicin and the alkylating agent chlorambucil
(35,36,60,61). In these protein conjugates the drug was
bound to the protein through an acid-sensitive carboxylic
hydrazone bond or through an amide and ester bond, re-
spectively.

The in vitro and in vivo activity of these conjugates has
been studied intensively (35,36,60,61,186–188). A com-
mon theme that emerged from these studies was that the
conjugates in which the anthracycline was linked to the
protein through a stable amide bond showed no or only
marginal inhibitory effects, whereas the acid-sensitive an-
thracycline protein conjugates demonstrated cytotoxic ac-
tivity that was, on the whole, comparable to that of the
free anthracycline. Interestingly, a comparison of analo-
gous transferrin and albumin anthracycline conjugates
showed a very similar picture of in vitro activity, i.e., in-
hibitory effects did not depend on the carrier protein but
rather on the chemical link realized between the drug and
the protein. This fact was confirmed with our work on
chlorambucil protein conjugates (36,61).
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The antitumor activity of acid-sensitive doxorubicin
transferrin and albumin conjugates has been evaluated in
a number of xenograft mammalian carcinoma models in a
direct comparison with free doxorubicin (187). The trans-
ferrin and albumin conjugates showed significantly reduced
toxicity (reduced lethality and body weight loss) at low
doses with a concomitantly stable and improved antitumor
activity of the transferrin and albumin conjugates compared
to free doxorubicin at equitoxic doses. In accordance with
the in vitro data we did not observe a pronounced differ-
ence between the transferrin and albumin conjugates with
regard to in vivo efficacy in the tested animal models. Ad-
ditionally, an acid-sensitive doxorubicin albumin conju-
gate induced a complete remission of primary kidney tu-
mors against murine renal cell carcinoma and prevented
the formation of metastases in the lungs, in contrast to ther-
apy with doxorubicin at its optimal dose (188).

The folate antagonist methotrexate (MTX) is a further
anticancer drug that has been bound serum proteins such as
HSA. Chu and Whiteley have shown that MTX–albumin
conjugates, synthesized through direct coupling with car-
bodiimides, are more effective than the free drug in reduc-
ing the number of lung metastases in mice inoculated
subcutaneously with Lewis lung carcinoma (189–191).
However, this conjugate did not exhibit improved activity
over free MTX in prolonging the life span of L1210-bear-
ing mice (192). Research on MTX-HSA conjugates carried
out a decade later focused on the required coupling tech-
niques in more detail (193–195). Preparation methods us-
ing either the N-hydroxysuccinimide ester of MTX or the
assistance of water-soluble carbodiimides were carried out.
Both methods were found to have advantages and draw-
backs in terms of purity, stability, efficiency, and simplic-
ity. MTX–HSA conjugates, synthesized by direct coupling
using carbodiimides, have shown a reduction in tumor size
and pulmonary metastases in B16 melanoma-bearing mice
compared to free MTX, but no difference in overall sur-
vival was observed (194). It should be noted that the MTX/
HSA ratio in these conjugates was high, about 26 mole-
cules of MTX being bound to one molecules of HSA.

Sinn and coworkers have very recently emphasized that
the drug loading rate determines the tumor-targeting prop-
erties of MTX albumin conjugates in rats. In a systematic
study, in which the tumor uptake of MTX–albumin conju-
gates loaded with 1, 5, 7, 10, or 20 molecules of MTX
was compared in Walker-256 carcinoma-bearing rats, only
loading rates of close to one equivalent of MTX per mole-
cule of albumin offered optimal tumor-targeting properties
comparable to unmodified albumin (196).

This MTX–HSA conjugate loaded with one equivalent
of MTX by reacting an intermediate derivative of MTX,
i.e., a reactive ester formed by reaction with N-hydroxy-

succinimide and dicyclohexylcarbodiimide, with HSA, has
shown high antitumor efficacy in xenograft nude mice
models, and a clinical phase I study has been performed
with 17 patients in Germany (197). An interesting finding
of this study was that two patients with renal cell carci-
noma and one patient with mesothelioma responded to
MTX–HSA therapy (one partial response, two minor re-
sponses). Phase II studies are ongoing.

A further anticancer agent that has been bound to serum
albumin as well as to transferrin is mitomycin C. Coupling
was performed by binding an activated ester of glutary-
lated mitomycin C to bovine serum albumin or human se-
rum transferrin (198,199). The resulting imide bond at the
aziridine group of the drug is relatively unstable, and mito-
mycin C release appears to be through hydrolysis in the
extracellular space of tumor tissue. The albumin mitomy-
cin C conjugate was shown to accumulate in tumor tissue,
to suppress tumor growth, and to increase the survival rate
of tumor-bearing mice.

V. DRUG CONJUGATES WITH GROWTH
FACTORS AND CYTOKINES

Another approach for delivering therapeutic agents to tu-
mor cells that has been investigated in the past 20 years
is the coupling of anticancer drugs or toxins to peptide
growth factors and cytokines, which are often involved in
the mitogenic signaling of tumors (200,201).

A. Drug Conjugates with Growth Factors

Peptide growth factors bind with high affinity to their re-
ceptors on the surface of malignant cells, resulting in intra-
cellular responses that cause differentiation, growth, and
survival of these cells (202,203). The specific interaction
between ligand and growth factor receptor triggers a cas-
cade of intracellular biochemical signals, resulting in the
activation or suppression of various subsets of genes that
are linked to cancer and that promote cell division and cell
replication (200,204). Because large numbers of growth
factors are found on the surfaces of various tumor cells,
growth factors are potential carriers of cytotoxic agents for
selective drug delivery.

In the past, different kinds of peptide growth factors
have been studied with regard to their structure, to their
origin, to their site of action, and to the characterization
of the respective receptor. Some of these properties are
listed in Table 7.

Coupling toxins to growth factors is a relatively new
method for drug delivery due to their only recent character-
ization and restricted availability. Nevertheless, estab-
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Table 32.7 Properties of a Selection of Polypeptide Growth Factors

Growth factor (GF) Description Target cells Receptors

Epidermal GF (EGF) Major forms are 6 kD with Epithelia, mesenchymal and Protein tyrosine kinase (175
Transforming GF α (TGF-α) some larger species de- glial cells kD)

tected, EGF and TGF-α pro- Product of the c-ERB protoon-
teins are 40% identical; cogene; receptor for EGF,
both are released by proteol- TGF-α and vaccina virus
ysis of membrane-bound growth factor
precursors

Transforming GF (TGF): 25 kD homodimers; secreted Wide variety of cells Type 1, 50 kD; type 2, 70 kD;
TGF-β1, TGF-β2, and TGF- as latent complexes type 3, 280–330 kD; each
β3 type binds TGF-β1, β2, and

β3; type 1 may be main me-
diator of responses

Fibroblast GF (FGF): Acidic and basic FGF, respec- Variety of endothelial, epithe- (150 kD) FGF1 and (130 kD)
FGF1 and FGF2 tively; 16–17 kD; occasion- lial, mesenchymal, and neu- FGF2 receptors, both pro-

ally larger forms; 55% ho- ronal cell types tein tyrosine kinases; high
mologous; also related to cross-reactivity of FGF1
other FGFs and interleukin- and FGF2 with respect to re-
1 family ceptor binding

Plateted-derived GF (PDGF): Dimers of A (17 kD) and B Mesenchymal cells, glial cells, Two species of glycoproteins;
PDGF AA, AB, and BB (16 kD) chains; B chain is smooth muscle cells, placen- both tyrosine kinases; type

product of c-SIS proto- tal trophoblasts α (170 kD) binds all PDGF
oncogene dimers; type β (180 kD)

binds PDGF BB and AB
weakly

Vascular endothelial-GF Dimers composed of two sub- Wide variety of cells Protein tyrosine kinase; fms-
(VEGF) units of identical weight (2 like, (160 kD)

� 23 kD)
Insulin-GF (IGF): 7 kD, both growth factors are Wide variety of cells IGF1 receptor (130 kD � 90
IGF1 and IGF2 related to each other and to kD); protein tyrosine kinase

proinsulin that binds IGF1 and IGF2;
IGF2 receptor (250 kD) is
identical to mannose-6-
phosphate receptor and
binds solely IGF2

Source: Ref. 205.

lished methods for providing recombinant peptides in large
amounts, e.g., through gene splicing DNA techniques
(206), has led to an increased interest in using peptide
growth factors as carrier systems. In this chapter, several
important peptide growth factors and their conjugates with
anticancer agents and toxins are described.

1. Epidermal Growth Factor and Transforming
Growth Factor

The epidermal growth factor family of proteins encom-
passes several growth factors that are structurally and func-
tionally related proteins, such as the epidermal growth fac-
tor (EGF) and the transforming growth factor (TGF-α)
(207). Both growth factors interact with the same cell sur-

face receptor which is overexpressed in several tumor
types.

a. Epidermal Growth Factor (EGF)

Among the growth factors that have been purified to date,
EGF is one of the most biologically potent and best charac-
terized with respect to its physical, chemical, and biological
properties (208). EGF is a single-chain polypeptide com-
posed of 53 amino acids with an isoelectric point at pH 4.6
and a molecular weight of 6045 Da (208). The biological
effect of EGF, which is secreted by the salivary glands and
by specialized enteroendocrine cells found in the small in-
testine (209,210), is to promote proliferation of the basal
cell layer of various epithelia of ectodermal origin.



876 Kratz et al.

The epidermal growth factor receptor (EGF-R) is fre-
quently implicated in human cancer and binds EGF as well
as TGF-α. Enhanced expression of EGF-R has been impli-
cated in human cancers of the brain, head, neck, lung,
ovary, and breast (211). Furthermore, patients with tumors
that overexpress EGF-R often have a poor prognosis. Con-
sidering the high affinity between EGF-R and its ligand
(Kd ≅ 2–4 � 10�10 M) and the fact that the receptor–ligand
complex is internalized (208), exploitation of EGF as a
vehicle for drug delivery is a potential strategy of achiev-
ing tumor targeting (212).

In the past years, EGF was coupled to different antican-
cer drugs, toxins, or radionuclides by several groups, and
the antitumor activity of the respective conjugates was
evaluated with respect to the amount of EGF-R on the cell
membranes of different cell lines (213–219). A first exam-
ple is described by Acostata and coworkers who prepared
a conjugate of EGF with the anticancer drug doxorubicin
using glutaraldehyde as the coupling reagent (213). Subse-
quent in vitro studies in tumor cell lines showed that the
conjugate exhibited the same binding capacity to EGF-R
as free EGF in breast cancer cells, and there was no loss of
cytotoxicity of conjugated doxorubicin. Furthermore, the
cytotoxicity of the conjugate was dependent on the amount
of EGF-R on the cell membranes (214).

In another work, conjugation of EGF with ricin, a toxic
glycoprotein from castor beans, is described (215). The
EGF–ricin conjugate was cytotoxic at much lower concen-
trations than required for ricin itself.

Jinno et al. reported on human and murine EGF conju-
gates with mammalian pancreatic ribonuclease (RNase)
(214). The EGF–RNase conjugate retained potent RNase
activity and showed dose-dependent cytotoxicity against
EGFR-overexpressing A431 human squamous carcinoma
cells as well as against other squamous carcinoma and
breast cancer cell lines. In all cases, the efficacy of the
conjugates correlated positively with the level of expres-
sion of EGF-R in each cell line.

In vitro as well as in vivo experiments were performed
in order to study the antitumor activity of EGF conjugates
with phthalocyanines, i.e., disulfochloride cobalt phthalo-
cyanine, against murine B16 melanoma (216). The conju-
gate possessed higher cytotoxic activity in vitro in compar-
ison to the unbound agent. Subsequent in vivo results in
mice treated intravenously with the conjugate showed tu-
mor growth inhibition as well as increased mean life spans
and survival of the experimental animals.

Further in vivo experiments were described using a con-
jugate of EGF and the isoflavone genistein (217). The in
vivo toxicity profile, the pharmacokinetics, and the anti-
cancer activity of the conjugate were studied. The conju-
gate significantly improved tumor-free survival in a severe

combined immune deficiency (SCID) mouse model of sub-
cutaneous human breast cancer at systemic exposure levels
nontoxic to mice when administered intraperitoneally. Fur-
thermore, plasma samples from EGF–genistein-treated
monkeys exhibited potent and EGF-R-specific in vitro an-
titumor activity against EGF-R-positive human breast can-
cer cell lines (217).

Another example for using EGF as a carrier system is
a targeted DNA delivery system developed for the possible
treatment of lung cancer (218). EGF was chemically modi-
fied with poly-l-lysine (PLL), thus allowing the attach-
ment of DNA to the conjugate. In vitro experiments
showed that EGF/PLL complexed with DNA could effi-
ciently deliver DNA into several lung cancer cells by
receptor-mediated endocytosis.

Finally, Zhao et al. studied a mouse EGF-dextran-
tyrosine conjugate in vitro. Murine EGF was coupled to
dextran (70 kD) by reductive amination, and subsequently
tyrosine residues were introduced onto the dextran surface
to allow the attachment of radionuclides, such as 125I (219).
Exposure of the conjugate to dextranase showed that io-
dine was primarily attached to the dextran part of the con-
jugate. The conjugate was effectively internalized in hu-
man glioma cells, and radioactivity was retained inside the
cells for up to 50 h.

b. Transforming Growth Factor α (TGF-α)

TGF-α is a 50 amino acid protein that is derived from a
170 amino acid precursor protein, pro-TGF-α, and that acts
exclusively through the EGF receptor (220). TGF-α ex-
pression is prevalent in tumor-derived cell lines, e.g., in
non-small-cell lung cancer cell lines, and in cells trans-
formed by cellular oncogenes, retroviruses, and tumor pro-
moters; its biological function is to induce cell prolifera-
tion (221).

Although it is more common to conjugate drugs or tox-
ins with the epidermal growth factor, several studies have
been performed in order to investigate the potential of
TGF-α as a drug carrier. For this purpose, recombinant
toxins containing TGF-α and Pseudomonas exotoxin 40
have been developed (222). This technique has the advan-
tage of avoiding the difficulties of chemical conjugation
methods that can produce heterogeneous products that af-
fect receptor binding (223). The former chimeric protein
exhibits the receptor-binding properties of TGF-α and the
cell-killing activity of Pseudomonas exotoxin 40. Pseu-
domonas exotoxin is a single-chain protein made up of
three major domains: domain Ia binds to the cell surface,
domain II catalyzes the translocation of the toxin into the
cytosol, and domain III contains the ADP-ribosylation ac-
tivity that inactivates elongation factor 2 and leads to cell
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death (224). In vitro experiments showed that the conju-
gate is extremely cytotoxic against a variety of cancer cell
lines including liver, ovarian, and colon cancer cell lines,
indicating high levels of EGF receptor expression in these
cells (225).

Similar results were obtained when using conjugates
with derivatives of Pseudomonas exotoxin, which are
slightly modified forms of the toxin protein (226). In vivo
experiments with a modified conjugate were performed in
tumor-bearing nude mice that either expressed the EGF
receptor or not. The results showed that mice bearing tu-
mors that express EGF receptors lived significantly longer
when treated intraperitoneally with the conjugate com-
pared to saline-treated controls (101 vs 47.5 days) (222).
The conjugate did not prolong the survival of mice bearing
tumor cells that lack EGF-R (15.5 vs. 19.5 days). When
given i.p., the conjugate induced moderate hepatic ne-
crosis.

In further studies, a recombinant toxin composed of hu-
man TGF-α fused to a fragment of Pseudomonas exotoxin
(PE38), devoid of its cell-binding domain, was coupled to
monomethoxy-polyethylene glycol (PEG) of different mo-
lecular weights (range 10–63 kDa), and the conjugates
were tested for their in vivo activity (227). The experi-
ments showed that PEGylated conjugates exhibited mark-
edly enhanced antitumor activities when compared to the
unmodified chimeric toxin and that they had extended life-
times in the blood when administered intravenously to
tumor-bearing mice.

2. Vascular Endothelial Growth Factor (VEGF)

The growth of solid tumors beyond a size of 2 mm in diam-
eter is dependent on new blood vessel formation through
angiogenesis (228). This complex process is mediated by
various tumor-derived growth factors such as the vascular
endothelial growth factor (VEGF) (203). VEGF was first
purified by Gospodarowicz et al. and Ferrara and Henzel
in the late 1980s from the conditioned medium of bovine
pituitary folliculo stellate cells and shown to be an approxi-
mately 46-kDa protein that dissociates into two apparently
identical 23-kDa subunits upon reduction (229–231).
Binding of VEGF to its specific receptor causes a mito-
genic signal resulting in cell proliferation and growth of
capillary endothelial cells (232). VEGF is an angiogenic
factor that simulates endothelial cell proliferation and mi-
gration and can induce local permeability changes in blood
vessels that lead to capillary leak and fibrin deposition
(233).

The use of VEGF as a carrier system in order to block
tumor neovascularization was intensively studied by Ra-
makrishnan et al., who investigated whether VEGF could

be used to deliver toxin polypeptides to vascular endothe-
lial cells (234). A conjugate was synthesized linking a re-
combinant isoform of VEGF to a truncated form of the
diphtheria toxin. This conjugate was investigated for its
ability to inhibit vascular endothelial cell proliferation and
angiogenesis in human umbilical vein endothelial cells and
in human microvascular endothelial cells. Treatment of
the cells with the conjugate resulted in a selective, dose-
dependent inhibition of growth. In an in vivo model of
angiogenesis, the conjugate showed marked inhibition of
neovascularization. Further in vivo experiments were per-
formed to investigate the antitumor activity of the chemi-
cally linked conjugate (235). Athymic nude mice bearing
established subcutaneous tumors were treated i.p. with
VEGF toxin, which evoked an antitumor response. Histo-
logical analyses showed tumor necrosis originating from
vascular injury, and the conjugate had no effect on well-
vascularized, normal tissues.

However, recent in vitro investigations with similar chi-
meric proteins containing isoforms of VEGF and diphthe-
ria toxin were found to be highly toxic to proliferating en-
dothelial cells but not to vascular smooth muscle cells
(236). The fusion proteins were also active in in vivo ex-
periments with mice bearing s.c. Kaposi’s sarcoma, a tu-
mor type that expresses high levels of VEGF receptor and
that is commonly seen in patients with HIV-1 (237). The
in vivo results of subcutaneously administered conjugate
showed that the protein substantially retarded the growth
of Kaposi’s sarcoma (236).

3. Fibroblast Growth Factor (FGF)

Several factors inducing angiogenesis have been isolated
and characterized, among them the acidic and basic form
of the fibroblast growth factor (229). Acidic FGF (aFGF)
is a 140 amino acid protein (� 16 kDa) that was isolated
from tissue of the bovine brain and the retina (238). Basic
FGF (bFGF) is a 146 amino acid protein (� 17 kDa) iso-
lated from several tissues, such as bovine and human brain,
retina, and kidney (239). The amino acid sequence of aFGF
has a 53% homology to bFGF, and both growth factors
interact with the same cell surface receptor. In fact, in nor-
mal adult tissue, the expression of FGF receptors is either
absent or very low. However, in diseased tissues, such as
cancer, FGF receptors are overexpressed (240). Both aFGF
and bFGF are potent mitogens for vascular and capillary
endothelial cell types and stimulate the formation of blood
capillaries (angiogenesis) in vitro and in vivo (241,242).

Conjugation of toxins with FGF to achieve selective an-
titumor activity has been investigated in a few cases. In
the early 1990s, several scientists investigated the in vitro
and in vivo antitumor activity of a chemically linked conju-
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gate of bFGF and the ribosome-inactivating protein sa-
porin (243). In vitro experiments in several human cancer
cell lines expressing FGF receptors showed high cytotoxic-
ity of the conjugate. In addition, in in vivo experiments in
nude mice bearing human tumor xenografts, the conjugate
given intravenously demonstrated dramatic tumor growth
inhibition and minimal toxicity (243,244). Later, a fusion
protein containing the full-length sequences of bFGF and
saporin was expressed in Escherichia coli that demon-
strated high binding affinity to FGF receptors (245). In in
vivo experiments against B16-F10 melanoma, the subcuta-
neously administered recombinant protein proved to have
the same therapeutic profile as the chemically linked con-
jugate (246). Recently, in vitro studies with both chemi-
cally conjugated and fusion bFGF–saporin protein in hu-
man bladder cancer cell lines showed high antiproliferative
activity (247).

In other studies, chimeric proteins composed of aFGF
and several forms of Pseudomonas exotoxin were investi-
gated for their cytotoxic activity in a variety of tumor cell
lines including hepatocellular, prostatic, colon, and breast
carcinomas (248). The cytotoxic effects were FGF-
receptor-specific as demonstrated by competition with ex-
cess aFGF and by showing that aFGF toxin bound to the
FGF receptor with the same affinity as aFGF. Furthermore,
it could be shown that cell-killing was toxin mediated.

B. Immunotoxins with Interleukins

Among the cytokines, interleukins have been extensively
studied as carriers of toxins, and we will restrict our discus-
sion to respective immunotoxins with these cytokines.

The interactions between immune and inflammatory
cells are mediated to a large part by proteins termed in-
terleukins (IL) that are able to promote cell growth, differ-
entiation, and functional activation. The name interleukin
was chosen because it reflected the basic property of these
mediators to serve as communication links between leuko-
cytes (201). During the last two decades, the molecular
structure of a number of interleukins (IL-1–IL-15) has
been described in detail, and their genes have been cloned.
Each interleukin has its unique biological activity, but
some functions overlap. Physicochemical and biological
properties of interleukin 1–8 are presented in Table 8.

The interest of synthesizing immunotoxins with in-
terleukins is increasing due the promising results obtained
in the past. Clinical phase 1 and 2 trials have been per-
formed in some cases, e.g., with a chimeric conjugate of
interleukin-2 and diphtheria toxin (250). In the following,
immunotoxins with interleukins IL-2, IL-4, and IL-6 are
presented as prominent examples.

1. Immunotoxins with Interleukin-2

Interleukin-2 (IL-2) is a 15.5 kDa glycoprotein with a
slightly basic isoelectric point; its cDNA was first isolated
and characterized by Taniguchi et al. (251). Among the
various biological functions of IL-2, the most important
are to promote the proliferation, differentiation, and re-
cruitment of T and B cells, natural killer cells, and thymo-
cytes (252–254). In addition, IL-2 causes cytolytic activity
in a subset of lymphocytes (201). As a biological response
modifier, IL-2 as well as several forms of recombinant IL-
2 are in various stages of preclinical development and clin-
ical investigation (255). Patients with renal cell cancer and
melanoma, who responded poorly to conventional therapy,
have responded to therapy with recombinant IL-2 (256).

The use of IL-2 as a drug carrier in drug delivery was
studied mainly as a fusion protein with Pseudomonas exo-
toxin (PE) or diphtheria toxin. A chimeric immunotoxin
was constructed genetically by fusing IL-2 to the amino
terminus of a modified form of PE (257). Internalization
of IL-2-PE40 via the p55 and p70 subunits of the IL-2
receptor, two individual polypeptide chains of the receptor
complex, was studied in several mouse and human cell
lines expressing either the p55 or the p70 or both IL-2
receptor subunits. The results demonstrated that internal-
ization of IL-2-PE40 is mediated by either the p55 receptor
subunit or by the p70 subunit but is much more efficient
when high-affinity receptors composed of both subunits
are present.

The construction of a diphtheria-toxin-related fusion
protein has been described in which the native receptor-
binding domain of the toxin was genetically replaced with
IL-2 (258). This conjugate, DAB389IL-2, was shown to
bind to the IL-2 receptor and selectively to kill lympho-
cytes that express a high-affinity form of the IL-2 receptor.
The cytotoxic action of the conjugate was mediated by
receptor-mediated endocytosis with subsequent delivery of
fragment-A-associated ADP-ribosyltransferase to the cyto-
sol of targeted cells, inducing cell death (259). A multicen-
ter phase I/II clinical trial with DAB389-IL-2 was per-
formed primarily including a large number of lymphoma
patients (250). The results of these clinical trials are prom-
ising with partial and complete responses being observed.

2. Immunotoxins with Interleukin-4

Interleukin-4 (IL-4) is a 20 kDa glycoprotein produced by
activated T lymphocytes. Principally, IL-4 enhances the
growth and/or differentiation of T cells (260), activates
macrophages, and promotes the growth of granulocytes,
mast cell, and erythrocyte colonies (201).

Immunotoxins with IL-4 have primarily been developed
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Table 32.8 Properties of Interleukins

Interleukin MW[kDa] Principal origin(s) Principal site(s) of activity Major effects

Interleukin-1 13–17 Monocytes, macro- T cells, B cells, endothelium, fibroblasts, Pyrogenesis, major proinflammation,
phages chondrocytes, hepacytes, osteoclasts, cellular proliferation, lymphokine

synovial cells synthesis, lymphokine receptor
synthesis

Interleukin-2 15.5 T cells T cells, natural killer cells, lymphokine- Cellular proliferation and differentia-
activated killer cells, tumor- tion
infiltrating lymphocytes

Interleukin-3 28 T cells Hematopoietic precursors Hematopoiesis, cellular differentiation
Interleukin-4 20 T cells B cells Cellular proliferation and differentia-

tion
Interleukin-5 4 T cells B cells, eosinophils Cellular proliferation and differentia-

tion
Interleukin-6 20–30 Monocytes, macro- B cells, T cells Pyrogenesis, cellular proliferation and

phages differentiation
Interleukin-7 25 Bone marrow stro- B-cell precursors Cellular proliferation

mal cells
Interleukin-8 8–11 Monocytes Neutrophils Chemotaxis, respiratory bursting

Source: Ref. 249.

with Pseudomonas exotoxin (PE) as well as with several
mutated forms of this toxin. Chimeric toxins have been
constructed by fusing a gene encoding human interleukin-
4 with a gene encoding PE40, a noncytotoxic mutant form
of PE that retains ADP-ribosylating activity, as well as
with genes encoding different mutant forms of PE40 (261).
The toxin with PE40 was found to be highly toxic against
a murine T cell line bearing high numbers of IL-4 recep-
tors, but had no effect on human cell lines lacking recep-
tors for murine IL-4. In addition, the chimeric protein
composed of a mutant form of PE40 with very low ADP-
ribosylating activity displayed mitogenic activity similar
to that of IL-4 rather than cytotoxic activity. These results
demonstrated that ADP-ribosylating activity was essential
for cytotoxicity and that the mutant form of the conjugate
bound specifically to the IL-4 receptor (261).

A few years later, another chimeric toxin was prepared
using human IL-4 and the mutant form of PE (PE4E) in
which glutamate residues were substituted for basic amino
acids at various positions (262). This conjugate exhibited
antitumor effects against cancer cells expressing human
IL-4 receptors in vitro. A wide range of human cancer cells
express IL-4 receptors. These include hematopoietic and
nonhematopoietic malignancies. Among the latter group,
distinct tumor cell lines, e.g., colon, breast, stomach, liver,
skin, prostate, adrenals, and cervix cell lines, were highly
sensitive to the cytotoxic action of the fusion protein.

Further investigations focused on targeting IL-4 recep-

tors in human solid tumor xenografts with IL-4 toxins
(263). In these studies, a mutant chimeric protein com-
posed of human IL-4 and a mutant form of PE, named
PE38QQR, was tested in vitro and in vivo together with
the earlier developed conjugate IL-4-PE4E with respect to
their receptor-dependent and dose-dependent antitumor ac-
tivities. Neither of the chimeric toxins showed antitumor
potency when the ADP-ribosylation activity of the toxin
was inactivated by mutagenesis. Only the new conjugate
caused a complete although transient regression of estab-
lished solid tumors when administered intraperitoneally to
mice (263).

Although the former studies demonstrated high antitu-
mor activity in vivo, the fusion proteins bound to the IL-
4 receptor with only � 1% of the affinity of native IL-
4 (262). Several studies have indicated that the carboxyl
terminus of IL-4 is important for receptor binding (264).
Therefore, it is likely that the large toxin molecule attached
to the carboxyl terminus impairs the binding of IL-4 to the
IL-4 receptor. Thus a new strategy has been developed in
which the toxin is fused to new carboxyl termini of circu-
larly permuted forms of IL-4 (265). A circular permuted
protein is a mutant protein in which the termini have been
fused and new termini are created elsewhere in the mole-
cule. This conjugate, IL-4(38-37)–PE38KDEL, mani-
fested improved cytotoxicity against various tumor cell
lines and bound to the IL-4 receptor with a 10-fold higher
affinity than an IL-4 toxin in which the toxin was fused
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to the carboxyl terminus of IL-4 (265). In addition, the
conjugate was 3–30 fold more cytotoxic in glioblastoma
cell lines than IL-4–PE4E (266).

Further experiments were performed in order to assess
the in vivo antitumor activity of the conjugate. To date, no
curative therapy is available for treating malignant glio-
mas; recent studies have demonstrated a lack of IL-4 re-
ceptor expression on normal brain tissue compared to ma-
lignant human glioblastoma cells (267). Intratumoral
administration of the IL-4 toxin into U251 glioblastoma
flank tumors in nude mice produced a complete remission
of small and large tumors in all animals without any evi-
dence of toxicity (268).

Due to the positive results obtained in vivo, toxicologic
experiments were performed in mice, rats, guinea pigs and
monkeys. Intrathecal administration in monkeys produced
high cerebrospinal fluid levels and low systemic toxicity
(268). However, intravenous administration of IL-4(38-
37)–PE38KDEL to monkeys resulted in reversible grade
3 or grade 4 elevations of hepatic enzymes in a dose-
dependent manner. These results indicate that local admin-
istration can achieve nontoxic systemic levels of IL-4-
toxin (267).

Based on these results, a phase I clinical trial evaluating
the effects of an intratumoral administration of IL-4(38-
37)–PE38KDEL against recurrent grade IV astrocytoma
has been initiated (269).

3. Immunotoxins with interleukin-6

Interleukin-6 (IL-6) is a glycoprotein of 20–30 kDa that is
produced by a wide variety of cells, including fibroblasts,
monocytes/macrophages, endothelial cells, T and B cells,
keratinocytes, and also by a number of tumor types (201).
The heterogeneity in size is a function of differential glyco-
sylation of the interleukin. IL-6 has a broad spectrum of
cell targets and can thus influence an equally broad array
of immune and inflammatory responses. Its varied desig-
nations—hybridoma growth factor, plasmacytoma growth
factor, hepatocyte-stimulating factor, B-cell-stimulating
factor 2, and β2-interferon—attest to the wide range of ac-
tivities associated with this interleukin (201,270,271). IL-
6 receptors have been identified in large numbers on the
surface of malignant bone marrow cells and on tumor cell
lines derived from patients with multiple myeloma (272).
IL-6 receptors have also been identified on the surface of
hepatocellular carcinoma and prostate carcinoma cell lines.

In analogy to the development of immunotoxins with
IL-2 and IL-4 (273,274), several fusion proteins containing
different mutant forms of Pseudomonas exotoxin (PE40,
PE664Glu) and IL-6 were prepared and tested for their cyto-
toxic activity (275). The conjugates were cytotoxic against

IL-6 receptor expressing tumor cell types in culture, such
as human myeloma or hepatoma cell lines. In vivo studies
showed that two selected chimeric conjugates had antitu-
mor activity against subcutaneously growing hepatocellu-
lar carcinoma (PLC/PRF/5). This tumor contained about
2300 IL-6 receptors per tumor cell (275).

VI. DRUG CONJUGATES
WITH POLYSACCHARIDES

Besides the already-mentioned natural polymers, which
have been discussed as carrier systems, e.g., growth factors
and the serum proteins albumin and transferrin, several
other naturally occurring macromolecules have been in-
vestigated as drug carriers of anticancer agents. These bio-
polymers serve as carriers of information (nucleic acids),
catalysts (enzymes), structural elements (fiber-forming
proteins, cellulose), food reservoirs (glycogen, polyesters)
or transporting molecules (hemoglobin) (276). The most
important classes of homologous biopolymers are nucleic
acids, proteins, polysaccharides, polyprenes, lignins, and
aliphatic polyesters.

In this chapter we focus on the polysaccharides dextran
and hyaluronic acid as carriers of anticancer agents. Drug
conjugates with other natural substances, such as lectins,
nucleic acids, and the polysaccharide alginates, chitins, or
chitosans (277–280), will not be addressed in this review.

Polysaccharides are homopolymers or copolymers of
various sugars that are almost exclusively hexoses and
pentoses. Polysaccharides are usually subdivided into
fibrin-forming linear structural polysaccharides (e.g., cel-
lulose, chitin), moderately to strongly branched reserve
polysaccharides (e.g., amylose, pectin), and physically
cross-linked, gel-forming polysaccharides (e.g., gums,
mucopolysaccharides).

Several techniques for coupling anticancer agents to
polysaccharides have been developed, the most frequent
being periodate oxidation, cyanogen bromide activation,
and diazotization (28).

A. Dextrans

Dextrans are natural macromolecules consisting of re-
peated linear units of covalently linked (1→ 6′) glycopyra-
nose which are branched at the α-(1 → 4′) position. As a
consequence, only one hydroxyl group of the respective
dextran chain can be reduced yielding an aldehyde group
at the C1 end (276).

At least three forms of dextran have been used in drug
delivery: the native hydroxyl form (Dex-OH), the aldehyde
form (Dex-CHO), obtained by mild periodate treatment,
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and the amino form (Dex-NH2), derived from treatment of
Dex-CHO with a diamine followed by mild borohydride
reduction (28). Dextrans of different molecular weight
(they range generally between 40 and 70 kDa) have been
suggested as drug carrier because they have

Well-defined and repetitive chemical structure
Good water-solubility
High stability, because glucosidic bonds are hydrolyzed

only under strong acidic or alkaline conditions
Presence of numerous reactive hydroxyl groups that

allow derivatization
Availability of different molecular weights
Low pharmacological activity and toxicity
Protection of conjugated drugs from biodegradation

(281)

In the past, various anticancer agents, such as the anthracy-
clines doxorubicin and daunorubicin, methotrexate, and
mitomycin C or 5-fluorouracil, have been coupled to dex-
trans (282–284). The development of dextran conjugates
with the anticancer agents daunorubicin, doxorubicin, and
mitomycin C is described below.

1. Dextran Conjugates with Anthracyclines
and Mitomycin C

In a series of investigations, daunorubicin and doxorubicin
were coupled to dextrans. Dextran–daunorubicin conju-
gates of molecular weight 40 kDA and 70 kDa were pre-
pared by Schiff base formation followed by reduction with
sodium borohydride (285). In vitro studies with these con-
jugates revealed a cytotoxic activity similar to that of the
free drug. Later, Levi-Schaffer et al. showed that the sub-
acute toxicity of the dextran–daunorubicin conjugates was
lower than that of free daunorubicin (286).

In related work, doxorubicin linked to oxidized dextran
(70 kDa) via Schiff base formation without any further re-
duction of the conjugate was compared to free doxorubicin
with regard to antitumor activity, acute toxicity, and
plasma pharmacokinetics in rats following i.v. administra-
tion. Extensive in vivo studies in a number of animal tumor
models demonstrated that the conjugate had both higher
antitumor activity and less toxicity than free doxorubicin.
In studies with tumor-bearing mice, growth inhibition was
observed in various tumor models including Lewis lung
and Walker carcinosarcoma 256 (44). In mouse leukemia
models, treatment with the conjugate resulted in an in-
crease of life span. The antitumor effect of the dextran–
doxorubicin conjugate was also higher than that of doxoru-
bicin in human tumor xenografts (gastric, colorectal,
breast), including tumors resistant to doxorubicin.

Toxicological evaluations of the conjugate have been

performed in mice, rats, and dogs (287) demonstrating that
the LD10 was about five times higher for the conjugate than
for doxorubicin. Furthermore, the biodistribution profile of
the dextran–doxorubicin conjugate in animals differed
from that of doxorubicin. In mice and rats, plasma and
tumor levels of the conjugate were higher than those of
the free drug (44,288,289).

Based on the preclinical activity of the dextran–
doxorubicin conjugate, a clinical phase I trial was per-
formed. The conjugate was administered i.v. as a single
dose every 21–28 days. However, significant clinical tox-
icity (profound but reversible thrombocytopenia and hepa-
totoxicity) was noted presumably due to uptake of the con-
jugate by the reticuloendothelial system (287).

The antitumor antibiotic mitomycin C has been coupled
to dextrans and the respective conjugates evaluated as che-
motherapeutic agents (281). For synthesizing the conju-
gates, dextrans of various molecular weights (10, 70, 500
kDa) were activated with cyanogen bromide at pH 7.0, and
ε-aminocaproic acid, acting as spacer, was subsequently
coupled to the glucose moiety. Mitomycin C was attached
to the spacer-introduced dextran by means of a
carbodiimide-catalyzed reaction (290).

In a series of investigations, the physicochemical prop-
erties and the antitumor activity of dextran–mitomycin C
conjugates were studied with regard to molecular weight,
electric charge, and drug release rates (69). The conjugates
liberated active mitomycin C in vitro by simple base-
catalyzed hydrolysis, and the release rate was controlled
by changing the length of the spacer (291). In addition, the
conjugates showed significant antitumor activities in mice
bearing P388 leukemia or B16 melanoma in an i.p.–i.p.
system, and antitumor efficacy correlated positively with
increasing molecular weights (69,291).

In further studies, the relationships between the physi-
cochemical characteristics, the pharmacokinetic proper-
ties, and the therapeutic efficacy of the conjugates were
investigated. Anionic dextran–mitomycin C conjugates
were prepared and compared to the already presented con-
jugates, which are cationic conjugates due to the positive
structure of the dextran chain. Anionic dextran conjugates
were synthesized by derivatizing dextran with a spacer
molecule, i.e., 6-bromohexanoic acid. Since not all of the
spacer arms were conjugated with mitomycin C, the re-
sulting dextran–mitomycin C conjugates are anionic. Only
these conjugates demonstrated a prolonged retention in the
blood circulation, marked accumulation in subcutaneously
growing mouse tumors, and tumor growth inhibition
(292,293).

In addition, the therapeutic effect of an intratumoral in-
jection of cationic and anionic dextran–mitomycin C con-
jugates was evaluated in vivo (294). Usually, the clinical
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application of regional chemotherapy using antitumor
drugs of low molecular weight is limited due to the rapid
clearance of the drugs from the injection site while causing
severe local damage to normal tissues. Macromolecular
prodrugs may offer a therapeutic benefit in this respect
(295,296).

Saikawa et al. established an experimental system for
assessing drug disposition in the tumor after intratumoral
injection using a tissue-isolated tumor preparation of
Walker 256 carcinosarcoma (297). In contrast to free mito-
mycin C, cationic and anionic dextran–mitomycin C con-
jugates were retained in the tumor for longer periods, dem-
onstrating that the intratumoral clearance of mitomycin C
can be greatly retarded by dextran conjugation. The effect
was more pronounced in the case of the cationic conjugate,
and a certain level of active free drug was achieved in the
tumor tissue.

This study was expanded by carrying out perfusion ex-
periments using the same tumor model in order to deter-
mine the pharmacokinetics of mitomycin C and dextran–
mitomycin C conjugates after intratumoral injection.
While mitomycin C disappeared rapidly from the tumor
preparation following direct intratumoral injection, cat-
ionic and anionic dextran–mitomycin C were retained in
the tumor. Drug accumulation was more pronounced for
the cationic conjugates of high molecular weight (500 kD).
In addition, pharmacokinetic studies and whole autoradi-
ography in rats bearing subcutaneous Walker 256 carcino-
sarcoma confirmed the significant retention of cationic
dextran–mitomycin C in the tumor after intratumoral in-
jection (298).

B. Hyaluronic Acid and Anticancer
Drug Conjugates

Hyaluronic acid (HA) is a linear polysaccharide of alter-
nating d-glucuronic and N-acetyl-d-glucosamine units and
adopts a three-dimensional structure in solution showing
extensive intramolecular hydrogen binding. This restricts
the conformational flexibility of the polymer chains and
induces distinctive secondary (helical) and tertiary (coiled
coil) interactions. HA is one of several glycosaminoglycan
components of the extracellular matrix and the synovial
fluid of joints. The remarkable viscoelastic properties of
HA and commercial cross-linked derivatives account for
their usefulness in joint lubrification (299). Protein interac-
tions with HA play crucial roles in cell adhesion, cell mo-
tility, inflammation, wound healing, and cancer metastasis
(300,301). Due to its immunoneutrality, HA is an excellent
building block for developing novel biocompatible and
biodegradable biomaterials with potential application in
tissue engineering and drug delivery systems (66).

HA is overexpressed at sites of tumor attachment to the
mesentery and provides a matrix that facilitates invasion.
HA is an important signal for activating kinase pathways
(302) and regulating angiogenesis in tumors (303). More-
over, several types of cellular HA receptors respond to HA
as a signal (304). Since HA receptors are overexpressed
in transformed human breast epithelial cells and other can-
cers, HA drug conjugates might be able to deliver the drug
selectively to these cells.

In a series of investigations, HA has been coupled to
doxorubicin and daunorubicin and very recently to pacli-
taxel (34,305,66). Doxorubicin and daunorubicin were
bound to HA (� 140 kDa) via condensation or a cyanogen
bromide technique (34). In vitro studies showed that the
conjugates were less active than the free drug and that they
were bound at the cell surface with only small amounts
entering tumor cells (305).

The conjugation of the powerful antimitotic agent pacli-
taxel with HA has been described in a recent study (66)
HA–paclitaxel conjugates were synthesized by coupling
the 2′-OH paclitaxel-hydroxysuccinimide ester to adipic
dihydrazide (ADH) modified HA of molecular weight
1500 kDa (HA–ADH). A fluorescent dye conjugate with
HA was also synthesized in order to demonstrate cell tar-
geting and uptake of chemically modified HA using confo-
cal microscopy. HA–paclitaxel conjugates showed selec-
tive in vitro toxicity against human cancer cell lines
(breast, colon, and ovarian) that are known to overexpress
HA receptors, while no toxicity was observed in mouse
fibroblast cell lines at comparable concentrations. The
modified HA drug carrier was nontoxic. The selective cy-
totoxicity was consistent with results from confocal mi-
croscopy studies, which demonstrated that the fluorescent
dye conjugate was taken up by cancer cells (66).

VII. SUMMARY

Coupling anticancer drugs to suitable macromolecular car-
riers is a promising approach of circumventing the toxic
side effects of these agents to normal cells and of improv-
ing their efficacy towards malignant cells. In the 1980s,
research efforts focused on the development of monoclonal
antibodies directed against tumor-associated antigens or
receptors as site-directed delivery systems in cancer ther-
apy. Despite the encouraging preclinical results with dis-
tinct anticancer drug–antibody conjugates, the antitumor
efficacy of these conjugates in clinical trials has been dis-
appointing (for a discussion see Section III).

In the past ten years, tumor-targeting strategies have
shifted from active targeting strategies to passive ones due
to a more detailed understanding of the anatomy and physi-
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ology of solid tumors (see Introduction, EPR effect). In-
deed, recent studies comparing the tumor uptake of a
monoclonal antibody directed against a tumor-specific an-
tigen and a long-circulating polymer in a human small lung
carcinoma model suggests that delivery to the tumor can
be equally effective (306).

Seen in this light, the decisive criteria for tumor accu-
mulation in vivo would be the molecular size of the macro-
molecular carrier and not its specificity and selectivity for
an antigen or a receptor on the surface of tumor cells. After
tumor uptake, the release of a polymer-bound anticancer
drug is then dictated by conditions prevailing in the extra-
cellular space of tumor tissue or in the intracellular com-
partments after cellular uptake of the conjugate by
receptor-mediated, fluid-phase, or adsorptive endocytosis.

A number of anticancer drug conjugates with synthetic
polymers [N-(2-hydroxypropyl)methacrylamide (HPMA)
doxorubicin conjugates PK1 and PK2; PEG-camptothecin
conjugate—see the article by L. Seymour for details] and
biopolymers such as albumin (methotrexate albumin con-
jugate—see Section IV) are currently undergoing phase I
and II studies. Together with further preclinical assess-
ment, these studies should lead to a better understanding
of the therapeutic potential of competing drug carriers for
the treatment of cancer.
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I. INTRODUCTION

Since the early twentieth century, many researchers have
sought Ehrlich’s elusive magic bullet for treating the ills
of mankind. The principle of chemotherapy has depended
on a compound exhibiting selective toxicity towards a for-
eign organism. With respect to cancer chemotherapy, it
was envisaged that compounds would be identified or syn-
thesized that would be able to distinguish between normal
and neoplastic cells and selectively correct or eradicate the
abnormal cells with minimal toxic side effects on normal
cells and tissue. Cancer chemotherapy has rarely achieved
this.

The first documented use of cancer chemotherapy was
in 1942 when the alkylating agent nitrogen mustard was
used to obtain brief clinical remission in a patient with
lymphoma. Since then, a large number of clinical drugs
have been tested for their potential antitumor activity. Of
the 300,000 or so compounds that have been evaluated as
possible anticancer agents, about forty are considered use-
ful. Most anticancer drugs can be grouped into families
based on their biochemical activity or on their origins.
These major families are

1. The alkylating agents, which include nitrogen mus-
tard, chlorambucil, melphalan, busulphan, and the nitro-
soureas. All of these compounds react so that an alkyl or
substituted alkyl group becomes covalently linked to cellu-
lar constituents. Although reactions with proteins and other
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cellular components occur, the important site of mustard
action is almost certainly DNA (1).

2. The platinating agents, which include cisplatin and
carboplatin. The important site of action of these com-
pounds is also DNA (2,3).

3. The antimetabolites, which include methotrexate,
5-fluorouracil, cytosine arabinoside, and 6-thioguanine,
are principally inhibitors of critical biochemical pathways
usually leading to inhibition of DNA or RNA synthesis.

4. A number of natural anticancer compounds exist
that are either plant or bacterial products and include mi-
totic inhibitors such as the vinca alkaloids, or the antibiot-
ics such as mitomycin C or bleomycin.

Chemotherapy is used predominantly in the treatment
of metastatic or disseminated malignant neoplastic disease.
However, cytotoxic chemotherapy is an imperfect modal-
ity due to the systemic nature of its cytotoxicity. This is
because the agents lack any intrinsic antitumor selectivity.
They mostly act by an antiproliferative mechanism, and
their action is on cells that are in cycle, or in some cases,
on a specific phase of the cell cycle, rather than by a spe-
cific toxicity directed towards a particular type of cancer
cell. Thus the limiting toxicity of the majority of anticancer
agents is a result of a toxic effect on the normal host tissues
that are the most rapidly dividing, such as bone marrow,
gut mucosa, and the lymphatic system. Further, most hu-
man solid cancers do not have a high proportion of cells
that are rapidly proliferating, and they are therefore not
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particularly sensitive to this class of agent. Thus, because
of host toxicity, treatment has to be discontinued at dose
levels that are well below the dose that would be required
to kill all viable tumor stem cells. This intrinsic poor selec-
tivity of anticancer agents has been recognized for a long
time, and attempts to improve selectivity and allow greater
doses to be administered have been numerous. For exam-
ple, different classes of chemicals with antiproliferative ac-
tivity (but that differed in their normal tissue toxicity) were
put together in drug combinations, thus improving the total
dose of cytotoxic agent administered (4). There have been
clinical trials of chemicals that either sensitize the cancer
to the administered chemotherapy or protect the sensitive
host tissues (4). Local application of drugs, such as by in-
jection into the hepatic artery for the treatment of liver
metastases or limb perfusion for melanoma, also allows
higher doses of cytotoxic drugs to be given. However, even
using these techniques, the dose escalation obtained is still
not great enough for the complete regression of resistant
solid cancers.

A sufficiently high degree of selectivity might be ob-
tained by the use of prodrugs. Prodrugs are chemicals that
are toxicologically and pharmacodynamically inert but
may be converted in vivo to active products. Conversion
of the prodrug to the active form can take place by a num-
ber of mechanisms such as changes of pH, oxygen tension,
temperature, or salt concentration, or by spontaneous de-
composition of the drug, internal ring opening, or cycliza-
tion (5,6). However, the major approach in prodrug design
for cancer chemotherapy is the synthesis of inert com-
pounds that are converted to an active drug by enzyme
action (5,6). Thus, in cancer chemotherapy, the prodrug
would be inert but converted in vivo into a highly toxic
metabolite by an enzyme present in the cancer cells but
not in other cells (Table 1). A classic example of the high
degree of selectivity that can be attained with prodrugs is
the dinitro compound CB 1954 [5-(aziridin-1-yl)-2,4-
dinitrobenzamide]. CB 1954 is only a weak monofunc-
tional alkylating agent (by virtue of the aziridine function)
and is not highly cytotoxic. However, in the presence of
the enzyme DT diaphorase, the 4-nitro group is reduced
to the hydroxylamino that is then rapidly acylated to a bi-
functional alkylating agent (7–9). There is a least a 10,000-
fold difference in cytotoxicity between the Walker cell line
that has a high level of the activating enzyme and Chinese
hamster V79 cells, which lack the enzyme (10,11), and CB
1954 can actually cure the Walker tumor when implanted
into either rats or mice (12,13). The enzyme β-glucuroni-
dase can also activate a relatively nontoxic alkylating agent
to an extremely reactive and toxic metabolite that can cure
cancers in experimental models (14). Other examples are
given in Table 1. The appropriate use of prodrugs can de-

liver much higher doses of drug than normal and might
therefore be effective against common solid cancers. How-
ever, clinical studies have been disappointing. For exam-
ple, in the case of CB 1954 it has been shown that this
prodrug is a much poorer substrate for the human form of
the enzyme DT diaphorase than it is for the rat form (15).
Thus it does not show the marked antitumor effect against
human tumors that were demonstrated in rat tumors (11).
An aniline mustard prodrug activated by β-glucuronidase
was also subject to a preliminary clinical trial. Although
a correlation was shown between glucuronidase activity
and patient response, the occurrence of high β-glucuroni-
dase activity was rare and not predictable by tumor type,
and it was not considered a feasible therapy (16). However,
comparison of biochemical, molecular biological, and che-
mosensitivity data obtained from screening a large number
of cell lines (e.g., the NCI tumor cell line panel) may facili-
tate investigation of factors influencing drug antitumor
activity (17). The knowledge gained may be of value in
determining the distribution of prodrug activating en-
zymes, the development of new anticancer prodrugs, and
the selection of patients to receive specific therapies. This
approach may make prodrug therapy more feasible and has
stimulated further work. Thus recently a new prodrug acti-
vated by β-glucuronidase has been proposed for prodrug
therapy (18). A new prodrug-activating enzyme has also
been described. This human enzyme called NQO2 can ef-
ficiently activate the prodrug CB 1954 (19). NQO2 activity
was not previously seen because its activity is normally
latent and it requires a nonbiogenic cosubstrate such as
NRH [nicotinamide riboside (reduced)] for enzymatic ac-
tivity (19). These developments suggest that prodrug ther-
apy is still viable but is probably applicable only to specific
cancers.

Another approach to overcome the intrinsic problems
associated with the administration of cytotoxic drugs was
drug targeting. This came with the advent of monoclonal
antibody technology in the 1970s. It involves the conjuga-
tion of a cytotoxic agent to an antibody or other molecule
that can specifically bind to antigen or receptor sites that
are overexpressed on the target tumor cell. However, the
goal has proved to be elusive, and a number of limitations
are apparent. These include poor penetration of the tumor,
lack of intertumor accumulation of the cytotoxic compo-
nent, and heterogeneity of tumor-associated antigens.

Therefore there are major limitations to the use of both
prodrugs and drug targeting for the treatment of human
cancers. However, the disappointing clinical results might
be overcome by combining these two approaches. Prodrug
activating enzymes, not drugs, could be targeted to human
tumors using tumor-associated monoclonal antibodies
prior to administration of a prodrug (20,21). This approach
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Table 33.1 Enzymes and Prodrugs That Have Been Proposed for Cancer Therapy. The Enzymes May Have Been Targets for
Prodrug Therapy or Targeted Using ADEPT, MDEPT, GDEPT, or PDEPT

Enzyme Prodrug Drug Application Reference

Alkaline phosphatase Phenol mustard phosphate Phenol mustard ADEPT 165
Doxorubicin phosphate Doxorubicin 166
Mitomycin phosphate Mitomycin alcohol 167, 168
Etoposide phosphate Etoposide 29, 167, 169

Aminopeptidase 2-l-Pyroglutamyl-methotrexate. Methotrexate Prodrug therapy 170
ADEPT

Azoreductase Azobenzene mustards Phenylenediamine mustards (vari- Prodrug therapy 171, 172
ous)

Carboxylesterase Irinotecan SN-38 GDEPT 173
CPT-11 Camptothecin 174

Carboxypeptidase A/B Methotrexate-alanine Methotrexate ADEPT 153, 175–177
α-linked derivatives of quinazo- TS inhibitors ADEPT 178

line antifolates
Carboxypeptidase A1 (mutant) Methotrexate-α-3- Methotrexate ADEPT 46

cyclobutylphenylalanine
Methotrexate-α-3- Methotrexate ADEPT 46

cyclopentyltyrosine GDEPT 179
Carboxypeptidase G2 Benzoic acid mustard glutamates Benzene mustards (various) ADEPT 20, 38, 180–184

GDEPT 63, 185
Self-immolative derivatives Doxorubicin GDEPT 186

Daunorubicin
Benzene mustards (various) GDEPT 187

Folinic acid 5-Formyltetrahydropteroic acid AMIRACS 124, 142
Cathepsin B PK1 Doxorubicin PDEPT 133, 134
Cytochrome-P450 Cyclophosphamide Phosphamide mustard GDEPT 188–193

Ifosfamide
2-Aminoanthracene Alkylating metabolites GDEPT 194
4-Ipomeanol Alkylating metabolites GDEPT 194

Cytosine deaminase 5-Fluorocytosine 5-Fluorouracil GDEPT 57, 85–88, 195
ADEPT 196, 197

Deoxycytidine kinase Ara-C Adenine arabinonucleoside tri- GDEPT 198
phosphate (araATP)

DT-diaphorase (NQO1) CB 1954 5-(Aziridine-1-yl)-4- Prodrug therapy 7, 8, 11, 12
hydroxylamino-2-
nitrobenzamide

3-hydroxymethyl-5-aziridinyl-1- Reduced-EO9 products Prodrug therapy 199
methyl-2-(1H indole-4,7-dio- GDEPT 200
ne)prop-β-en-α-ol (EO9)

RH1 Reduced aziridinylbenzoquinone Prodrug therapy 201
products

α-Galactosidase N-[4-(α-d-galactopyranosyl)- Daunorubicin ADEPT 202–204
benyloxycarbonyl]-
daunorubicin

Glucose oxidase Glucose Hydrogen peroxide Radical generat- 28, 205–207
ing system

β-Glucosidase Amygdalin Cyanide ADEPT 208, 209
β-Glucuronidase Phenol mustard-glucuronide Phenol mustard Prodrug 14, 210

Therapy 211–216
ADEPT

Epirubicin-glucuronide Epirubicin ADEPT 217
Paclitaxel-glucuronide Paclitaxel ADEPT 218
Daunorubicin-glucuronides Daunorubicin ADEPT 219–221
Doxorubicin-glucuronides Doxorubicin ADEPT 221, 222

Prodrug 221
Therapy

Camptothecin-glucuronides Camptothecin ADEPT 223
Prodrug therapy 223

Verapamil-glucuronide Verapamil ADEPT 253
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Table 33.1 Continued

Enzyme Prodrug Drug Application Reference

γ-Glutamyl transferase γ-Glutamyl p-phenylenediamine Phenylenediamine mustard Prodrug therapy 224
mustard

β-Lactamase Vinca-cephalosporin 4-Desacetylvinblastine-3- ADEPT 225–228
carboxyhydrazide

Nitrogen-mustard-cephalosporin Nitrogen mustards (various) ADEPT 34, 229–231
Doxorubicin-cephalosporin Doxorubicin ADEPT 232

Nitroreductase 5-(Aziridine-1-yl)-2,4-dinitro- 5-(Aziridine-1-yl)-4- ADEPT 11, 90, 233
benzamide (CB 1954) hydroxylamino-2- GDEPT 92, 93, 95, 97

nitrobenzamide
2,4-dinitrobenzamide mustards Activated mustards ADEPT & 98, 234

GDEPT
4-Nitrobenzyloxycarbonyl deriva- e.g. Actinomycin D, mitomycin ADEPT & 99, 102, 235, 236

tives C, enediynes, tallimustine GDEPT
2-Nitroimidazole carbamate deri- Amino-seco-CBI TMI ADEPT & 237

vative GDEPT
NQO2 CB 1954 5-(Aziridine-1-yl)-4- Prodrug therapy 19

hydroxylamino-2-
nitrobenzamide

Penicillin amidase Palytoxin-4-hydroxyphenyl- Palytoxin ADEPT 238
acetamide

Doxorubicin-phenoxyacetamide Doxorubicin ADEPT 239, 240
Melphalan-phenoxyacetamide Melphalan ADEPT 240

Plasmin Peptidyl-p-phenylenediamine- Phenylenediamine mustard Prodrug therapy 241
mustard

Peptidyl-p-doxorubicin Doxorubicin Prodrug therapy 242
Purine nucleoside phosphorylase 6-Methylpurine-2′-deoxyriboside 6-Methylpurine GDEPT 243–245

Arabinofuranosyl-2-fluoroadenine F-araA GDEPT 243
monophosphate (F-araAMP),

Ribonuclease A (mutant) Ribotide prodrug Aniline mustard ADEPT 45
Thymidine kinase (viral) Ganciclovir Ganciclovir triphosphate GDEPT 69–78, 246, 247

Adenine arabinonucleoside Adenine arabinonucleoside tri- GDEPT 248
(araM) phosphate (araATP)

Thymidine phosphorylase 5′-Deoxy-5-fluorouridine 5-FU GDEPT 249
(5′-DFUR)

Thymidine Thymine AMIRACS 124, 142
Tyrosinase [2′-(3″,4″-Dihydroxyphenyl)- Phenol mustard Prodrug therapy 250

ethyl] carbonic acid p-(bis-2-
2-chloroethylamino)phenyl
ester

Xanthine guanine phosphoribo- 6-Thioxanthine 6-Thioxanthine monophosphate GDEPT 251
syltransferase

Xanthine oxidase Hypoxanthine Superoxide, hydrogen peroxide Radical generat- 147
ing system 124, 142

AMIRACS

Source: Modified from Ref. 164.

has been termed ADEPT (antibody-directed enzyme–
prodrug therapy). A related approach is gene-directed
enzyme–prodrug therapy (GDEPT) or VDEPT (virus-
directed enzyme–prodrug therapy) where the DNA encod-
ing for a prodrug activating enzyme is selectively ex-
pressed and translated within a tumor cell. Biocompatible

polymers can also localize tumors at a tumor site and has
led to the development of PDEPT and MDEPT. As well
as activating prodrugs, targeted enzymes can also be used
to destroy a rescue agent at the tumor site. Thus, while
normal tissues continue to be rescued, the tumor is subject
to the effect of the therapy. This approach is particularly
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relevant to antimetabolites and has been termed
AMIRACS.

II. ENZYME–PRODRUG THERAPIES
OF CANCER

A. Antibody-Directed Enzyme–Prodrug
Therapy (ADEPT)

In ADEPT, an enzyme of nonhuman or nonmammalian
origin that can metabolize substrates not normally acti-
vated in humans, is linked to a tumor-associated antibody.
This can be done either chemically or by using recombi-
nant DNA techniques, and the conjugate is allowed to lo-
calize to the tumor (20–23). Thus ADEPT creates a tumor
environment with a high concentration of an enzyme that
would convert a normally inert substrate to a highly reac-
tive metabolite (Fig. 1). The unlocalized conjugate is either
given time to be eliminated from the body or is hastened
on its way by a ‘‘clearance’’ antibody. A nontoxic prodrug
is then administered and activated at the site of the tumor
by the bound conjugate (Fig. 1). The active drug can be
of low molecular weight and can therefore rapidly diffuse
and reach tumor regions not accessible to the antibody–
enzyme conjugate, producing a bystander effect (20–23)
(Fig. 1). The targeted antibody–enzyme conjugate is de-
signed to remain extracellular, as internalized conjugate
would be expected to be rapidly degraded in the lysosomal
compartment. Further, the prodrugs can exploit the exter-
nal enzyme by being charged and thus excluded from the
cell until activated. Secreted antigen, if it accumulates
within the interstitial spaces of the tumor, can also be ex-
ploited to achieve higher levels of the conjugate at the tu-
mor. A major advantage of the ADEPT approach (over,
for example, antibody–drug conjugates or immunotoxins)
is that it is catalytic, and a single enzyme molecule can,
in theory, generate many hundreds of active molecules per
second from the prodrug. Further, because the enzyme–
conjugate is by itself inactive, it can be allowed to clear
before administration of the prodrug. Not all tumor cells
would be required to bind the antibody, since the drug re-
leased by the enzyme could diffuse to neighbouring cells
not expressing the antigen.

It is fundamental to the concept of ADEPT that the pro-
drug cannot be activated by normal human enzymes.
Therefore the enzyme must have little equivalent activity
in humans, particularly in serum, as the prodrug may be
designed to be excluded from entering cells. Further, the
enzyme must be active under physiological conditions and
remain active when conjugated to an antibody. A number
of enzymes and prodrugs have been considered for AD-

Figure 33.1 The generation of a cytotoxic drug by ADEPT. In
the first phase, the antibody–enzyme conjugate is allowed to bind
to the target cell population. After unbound conjugate is allowed
to clear, a prodrug is administered, which is converted to an ac-
tive drug (D) by the bound enzyme. Importantly the active drug
can migrate and have cytotoxic effects on cells that have not
bound the conjugate.

EPT. They have been reviewed in detail elsewhere (24–
27) and are summarized in Table 1. They will therefore
not be discussed in full. The enzymes include carboxypep-
tidase G2 (Fig. 2), β-glucuronidase (Fig. 3), alkaline phos-
phatase, β-lactamase, penicillin amidase, and cytosine de-
aminase, which can activate a wide range of prodrugs
(Table 1). Mention should also be made of glucose oxi-
dase, which was the first example of an antibody-targeted
enzyme (28) and was made before the advent of mono-
clonal antibody technology. The enzyme generates hydro-
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Figure 33.2 The activation of a glutamate prodrug to an active
mustard by the enzyme carboxypeptidase G2 (CPG2). M �
N(CH2CH2Cl)2 (25).

Figure 33.3 The activation of a glucuronide prodrug to an ac-
tive mustard by the enzyme β-glucuronidase. (From Ref. 25.)

gen peroxide upon oxidation of glucose. However, this
system was not very cytotoxic, and glucose is a poor
choice of prodrug for ADEPT because it is normally pres-
ent in serum.

Experimentally, ADEPT has been extraordinarily suc-
cessful and has caused regression of many different types
of human tumor xenografts, many of which are resistant
to standard therapy (20,29–34). An example is shown in
Fig. 4. These experimental studies have been followed by
a limited clinical study of ADEPT in patients being treated
for advanced metastatic colon or rectal cancer, who all had
previously received extensive chemotherapy (35,36). The
trial used a conjugate of an antibody directed to the human
carcinoembryonic (CEA) antigen linked chemically to a
bacterial enzyme, carboxypeptidase G2, which can hy-
drolyze folates and glutamate prodrugs. The prodrug used
was 4-[N-(2-chloroethyl)-N-(2-mesyloxyethyl)amino]-
benzoyl-l-glutamic acid, and this was well tolerated by pa-
tients (doses 200–2500 mg/m2 given as either 6 or 12 doses
divided over 3 days). Four patients received 20,000 units/
m2 of an anti-CEA F(ab′)2-carboxypeptidase G2 conjugate.
After 2 days, a clearing antibody was administered and
the prodrug given when serum carboxypeptidase G2 levels
were �0.02 units/mL. Circulating levels of CEA and an-
other tumor marker (19-9) fell in all four patients by 10–
15 days after therapy. In two cases, there was a measurable
decrease in the size of liver metastases, and in another case
the patient became free of jaundice but with no decrease
in the size of the metastases. There were also subjective
responses, such as weight gain, lessening of pain, and gen-
erally improved health. However, adverse effects were also
reported. After 10 to 12 days an antibody response was
raised against both antibody and enzyme components of
the conjugate (35,36). Thus the treatment was effectively
limited to a single round of therapy, although it was pro-
posed to prevent this antibody response by use of cyclospo-
rin A to immunosuppress the patient. The two patients who
received conjugate and the highest dose of prodrug devel-
oped myelosuppresion. Presumably, this was due to the
active drug being released into the circulation and being
able to migrate to the bone marrow. The active drug could
be detected (35–37) in serum samples, and this suggests
that the release of a more reactive drug would be benefi-
cial. With the demonstration that carbamates were also rea-
sonable substrates for CPG2, it was possible to make a
series of derivatives that would be converted by the en-
zyme to highly toxic and reactive chemicals that would
probably hydrolyze before reaching sensitive host tissues
(38) (Fig. 2). It is planned that chemicals of this structure
will be used in a Phase I clinical trial of ADEPT (39).

Problems associated with ADEPT include the immuno-
genicity of the conjugate, activation of the prodrug by un-



Enzyme–Prodrug Therapies of Cancer 901

Figure 33.4 The effect of ADEPT therapy on the growth of a xenograft in vivo. Groups of mice bearing the CC3 choriocarcinoma
xenograft were treated (A) intravenously with a W14 F(ab′)2:carboxypeptidase G2 conjugate followed 56, 72 and 80 h later with either
5 mg/kg (�) or 10 mg/kg (■) of p-N-bis(2-chloroethyl)aminobenzoyl glutamic acid prodrug. This can be compared with conventional
therapy with either 5 mg/kg methotrexate (�), 50 mg/kg hydroxyurea (�), 7.5 µg/mL actinomycin D (�), 20 mg/kg cyclophosphamide
(✶), or 20 mg/kg ara-C (�). (B) the mice were treated with saline (�), conjugate alone (�), prodrug alone (�), or active drug alone
(�) (both at their maximum tolerated doses). (Data from Refs. 20 and 180.)

bound circulating conjugate, conjugate heterogeneity, and
optimization of the pharmacology of the active drug (24–
26), and these were apparent in the initial ADEPT clinical
trial. These issues need to be addressed. First is the need
for the release of a more reactive drug as discussed above.
Second, patients rapidly developed an antibody response
against both enzyme and antibody components of the con-
jugate. These antibody responses developed within 10 to
12 days and effectively limited the treatment to a single
cycle (35,36). These preliminary clinical experiments used
a murine antibody. Techniques such as complementarity-
determining region (CDR) grafting now exist to humanize
such antibodies, reducing the likelihood of developing an-
tibodies against them. The enzyme is more of a problem.
It is possible to use immune-suppressive drugs such as cy-
closporin (40–42). This may provide a partial remedy, but
a less aggressive solution is desirable. It would also be
possible to use a different activating enzyme for each cycle
of treatment to circumvent the antibody response. How-
ever, this is complicated and would require a different
clearance system for each cycle. Alternatively, a human
enzyme could be employed. The use of a human enzyme
has been best exemplified by β-glucuronidase, and this en-
zyme forms part of a fusion protein with a humanized anti-
body that has been tested in vivo (43,44) but only in nude
mice. The fundamental problem of using a human enzyme
is activation of the prodrug by endogenous enzyme. This
can be overcome by design of the prodrug. For example,
glucuronides are charged at physiological pH. Therefore
they do not readily enter cells, and prodrugs exploiting this
principle will not be activated by endogeneous enzymes

that are intracellular. A more elegant approach is to modify
a human enzyme to have new substrate specificity, but this
approach carries the risk that the ‘‘new’’ enzyme will be
recognized as foreign by the immune system. A mutated
version of human ribonuclease has been reported (45). Hu-
man ribonuclease A is a low molecular weight (14 kDa)
monomer with pH optimum of 6.5 that cleaves RNA into
ribonucleotides. Ribonucleases are renowned for their ro-
bustness. In the mutated enzyme, the substrate specificity
has been altered so that a prodrug is converted to an active
drug by the mutant enzyme but is a relatively poor sub-
strate for the native form. This was accomplished by mu-
tating the positively charged lysine to a negatively charged
glutamate at residue 66 of the enzyme. A basic substituent
was incorporated into the prodrug so that it could interact
with this mutated residue and hydrolyze to realize an active
mustard that is 30-fold more cytotoxic. The mutant enzyme
has both a greater affinity (Km � 4.2 mM) and turns over
the prodrug faster (kcat � 15 s�1) than the native enzyme
(Km � 17 mM, kcat � 3.4 s�1). A similar approach has been
taken with a mutant of human carboxypeptidase A1 (46).
Based upon a computer model of the human enzyme (built
from the known crystal structure of bovine carboxypepti-
dase A), bulky phenylalanine- and tyrosine-based prodrugs
of methotrexate that were metabolically stable in vivo and
were not substrates for wild-type human carboxypeptidase
A were designed and synthesized. In addition, the model
was used to design a mutant of human carboxypeptidase
A1, changed at position 268 from the wild-type threonine
to a glycine. This novel enzyme is, unlike the wild type,
capable of activating the synthesized prodrugs. The mutant
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enzyme could use these new prodrugs as efficiently as the
wild type used its best substrates such as methotrexate-α-
phenylalanine. The kcat/Km value for the wild-type enzyme
with methotrexate-α-phenylalanine was 0.44 µM�1 s�1,
and kcat/Km values for mutant enzyme with methotrexate-
α-3-cyclobutylphenylalanine and methotrexate-α-3-cyclo-
pentyltyrosine were 1.8 and 0.16 µM�1 s�1, respectively.
In vitro, a conjugate of the mutant enzyme with ING-1 (an
antibody that binds to the tumor antigen Ep-Cam) could
kill human HT-29 colon adenocarcinoma cells (which ex-
press Ep-Cam) in the presence of either methotrexate-α-
3-cyclobutylphenylalanine or methotrexate-α-3-cyclopen-
tyltyrosine as efficiently as the active drug, methotrexate.
This effect was not seen when the conjugate was made
with an irrelevant antibody (46).

It is already possible to obtain highly specific tumor
associated antibodies using filamentous phage display
(47,48). Fusion proteins can now be constructed between
enzymes and such antibodies (that have been engineered
to be nonantigenic), allowing several cycles of ADEPT
therapy to be given. The first fusion protein developed spe-
cifically for an ADEPT application consisted of human β-
glucuronidase fused to the CH domain of BW431, a high-
avidity anti-CEA antibody, humanized by complementar-
ity determining region (CDR) grafting. The protein thus
produced has antigen affinity very similar to that of the
parent antibody and retains enzymatic activity (43,44). It
is interesting that human β-glucuronidase is a tetramer but
in this situation appears to be active as a monomer. In addi-
tion, a B. cereus β–lactamase II–single-chain antibody fu-
sion protein has been constructed. The antibody used, L6,
recognizes an antigen expressed on breast, colon, lung, and
ovarian carcinomas. The fusion protein is produced by E.
coli in an active form that does not require refolding and
retains similar immunological and enzymatic properties to
an equivalent chemically linked conjugate (49). The ulti-
mate refinement, which is now possible by protein engi-
neering techniques, is to make a bifunctional antibody in
which one arm possesses an enzyme-mimicking catalytic
function. Indeed, a catalytic antibody (termed an ‘‘ab-
zyme’’) has been made which, in vitro, can produce cyto-
toxicity (50). The abzyme can hydrolyze the carbamate
prodrug 4-[N, N-bis(2-chloroethyl)]aminophenyl-N-[(1S)-
(1,3-dicarboxy)propyl]carbamate to generate the corre-
sponding nitrogen mustard.

Such studies demonstrate the potential for making non-
immunogenic systems that can activate prodrugs that are
not substrates for native enzymes. With so many prodrugs
already shown to be effective, one might also envisage
combination therapy using different enzyme, antibody, and
prodrug combinations that might overcome any problems
arising from tumor heterogeneity. Thus there is optimism

that ADEPT, in some form or another, will eventually be
used to treat the common solid cancers that are now refrac-
tory to chemotherapy.

B. Gene-Directed Enzyme–Prodrug
Therapy (GDEPT)

A gene-therapy-based approach for targeting cancer cells
and making them sensitive to prodrugs has been proposed
for human gene therapy trials (51–54). Prodrug gene ther-
apy, commonly referred to as GDEPT (gene-directed
enzyme–prodrug therapy) or virus-directed enzyme–pro-
drug therapy (VDEPT) is based on the premise that a large
therapeutic benefit can be gained by transferring into tumor
cells a drug susceptibility gene. The gene encodes an en-
zyme that can catalyze the activation of a prodrug to its
cytotoxic form (Fig. 5) and has also been termed a ‘‘sui-
cide gene’’ (55–58). However, in contrast to cytotoxic
gene therapy approaches that involve expression of a toxic

Figure 33.5 The generation of a cytotoxic drug by GDEPT. In
the first phase, the cell is transduced with gene coding for a pro-
drug-activating enzyme. This enzyme is expressed, and a prodrug
is administered that is converted to an active drug (D) by the
bound enzyme. Importantly, the active drug can migrate and have
cytotoxic effects on cells that have not been transduced.
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product [for example, diphtheria toxin (59–62)], the en-
zyme itself is not toxic. Thus, in GDEPT, cytotoxicity only
results after administration of the prodrug. There is also a
bystander effect as the active drug can migrate into non-
transduced cells.

GDEPT is obviously related to antibody-directed
enzyme–prodrug therapy (ADEPT) in that both use a non-
endogenous enzyme to activate a prodrug. However, there
are fundamental differences between the two techniques,
and this means that the enzyme/prodrug combinations
used for ADEPT may not be suitable for GDEPT. In
GDEPT the prodrug activating enzyme is expressed inside
the cell, while in ADEPT it is extracellular. Thus for
GDEPT the prodrug must be able to enter the cell. There-
fore enzyme–prodrug systems developed for ADEPT that
rely on a charged prodrug (such as a glucuronide) being
excluded from the cell while the active drug is not are not
directly applicable to GDEPT. However, it should be noted
that a GDEPT system that allows for extracellular expres-
sion of the activating enzyme has now been described (63).
As with ADEPT, a number of different enzyme/prodrug
combinations have been proposed for GDEPT. Again, as
in ADEPT, an enzyme is required for which there is no
endogenous activity. Bacterial or viral enzymes are partic-
ularly suited to GDEPT (64). First, many of these enzymes
have no corresponding activity in humans. Second, as ex-
pression is intracellular, there should be no problems with
an immune response against a ‘‘foreign’’ protein. Third,
bacterial enzymes tend to have few requirements for post-
translational modification, and proteins that are more com-
plex may not fold correctly in different species. Because
activation takes place intracellularly, the prodrug should
be freely diffusible and thus, ideally, a neutral species with
an appropriate partition coefficient. As not all of the tumor
cells will be transduced by the vector, a bystander effect
is required. Thus the active drug should be able to diffuse
away from the site of activation. However, its half-life
needs to be such that it cannot migrate far enough to affect
normal tissue. The active drug should also not be phase
specific or proliferation dependent since many tumors have
a low mitotic index (65), and all malignant cells need to
be killed, not just those that are proliferating.

Success for this technique requires not only a choice of
an enzyme/prodrug system but also a delivery system by
which the gene encoding for the enzyme can be delivered
efficiently and accurately to a human tumor. This require-
ment is common to all types of gene therapy. At present,
targeting is achieved by altering the surface components
of viruses and liposomes so as to achieve a level of target
cell recognition while transcriptional elements can be in-
corporated so that the incorporated gene is expressed only
in the target cells. Retroviral-based vectors can only infect

replicating target cells; but integration occurs leading to
stable expression of the transduced gene. Adenoviral vec-
tors are more efficient at transduction and do not require
cell division but do not integrate, so it is very difficult to
regulate gene expression. However, for the long term suc-
cess of GDEPT (and any gene therapy procedure) there
needs to be advances in these systems particularly to im-
prove their targeting. It has been proposed that future gene
therapy vectors will be not based on any single virus but
will be synthetic vehicles, custom designed to incorporate
specific targeting features relevant to the target disease and
tissue (Fig. 6) (66). Nonviral gene transfer into the central
nervous system (CNS) of the mouse has been achieved
using the cationic polymer polyethyleneimine (PEI) (67).
Three different preparations of PEI (25, 50, and 800 kD)
were compared for their transfection efficiencies in the
brains of adult mice. The highest levels of transfection
were obtained with the 25 kD polymer (67). Further work
has shown this polymer to be a promising gene-delivery
vehicle [reviewed in (68)]. Such compounds may form the
basis of the future gene therapy vectors discussed above.

Why GDEPT? Cancer gene therapy strategies have
been divided into two categories. One, correction of the
genetic defect in tumor cells or, two, killing them. This
cell killing can be mediated either by the host immune sys-
tem or by direct cytotoxic effects. Each of these ap-
proaches imposes different requirements on the delivery

Figure 33.6 An ideal synthetic gene therapy vector as proposed
by Miller and Vile (66). Its features include (A) a stable nonim-
munogenic envelope, (B) ligands to confer a particular affinity
on the vector, (C) moieties to encourage fusion with the target cell
membrane, (D) site-specific recombinase for direct integration of
the vector DNA, (E) sequences to enable homologous recombina-
tion of the vector DNA and a specific target loci of the genome,
(F) tissue-specific promoter region to confer restricted expression
on the therapeutic gene, and (G) the therapeutic DNA. Certain
features of the vector such as homologous recombination are not
required for GDEPT. (From Ref. 66.)
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Table 33.2 The Requirements Needed by the Delivery
System for the Various Types of Gene Therapy

Gene
correction Cytotoxic Immunotherapy GDEPT

Accuracy � ��� � ��
Efficiency ��� ��� � ��
Stability ��� � � �

Source: Ref. 252.

system. These are summarized in Table 2. Corrective gene
therapy may not be a feasible approach to curing cancer
because most tumor cells contain multiple genetic muta-
tions. However, if for example a mutant oncogene was a
realistic target for corrective therapy, what is required from
the delivery system? First, it will need to deliver a correct
copy to every tumor cell. Therefore it must be very effi-
cient. This is because gene correction will only work in
cells that receive the gene and will have no effect on those
that do not. Second, expression of the corrective gene will
need to be stable, as the mutant phenotype will reappear
once the corrective gene ceases to be expressed. However,
third, delivery need not be accurate and specific to tumor
cells. This is because, in theory, delivery of a therapeutic
gene (such as a functional tumor suppresser gene) should
not be deleterious to a normal cell. Opposite demands are
made when a cytotoxic gene (coding for, e.g., diphtheria
toxin) is delivered. Stable expression is not required, but
delivery must be accurate, as expression would be deleteri-
ous to a normal cell. Immunotherapy puts the fewest con-
straints on the delivery system. In theory, immunotherapy
attempts to activate an immune response by stimulating
the immune system to recognise tumor-specific antigens
as nonself by expression of immunomodulatory genes such
as IL-2. These antigens are not present on normal cells.
Thus expression of immunomodulatory genes should not
be deleterious to them, so there is less of a requirement
for accuracy. Expression and stability are also lesser re-
quirements because, once activated, the immune system
will amplify the antitumor response and kill any nontrans-
duced tumor cells anywhere in the body. This represents
an ideal situation, but in reality it may be limited autoim-
munity. Further, human tumors have been extensively se-
lected against immune recognition. It is possible to trans-
duce genes coding for antigens, but in this case systemic
protection is lost, and delivery would have to be accurate.
However, the bystander effect mediated by the immune
system can still be substantial.

GDEPT is a recognition of the limitations of the present
delivery systems. In comparison to cytotoxic gene therapy,
less accuracy is required, because the pharmacology of the

prodrug and its route of administration can confer some
tumor specificity. Efficiency is improved, because there is
a bystander effect that can kill nontransduced tumor cells.
Long-term stability is not required, as transduced cells will
be killed after prodrug administration. Further, in contrast
to all other types of gene therapy, GDEPT is controllable.
The expressed enzyme is nontoxic, and cytotoxicity can
only occur after administration of the prodrug. Therefore
unexpected toxicity can be countered by lowering the dose
of the prodrug.

GDEPT has been pioneered by the use of the enzymes
viral thymidine kinase (tk) (Fig. 7) and cytosine deami-
nase, which can activate ganciclovir and 5-fluorocytidine,
respectively. Herpes simplex virus (HSV)-tk/ganciclovir

Figure 33.7 The activation of ganciclovir by herpes simplex
virus thymidine kinase (HSV-tk). Cellular kinase can convert the
monophosphate into the cytotoxic triphosphate.
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is the most described GDEPT system, and delivery of the
gene coding for HSV-tk to animal tumors in vivo has been
achieved using retroviruses, adenoviruses, and naked
DNA. Retroviral vectors are being used to deliver the gene
to intracranial and leptomeningeal tumors in rats, and the
system was proposed for the first clinical trials of GDEPT
(51,52). Transfer of HSV-tk in tumor cells confers sensi-
tivity to ganciclovir and its analogues both in vitro and in
vivo (Fig. 8). In vitro, cells expressing HSV-tk are gener-
ally inhibited by 1–50 µM ganciclovir, and these levels
can be achieved by patients treated with the drug (69–78).
In the absence of prodrug, expression of HSV-tk is not
detrimental, and expressing cells grow normally in vivo
and in vitro. Recently a mutant of HSV-tk has been made
with improved kinetics with respect to ganciclovir (79). In
theory, this should allow effective therapy at lower prodrug
concentrations. A bystander effect has been demonstrated
for the HSV-tk system. As the active metabolite of gan-
ciclovir, the triphosphate, is highly charged, it should not
diffuse out of expressing cells, and thus it would not be
predicted that the bystander effect is mediated by a diffus-
ible metabolite. In vitro, a mixed population containing
only 10% of HSV-tk expressing cells was totally killed by
a dose of ganciclovir that is not cytotoxic to non-HSV-tk
expressing cells (80). Metabolic cooperation is involved,

Figure 33.8 The antitumor effect of ganciclovir on HSV-tk ex-
pressing tumor cells. Mice were inoculated s.c. with KBALD tu-
mor cells (2 � 105) either stably transduced with the HSV-tk
gene (open symbols) or not (closed symbols). The mice were then
treated with ganciclovir (150 mg/kg twice a day for 3.5 days)
commencing on day 0 (�) or day 5 (�), or left untreated (�).
(Data from Ref. 80.)

and a ganciclovir metabolic product, presumably a phos-
phorylated form, can pass from HSV-tk expressing cells
to nonexpressing cells and mediate cytotoxicity, but only
as a consequence of direct contact (81,82). The uptake of
apoptotic vesicles by the nonexpressing tumor cells has
also been demonstrated (80). In vivo, there is also a cell-
mediated immune component to the bystander effect (83).

Cytosine deaminase is found in many fungi and bacteria
and catalyzes the deamination of cytosine to uracil. It is not
found in mammalian cells. Cytosine deaminase can also
convert the clinically used antifungal agent 5-fluorocytos-
ine (5-FC) into the known antitumor drug 5-fluorouracil
(5-FU). The yeast enzyme is superior to the bacterial en-
zyme in this respect (84). 5-FU is further metabolized to 5-
fluorouridine-5′-triphosphate, 5-fluoro-2′-deoxyuridine-5′-
triphosphate, and 5-fluoro-2′-deoxyuridine-5′-monophos-
phate. The first two compounds inhibit RNA and DNA
synthesis, respectively, and the monophosphate is a potent
inhibitor of thymidylate synthase, which is an important
enzyme in DNA biosynthesis. Mouse 3T3 cells were
shown to be sensitive to 5-FC when transfected with the
gene encoding cytosine deaminase (85). When injected
into syngeneic mice, the cytosine deaminase expressing tu-
mors could be eliminated in vivo by systemic treatment
with 5-fluorocytosine without significant toxicity to the
host, although delaying the prodrug treatment reduced its
effectiveness (Fig. 9). Interestingly, animals whose tumors

Figure 33.9 The effect of 5-fluorocytidine (5-FC) on the
growth of a cytosine deaminase expressing mouse adenocarci-
noma. Mice received 5-FC (37.5 mg) twice daily for 10 days 4
(�), 11 (�), or 18 (�) days after tumor inoculation. Untreated
controls (■). (Data from Ref. 57.)
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had been eliminated by prodrug treatment resisted subse-
quent rechallenge with unmodified wild type tumor. This
posttreatment immunity appeared to be tumor specific
(57). It was postulated that cell death led to a more effec-
tive antigen presentation or that the cytosine deaminase
protein itself was immunogenic (57). Human colorectal tu-
mors were also shown to be sensitive to 5-FC when they
expressed cytosine deaminase (86). The sensitivity of these
cells was retained in vivo when grown in nude mice (86).
Importantly, a large bystander effect was observed both in
vitro and in vivo (86). 5-FU was liberated into the sur-
rounding environment when cytosine deaminase–express-
ing tumor cells were treated with 5FC. This liberated 5FU
is able to kill neighboring, noncytosine-deaminase–
expressing tumor cells in vitro and in vivo (87). When only
2% of the tumor mass contained cytosine deaminase–
expressing cells (98% noncytosine-deaminase–expressing
cells), significant regressions in tumors were observed
when the host mouse was dosed with nontoxic levels of
5FC (87).

In a direct comparison of cytosine deaminase with
HSV-tk, both transduced into human lung adenocarcinoma
cell lines and driven by the CMV promoter, cytosine deam-
inase was superior in its ability to achieve high levels of
specific enzyme activity, to induce growth inhibition, and
to affect neighboring cell growth (88).

Other enzymes considered for GDEPT include thymi-
dine phosphorylase, deoxycytidine kinase, carboxylester-
ase, cytochrome-P450, carboxypeptidase G2, and nitrore-
ductase (Table 1). All demonstrate that selective killing of
tumor cells can be achieved by GDEPT. Perhaps unfortu-
nately, many of the active drugs formed are antimetabo-
lites. These are only cytotoxic to dividing cells and tend to
require long exposure times for optimum effect. Alkylating
agents do not suffer from these disadvantages and are less
prone to induce drug resistance (89). In this respect, the
enzymes cytochrome-P450, carboxypeptidase G2, and ni-
troreductase are of particular interest because they can acti-
vate prodrugs of alkylating agents.

An example is the activation of the prodrug CB 1954
by E. coli nitroreductase (Fig. 10). This enzyme requires
a cosubstrate to act as an electron donor. This is not a prob-
lem, because the enzyme is expressed intracellularly and
thus can use the endogenous cofactors NADH or NADPH
[of which nitroreductase can use either (90)]. In fact, the
cofactor requirement may be an advantage, because any
enzyme that escapes into the circulation (for example, from
dying cells) will be incapable of activating circulating pro-
drug because of the lack of a cofactor. This is because
NAD(P)H is very rapidly metabolized by serum compo-
nents (91).

A recombinant retrovirus encoding NR was used to in-

Figure 33.10 The activation of the prodrug CB 1954 (5-(aziri-
din-1-yl)-2,4-dinitrobenzamide) by the enzyme E. coli nitrore-
ductase.

fect mammalian cells. NIH3T3 cells expressing NR were
killed by CB1954. The bulk infected, unselected, cell pop-
ulation was about 100-fold more sensitive to CB 1954 than
the parental cells (92). A selected clone was even more
sensitive and, using a cell count assay, was over 1000-fold
more sensitive to CB 1954 than parental NIH3T3 cells
(Fig. 11) (92). Similar results were seen in human mela-
noma, ovarian carcinoma, and mesothelioma cells (93).
The rapid action of CB 1954 (94) and the resulting need
for a shorter exposure time may facilitate the use of this
prodrug clinically. A significant bystander effect was ob-
served, and admixed, unmodified NIH3T3 cells could also
be killed by a normally nontoxic dose of prodrug (92). The
bystander effect is mitigated by diffusible metabolites, and
both the 2- and 4-hydroxylamino derivatives of CB 1954
are released into the medium of CB 1954 treated nitrore-
ductase-expressing NIH3T3 cells (95). Importantly, and in
contrast to the HSV-tk/ganciclovir enzyme/prodrug sys-
tem, NR/CB1954 cell killing was cytotoxic towards non-
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Figure 33.11 The cytotoxicity of CB 1954 against a nitroreduc-
tase (NR) expressing cell line. NIH3T3 cells were infected with
a recombinant retrovirus containing NR and a cell clone
(NIH3T3-NR) derived by limiting dilution. Parental NIH3T3
cells (■) or NIH3T3-NR cells (�) were treated with CB 1954
for 24 h prior to assay. (Data from Ref. 92.)

cycling cells (Fig. 12) (92). In an initial investigation of
NTR/CB1954 for the treatment of tumors in vivo, a regres-
sion of tumors expressing NTR following administration
of CB1954 resulted in significantly increased median sur-
vival (Fig. 13) (96).

In addition, other potential prodrugs for use with the
nitroreductase have been proposed. Chinese hamster V79
cells transfected with a nitroreductase expression vector
were 770-fold more sensitive to CB1954 than control non-
expressing cells. Other prodrugs, such as nitrofurazone
(97-fold) and the nitroimidazole compounds, misonidazole
(21-fold), and metronidazole (50-fold), also exhibited in-
creased cytotoxicity against the nitroreductase-expressing
cells and were found by HPLC to act as substrates for the
purified NR enzyme (97). However, this correlation was
not absolute. In particular, the quinone EO9 [3-hydroxy-
methyl-5-aziridinyl-1-methyl-2-(H-indole-4, 7-indione)-
propenol] showed only a very small differential (� 3-fold).
This is probably because this compound can undergo acti-
vation by endogenous enzymes such as NADPH: cyto-
chrome P450 reductase (97). When misonidazole or metro-
nidazole were activated by NR extracellularly there was
little increase in cytotoxicity (98). This would suggest that
the active species has a very short half-life and probably
would not exhibit a large bystander effect. A series of 2,4-

dinitrobenzamide mustard analogues of CB 1954 have also
been evaluated as potential prodrugs (98). Other potential
prodrugs that could be used in GDEPT are those activated
by a self-immolative mechanism (99) that can potentially
form active drugs such as mustards, actinomycins, mito-
mycin C (99), enediynes, (100), seco-CI alkylating agents
(101), or tallimustine (102). The prodrugs are all 4-nitrobe-
nzyloxycarbonyl derivatives of these drugs, which upon
enzymatic reduction generated the drug through self-
immolation of the 4-(hydroxylamino)benzyloxycarbonyl
group.

The generation of an alkylating agent probably offers
the most potent means of killing targeted cell types. How-
ever, given the different modes of action of, for example,
nitroreductase/CB 1954 and HSV-tk/ganciclovir, a combi-
nation of these approaches offers a way of obtaining poten-
tially synergistic effects. Cooperative killing was observed
when cells expressing both NR and HSV-tk were treated
with a combination of CB1954 and ganciclovir (92).

Thus CB 1954 is a good example of the requirements
of an ideal prodrug for use in GDEPT when activated by
nitroreductase, and this enzyme can also be used in combi-
nation with other prodrugs. However, systemic administra-
tion of the present generation of gene therapy vectors is
not possible, and GDEPT, unlike ADEPT, is thus limited
to isolable tumor deposits, such as intracerebral tumors
(53) or prostate cancers (54), surrounded by largely nondi-
viding normal tissue. In such cases, GDEPT is feasible us-
ing retroviral-based vectors. Improved vectors have been
proposed and are certainly under development. On the
other hand, it should be remembered that GDEPT is an
answer to some of the limitations of the present gene ther-
apy vectors, and a perfect tumor-specific gene delivery sys-
tem would make GDEPT obsolete.

C. Targeting by Means of Polymers

The use of polymer drug conjugates as prodrugs is a rela-
tively new concept for the treatment of cancer (103,104).
N-(2-Hydroxypropyl)methacrylamide (HPMA) copoly-
mer–drug conjugates containing either anthracycline anti-
biotics or alkylating agents bound to polymer through pep-
tide linkers designed for cleavage by endogenous thiol
dependent enzymes have been described (103,104).
HPMA copolymer conjugates, like other molecules with
prolonged plasma residence times, can accumulate prefer-
entially in a tumor because of the phenomenon of the en-
hanced permeability and retention effect (EPR) (Fig. 14)
(105). This effect occurs because the physiology of solid
tumors differs from that of normal tissues in a number of
important aspects, the majority of which stem from differ-
ences between the two types of vasculature. Compared
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Figure 33.12 The effect of (A) ganciclovir (GCV) or (B) CB 1954 on NIH3T3 cells either expressing (■) or not expressing (�)
either (A) herpes simplex virus thymidine kinase or (B) nitroreductase. Cells were treated during either normal growth (solid symbols)
or following growth arrest in the G0 phase of the cell cycle (open symbols). (Data from Ref. 92.)

with the regular, ordered vasculature of normal tissues,
blood vessels in tumors are often highly abnormal, dis-
tended capillaries with leaky walls and sluggish flow (106).
Tumor growth also requires continuous new vessel growth,
or angiogenesis. The physiology of solid tumors at the mi-

Figure 33.13 The therapy of a human, E. coli B nitroreductase-
expressing, pancreatic xenograft (SUIT-2-NR) using CB 1954.
This is compared to the treated parental line (SUIT-2). CB 1954
(80 mg/kg I.P.) was given on day 1 and 10 as indicated. (Data
from Ref. 96.)

croenvironmental level is thus sufficiently different from
that of the normal tissues from which they arise to provide
a unique and selective target for cancer treatment
(107,108). The EPR effect results from enhanced perme-
ability of macromolecules or small particles within the tu-
mor neovasculature due to leakiness of its discontinuous
endothelium, and this mechanism of tumor targeting of
polymeric systems was first described by Matsumura and
Maeda (105). In addition to the tumor angiogenesis (hyper-
vasculature) and irregular and incompleteness of vascular
networks, the attendant lack of lymphatic drainage pro-
motes accumulation of macromolecules once they extra-
vasate (105). This phenomenon of passive diffusion and
localization in the tumor interstitium is observed in
many solid tumors for macromolecular agents and lipids
(109,110). Unless specifically addressed for tumor cell up-
take by receptor-mediated endocytosis, macromolecules
entering the intratumoral environment are taken up rela-
tively slowly by fluid-phase pinocytosis and then trans-
ferred from endosomes to lysosomes (111). Modified path-
ways of fluid extravasation and tissue drainage in tumors
are thought to be the physiological cause for the passive
tumor tropism of macromolecules. Ineffective or absent
pathways of lymphatic drainage results in poor convection
and elevated interstitial hydrostatic pressures [reviewed by
(112)]. This leads to poor oxygenation of the tumor mass
and induces the release of angiogenic and capillary-
permeabilizing factors such as vascular endothelial growth
factor (VEGF) in order to improve the supply of oxygen
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Figure 33.14 Enhanced permeability and retention (EPR) of tumor cells.

and nutrients [reviewed by (113)]. The enhanced vascular
permeability will support the great demand of nutrients and
oxygen for the rapid growth of the tumor. To realize this
demand, tumor tissues recruit blood vessels from the pre-
existing network as well as inducing extensive angiogen-
esis by releasing VEGF (114–116). Without angiogenesis,
the tumors could not increase in size to more than a few
millimetres (117–119). When using polymeric drugs, the
EPR effect is a great advantage as a means for targeting.
Low molecular weight analogues readily leave the blood-
stream, as they quickly pass into the tissue or are excreted.
In contrast, polymeric drugs can often achieve a prolonged
half-life in the bloodstream because of decreased glomeru-
lar excretion. Extended circulation is a requisite for opti-
mal targeting by the EPR effect. However, an optimum
molecular weight exists in terms of achieving the most ef-
ficient accumulation by the EPR effect. For example, with
N-(2-hydroxypropyl)methacrylamide (HPMA) copoly-
mers (fractions of molecular weight 22–778 kDa), at 10
min after administration in vivo, all fractions were already
detectable in the tumor, and those of molecular weight
greater than the renal threshold showed progressive tumor
accumulation up to 20% of dose administered per gram
after 72 h in Sarcoma 180 model (120). HPMA copolymer
fractions showed profiles of blood clearance that were
strongly dependent on molecular size. For this reason, al-
though the initial tumor levels of all HPMA copolymer
fractions were virtually independent of substrate size, their
progressive accumulation was different (120). Further,
macromolecular carriers in the bloodstream may be recog-

nized by scavenger cells, namely the RES (reticuloendo-
thelial system). These cells are located within such organs
as liver, spleen, and lung. RES recognition is particularly
serious for colloidal and vesicular carrier systems, includ-
ing microparticles and liposomes (121). Thus it is essential
to develop appropriate carrier systems that achieve long
circulation in the bloodstream, avoiding glomerular excre-
tion and RES recognition [like HPMA copolymer (122)],
allowing for a significant EPR effect. When using a poly-
mer it is therefore important to choose an adequate carrier
for both the drug and the enzyme, bearing in mind the pos-
sibility of immunogenicity in addition to the above-
mentioned RES capture.

A polymer-based system for targeting enzymes to tu-
mors that is directly analogous to ADEPT is called
MDEPT (macromolecular-directed enzyme–prodrug ther-
apy). This utilizes EPR to localize an enzyme polymer con-
jugate but uses a nonpolymer prodrug and an inhibitor such
as a clearing antibody to reduce conversion of the prodrug
in the circulation (123). MDEPT would therefore appear to
be the same as ADEPT except that the antibody-targeting
component is replaced by a polymer and in theory could
be used with any of the ADEPT enzyme/prodrug systems
previously described. It was found that the enzyme CPG2
conjugated to methoxypolyethyleneglycol (MPEG) local-
ized in nude mice bearing human xenografts of LS174T
(colon), PC3 (prostate), COR L23 (lung), and MDA
(breast). Different chain lengths of polyethylene glycol
(PEG) and ratios of PEG to protein affect the level of up-
take by tumors (124). In a therapy study using CPG2 con-
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jugated to methoxypolyethyleneglycol and a phenol mus-
tard prodrug, MDEPT was shown to be effective in treating
the LS174T tumor (Fig. 15) (123).

Polymers are interesting also for their effect on the im-
munogenicity of foreign proteins (125,126). This is gener-
ally attributed to their ability to mask epitopes. There is
also evidence that they can induce immune tolerance to
challenge with bacterial enzymes. The substitution of a
polymer for an antibody vector therefore reduces the im-
munogenicity associated with an antibody vector and has
the potential to allow the repeated use of bacterial enzymes
in man without the necessity for immunosuppression
(124).

Recently, polymer-directed enzyme prodrug therapy
(PDEPT) has been described. PDEPT is a novel two-step
antitumor approach in which both the prodrug and the en-
zyme components are targeted (Fig. 16). Because of the
relatively short plasma residence time of the polymeric
prodrug, a dosing schedule can be used that avoids the
need for a clearing antibody used in ADEPT, and the un-
wanted activation of the prodrug in the circulation can be
controlled. As PDEPT relies on two components, a
polymer–enzyme and a polymer–drug conjugate, the de-
sign of both components must be optimized. There are dif-

Figure 33.15 The effect of MDEPT therapy on the growth of
a xenograft in vivo. (■) Nude mice bearing LS174T tumors were
given 25 enzyme units of CPG2–PEG (22 PEG molecules, PEG
5000) followed at 20 h, 23 h, 26 h by galactosylated SB43. At
48 h post-CPG2–PEG they received 25 mg/kg of a phenol pro-
drug (4-[N,N- bis(2chloroethyl)amino]-phenoxycarbonyl-l-glu-
tamic acid) intraperitoneally, repeated to a total of 3 doses at 1
h intervals. (�) Untreated controls. (Data from Ref. 123.)

Figure 33.16 Release of anticancer drug from its polymeric
conjugate by polymer-directed enzyme–prodrug therapy
(PDEPT).

ferent requirements for the polymer–drug and for the poly-
mer–enzyme conjugates, which can be summarised as
follows.

The polymer–drug conjugate should

1. Be inactive in the bloodstream
2. Accumulate selectively in the tumor by the EPR

effect
3. Be excreted through the kidneys within 5 h after

administration
4. Contain a linker that is degraded by the enzyme

present in the polymer–enzyme conjugate with ef-
fective and favorable activation kinetics

5. Release an active drug that can induce a bystander
effect

6. Ideally release a drug effective in both cycling and
noncycling cells
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The polymer–enzyme conjugate should

1. Display enzymatic activity in the polymer conju-
gate with a favorable Km towards the polymer–drug
conjugate as a substrate in vivo

2. Ideally contain a nondegradable linker in vivo
3. Accumulate selectively in the tumor by the EPR

effect
4. Display a long circulation time in the body
5. Be nonimmunogenic

To test the feasibility of PDEPT, an HPMA copolymer–
enzyme conjugate was synthesized containing cathepsin B
as a model enzyme, and its in vitro and in vivo properties
were evaluated. HPMA copolymer-Gly-Phe-Leu-Gly-
doxorubicin (PK1) was used as a substrate for HPMA
copolymer–cathepsin B to test the PDEPT combination in
vitro and in vivo. PK1 has already shown promise in early
clinical trials, and a phase II programme is currently ongo-
ing (127). This compound was chosen following a system-
atic evolution of an optimum molecular weight of carrier
to allow tumor-selective doxorubicin delivery, and optimi-
zation of linker design (Gly-Phe-Leu-Gly) to mediate con-
trolled release of the drug intratumorally (intracellularly)
by the lysosomal thiol-dependent proteases [reviewed in
(128)]. PK1 has a molecular weight of 30 kDa and a doxo-
rubicin content of �8 wt% (�2 mol%). The conjugate dis-
plays a longer plasma half-life than free doxorubicin (t1/2

approximately 1 h). Moreover, it shows significantly in-
creased tumor deposition of doxorubicin (in comparison
with free doxorubicin) due to the EPR effect (129). Cova-
lent conjugation of doxorubicin via the peptidyl spacer en-
sures that no significant liberation of free drug in circula-
tion takes place, thus leading to a marked increase in the
therapeutic index compared with free doxorubicin. HPMA
copolymer–protein conjugates showed little or no immu-
nogenicity and are known to display selective accumula-
tion in solid tumors (129,130). A recent Phase I clinical
trial of PK1 showed that it is biocompatible in man and
amenable to clinical development (127). PK1 is activated
by endogenous proteases, mainly following internalization
into the cell and then intralysosomal digestion. The com-
pound is a suitable polymeric prodrug for PDEPT because
the targeting of an additional external protease could sig-
nificantly increase the rate of doxorubicin release.

The enzyme model selected to explore the PDEPT con-
cept was cathepsin B, a mammalian lysosomal thiol-
dependent enzyme that functions in the normal turnover
of proteins in mammalian cells. Cathepsin B is a cysteine
proteinase that plays an important role in lysosomal prote-
olysis (131). It is secreted as a preproenzyme that requires
two proteolytic events for activation. Once activated, ca-
thepsin B degrades type IV collagen, fibronectin, and

lamin, at both acidic and neutral pH (132). This enzyme
was a convenient choice, as it is the native activating en-
zyme for PK1. This gave the possibility to combine well
with PK1 to study aspects of the PDEPT combination. The
spacer chosen between the HPMA copolymer and the en-
zyme was a glycine–glycine linker, because it is nonde-
gradable in the body.

Following polymer conjugation (yield of 30–35%), the
enzyme retained 20–25% of its enzymatic activity. To in-
vestigate the pharmacokinetics in vivo, a 125I-labelled
HPMA copolymer–enzyme conjugate was administered
intravenously (i.v.) to B16F10 tumor–bearing mice. Due
to selective tumor tissue accumulation by the enhanced
permeability and retention (EPR) effect, the HPMA
copolymer–enzyme conjugate showed a 2–3-fold increase
in tumor accumulation compared to the native enzyme, and
also exhibited a longer plasma half-life.

The ability of HPMA copolymer–cathepsin B to access
and degrade the prodrug in vivo was determined by HPLC
evaluation of doxorubicin release. PK1 was injected i.v. to
B16F10-bearing mice and after 5 h HPMA copolymer–
cathepsin B was administered. This enzyme led to a rapid
increase in the rate of doxorubicin release intratumorally
(3.6-fold faster than seen for PK1 alone) (Fig. 17). More-
over, when the antitumor activity (doxorubicin-equivalent
dose of 10 mg/kg) was measured using this tumor model,
the combination PDEPT had the highest activity (T/C �
168%) compared to that seen for PK1 alone (T/C � 152%)
or free doxorubicin (T/C � 144%). No animal weight loss

Figure 33.17 Free doxorubicin released in the tumors of C57
mice bearing B16F10 murine melanoma from PK1 in the absence
(■) or presence (�) of HPMA–cathepsin B.
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or other toxicity was observed, indicating the possibility
of dose escalation (133,134). These results demonstrate
that the PDEPT concept is sound and could be applied to
other enzyme polymeric prodrug systems. An HPMA con-
jugate of β-lactamase has been made and could activate
polymeric prodrugs where the linker between the polymer
and the drug is a cephalosporin linker, which is cleaved
by β-lactamase (134).

D. Antimetabolite with Inactivation of Rescue
Agent at Cancer Sites (AMIRACS)

Antimetabolite drugs have been in the forefront of antican-
cer therapies since the early 1950s and still remain an im-
portant and fruitful field for drug discovery. Such drugs
act as competitive inhibitors for certain key enzymes in-
volved in the process of cell growth and division, leading
to arrest of the cell cycle and cell death. A number of such
enzyme targets exist, particularly in the pathways associ-
ated with folic acid metabolism, as illustrated in Fig. 18.
However, it has long been recognized that antimetabolite
drugs do have some disadvantages. An important disad-
vantage is that they are not cancer specific in their activity.
Although they tend to be selective for the rapidly dividing
cells of tumors, they are not tumor specific because they
also exert toxic effects on rapidly dividing normal cells in
the body, for example the gut mucosa and hair follicles.
The severity of these side effects is dose limiting, and the
development of such dose-limiting toxicity necessitates
cessation of treatment. A further disadvantage of antime-
tabolite drugs as currently used is that cancer cells can de-
velop resistance to them, either by increased expression of
the target enzyme, or by changes in the rate of drug trans-

Figure 33.18 The pathways of folate metabolism. Key enzymes are underlined.

Figure 33.19 Folinic acid enters the folate cycle downstream
of the methotrexate-induced blockade, allowing the cell cycle to
restart.

port into and out of the cell, or by a combination of these.
The development of resistance necessitates escalating
doses to retain efficacy, and the history of antimetabolite
cancer therapy is one of a drive to find safe methods of
administering ever greater doses of drug while circum-
venting the problems of dose-limiting toxicity. One ap-
proach has been to administer high doses of drug and then
follow at an appropriate juncture with the appropriate me-
tabolite, termed a ‘‘rescue agent,’’ which is capable of
counteracting the effect of the antimetabolite. Such agents
generally work by entering the metabolic pathway down-
stream of the antimetabolite-induced block. For example,
folinic acid can rescue cells from methotrexate toxicity
(Fig. 19). The use of methotrexate therapy in conjunction
with folinic acid rescue is now well established in clinical
practice (135,136), and the possible use of alternative res-
cue agents for methotrexate, such as 5-methyltetrahydrofo-
late and thymidine, has also been explored (137–140). For
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most cancers, the value of rescue agents is limited because
the agent ‘‘rescues’’ the tumor as well as the normal tissue.
However, the use of folinic acid to rescue the combination
of the folate antimetabolite trimetrexate and the metabolite
folinic acid is licensed for the treatment of Pneumocystis
carini in HIV patients (141). In this instance the infective
organism is, like its host, sensitive to the antimetabolite
but, unlike the human cells, the infective organism cannot
be rescued by folinic acid. The use of the trimetrexate/
folinic acid combination allows much higher doses of drug
to be administered without toxic side effects than would
be the case with drug alone.

AMIRACS is a technology that uses targeted enzymes
to break down rescue agents at tumor sites, preventing the
tumor cells from being rescued while allowing the rescue
agent to carry out its beneficial function in normal cells
(Fig. 20) (124,142). Normal tissues are exposed to a non-
toxic combination of antimetabolite drug plus rescue
agent, whilst the tumor can be exposed to amplified doses
of drug, because the rescue agent is destroyed by an en-
zyme that is specifically targeted to the tumor. Therefore
AMIRACS offers the opportunity to make antimetabolite
drugs tumor specific rather than tumor selective and en-
ables high doses of drug to be used while confining toxic
effects to the tumor and thereby increasing the therapeutic
ratio of the antimetabolite. It can create in human tumors
the system used successfully to eradicate Pneumocystis
carini.

Two methods of targeting enzymes to tumors can be
used—antibodies or polymers. The prototype system for
demonstration of enzymatic inactivation of rescue agent

Figure 33.20 Antimetabolite with inactivation of rescue agent at cancer sites (AMIRACS).

uses the dihydrofolate antagonist trimetrexate as the anti-
metabolite component, with folinic acid as the rescue agent
and CPG2 as the rescue agent. When using folinic acid as
rescue agent in conjunction with CPG2 it is necessary to
use a nonclassical antifolate drug such as trimetrexate.
These lack the terminal glutamate of the classical folate
analogues that are degraded by CPG2. CPG2 breaks down
folinic acid by cleaving off the glutamate moiety from the
pterin component of the molecule. The ability of tumor-
targeted enzyme selectively to break down folinic acid at
a tumor site in vivo is illustrated in Fig. 21. In this experi-
ment, antibody–CPG2 conjugate was used, with second
antibody clearance to give high tumor-to-blood ratios, but
similar results would be anticipated from a polymer-based
system. In fact, the lowest tumor folinic acid levels are
obtained without the use of clearance (Fig. 21), but this is
probably due to the depletion of serum folinic acid by the
uncleared enzyme. In a clinical experiment, two patients
were treated with antibody–CPG2 conjugate (20,000 U/
m2), followed by a mixture of trimetrexate and folinic acid
(143). The protocol for this experiment is illustrated in Fig.
22. This experiment used a conjugate of the anti-CEA mu-
rine monoclonal antibody, A5B7, chemically linked to
CPG2. Because both components of the conjugate are of
xenogeneic origin and have been shown in earlier studies
to be immunogenic (41,144), it was necessary to carry out
the therapy under the cover of the immunosuppressive
drug, cyclosporin A. Cyclosporin A was chosen because
it had been shown to suppress the immune response to both
antibody and enzyme for up to three weeks. This allows
three cycles of therapy to be given (36,42). The dose of
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Figure 33.21 The ability of a tumor-targeted CPG2 conjugate
selectively to break down folinic acid (FA) at a tumor site in vivo.
In this experiment, an antibody–CPG2 conjugate was used, with
second antibody clearance to give high tumor-to-blood ratios.

folinic acid was 10–12-fold higher than the normal maxi-
mum tolerated dose in the absence of folinic acid. This
regimen resulted in minimal toxicity towards the patient’s
platelet count; indeed the patient’s platelet count was de-
pressed at the commencement of therapy, due to prior che-
motherapy, and rose during the course of therapy with
high-dose trimetrexate plus folinic acid (143).

Figure 33.22 AMIRACS clinical experiment protocol.

Although inhibition of dihydrofolate reductase is the
longest established form of antimetabolite therapy, drugs
have also been developed as inhibitors of the other key
enzymes involved in folate metabolism, notably thymidy-
late synthase (TS) and glycinamide ribonucleotide formyl
transferase (GARFT). AMIRACS can be adapted to work
with both classes. Thymidine protects against the cytotoxic
effects of TS inhibitors such as Tomudex (Raltitrexed)
(Fig. 23a) (145). The addition of the enzyme thymidine
phosphorylase abolishes the protective effect of thymidine
(Fig. 23b) (145). Inhibitors of GARFT can be rescued by
means of hypoxanthine, as shown in Fig. 24. This illus-
trates rescue of Lometrexol by hypoxanthine (146). Hypo-
xanthine can be destroyed by the enzyme xanthine oxidase
(147).

The use of targeted enzymes in AMIRACS is of particu-
lar interest because the therapy can be applied to agents
that are already in everyday clinical use. Unlike the other
therapies using targeted enzymes, AMIRACS does not in-
volve activation of a prodrug to a cytotoxic species. Thus
the clearance of nontargeted enzyme may not be so impor-
tant. Although the systemic concentration of the rescue
agent may be reduced by circulating enzyme, this can be
monitored and the dosage adjusted accordingly.

III. CONCLUSIONS

Since the concept was first described in 1987, the use of
antibody–enzyme conjugates directed at tumor-associated
antigens to achieve site-specific activation of prodrugs to
potent cytotoxic species, termed antibody-directed
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Figure 33.23 The effect of 0, 0.3, 1.0, or 3 µM thymidine on
the cytotoxicity of Tomudex against human MCF-7 cancer cells
in (A) the absence or (B) the presence of E. coli thymidine phos-
phorylase (3.5 � 10�4 U). (Data from Ref. 145.)

enzyme–prodrug therapy (ADEPT), has attracted consid-
erable interest. ADEPT attempts to overcome a major
problem associated with the administration of cytotoxic
drugs for the treatment of cancer—the intrinsic lack of tu-
mor selectivity. Thus cancer chemotherapeutic agents have
the potency to kill tumor cells in vitro but, because of host
toxicity, the treatment of human patients has to be discon-
tinued at dose levels that are well below that expected to
kill all their tumor cells. In ADEPT, a cytotoxic agent is
generated selectively at the site of a tumor by an antibody-
targeted enzyme. The antibody delivery combined with the
amplification provided by the enzymatic activation of pro-
drugs enables adequate selection to be made between tu-
mor and normal tissue.

Figure 33.24 The effect of 30 µM hypoxanthine on the cyto-
toxicity of Lometrexol against human A549 cancer cells. (Data
from Ref. 146.)

For any form of antibody-mediated targeting to be suc-
cessful, it is axiomatic that there must be selective expres-
sion of the target antigen by the tumor cells. However, the
only well-characterized tumor-specific antigens described
to date are the idiotypic determinants on the surface immu-
noglobulins of B-cell lymphomas (148). Many antigens
and other potential targets such as growth factor receptors
are present in elevated levels in tumor tissue, but most, if
not all, appear to be found to a greater or lesser extent in
other tissue. Furthermore, it is well documented that tumor
cells exhibit considerable antigenic heterogeneity
(149,150), with some devoid of antigen expression, so a
single monoclonal antibody conjugate targeted at a tumor
mass will not bind to all the cells present. In ADEPT, the
active drug, being of low molecular weight, can diffuse
to adjacent tissues, including cells that express the target
antigen but that have not bound conjugate, cells that may
express alternative tumor-associated antigens not recog-
nized by the vector, or cells that are antigen-negative, pro-
viding a bystander effect. A further advantage of ADEPT
is that a single enzyme molecule has the potential to cleave
many prodrug molecules—up to 800 molecules per mole
of enzyme per second in the case of the benzoic acid mus-
tard substrates of carboxypeptidase G2 (151). This pro-
vides an amplification effect, giving high levels of drug
localized at the tumor which may be an important advan-
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tage in the clinic in view of the typically low localization
of immunoconjugate in humans (152). There is also some
evidence that high levels of drug generated at the surface
of tumor cells are more effective than equivalent concen-
trations of free drug (153). To make the use of prodrug-
activating enzymes pan-tumor, polymers have been used
to target the tumor. These can accumulate preferentially at
a tumor because of the enhanced permeability and reten-
tion effect (EPR). Macromolecule-directed enzyme–
prodrug therapy (MDEPT) is the direct equivalent of AD-
EPT, with the antibody-targeting component replaced by
a polymer.

After administration of an enzyme conjugate, much can
remain in the vascular compartment for several days. Al-
though the concentration is much less than that bound to
the tumor, the volume of plasma is much greater, and thus
the actual enzyme activity may be greater in the plasma
than in the tumor. In this case, administration of a prodrug
may be no more selective than systemic administration of
the active form. It is thus necessary to wait for plasma
levels of the conjugate to fall to very low levels (during
which time the enzyme activity at the tumor may also be
decreasing). Alternatively, the plasma may be ‘‘cleared’’
of enzyme activity, and this can be achieved by use of a
clearance antibody directed towards the enzyme (or anti-
body component in ADEPT). Many high tumor-to-blood
levels of the conjugate have been reported (38:1 compared
to 1.3:1 without clearance) using such an approach
(154,155). Inhibition of the active site of the enzyme will
enhance clearance of enzyme activity, but it is important
that the clearance antibody have little effect on bound con-
jugate. This has been achieved by the rapid clearance of
the second antibody through the carbohydrate receptors in
the liver by the introduction, into the antibody, of galactose
residues (154–156). Alternatively the conjugate itself can
be galactosylated and the conjugate localized while the
liver receptors are blocked by administration of a competi-
tive binder such as asialobovine submaxillary gland mucin.
A tumor-to-blood ratio of 45:1 for an anti-CEA-carboxy-
peptidase G2 conjugate was achieved 24 h after injection
of the conjugate using this type of approach; this increased
to 100:1 at 72 h (155). Tumor-to-blood ratios of a conju-
gate (but not other tissue-to-blood ratios) could also be sig-
nificantly increased by coadministration of tumor necrosis
factor alpha, which enhances the tumor uptake of enzyme
conjugates (157). Coadministration of 1.5 µg TNF with
conjugate led to a twofold increase in tumor uptake with
only transient increases in normal tissue localization. To
avoid the need for a clearance step, polymer-directed
enzyme–prodrug therapy (PDEPT) has been proposed.
PDEPT uses a polymer–enzyme conjugate that accumu-
lates by EPR to activate a polymeric prodrug that also ac-

cumulates. The polymeric prodrug is administered first, but
unlocalized prodrug can be excreted through the kidneys
within 5 h after administration. Thus when the enzyme
conjugate is given there is no prodrug available to cause
systemic activation.

An immune response was observed in patients treated
with ADEPT therapy and developed against both the en-
zyme and antibody components of the conjugate (35,
40,144). The raising of an immune response would pre-
clude extended therapy. Several strategies have been pro-
posed to overcome the host immune response. The use of
immunosuppressive agents such as cyclosporin can extend
the time window available for therapy. This may enable
multiple cycles to be given (35,40,144). Also, it may be
possible to administer a second ADEPT conjugate con-
sisting of a different antibody–enzyme combination. There
is also the possibility of masking the immunogenicity of
conjugates by modification with polyethylene glycol or
other similar polymers (158). The immunogenicity of the
antibody moiety can be reduced by using chimeric (e.g.,
rat antigen-binding domains coupled to human constant re-
gions), humanized or fully human-derived antibody frag-
ments (159). Efforts to reduce the immunogenicity of the
enzyme can be attempted by reduction of the size of the
active fragment; modification of the bacterial enzyme at
key immunogenic residues by site-directed mutagenesis,
engineering of the enzyme’s active site into an antibody,
or engineering a human enzyme such that its activity and
specificity more closely match that of the bacterial enzyme.
Model compounds consisting of a mouse Fab fused with
nucleases or polymerases were reported some time ago
(160). Such constructs could be produced in relatively high
yield and with a greater homogeneity of conjugate by com-
parison with current chemical linking techniques, where
yields are relatively low and the product ill defined in terms
of its homogeneity (161,162). The first fusion protein de-
veloped specifically for an ADEPT application consisted
of human β-glucuronidase fused to the CH domain of
BW431, a high-avidity anti-CEA antibody, humanized by
complementarity determining region (CDR) grafting. The
protein thus produced has antigen affinity very similar to
that of the parent antibody and retains enzymatic activity
(163). A B. cereus β-lactamase II single-chain antibody
fusion protein has also been constructed. The antibody
used, L6, recognizes an antigen expressed on breast, colon,
lung, and ovarian carcinomas. The fusion protein is pro-
duced by E. coli in an active form that does not require
refolding and retains similar immunological and enzymatic
properties to an equivalent chemically linked conjugate
(49).

An important advantage of polymers is their effect on
the immunogenicity of foreign proteins (125,126). This is
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generally attributed to their ability to mask epitopes. There
is also evidence that they can induce immune tolerance
to challenge with bacterial enzymes. The substitution of a
polymer for an antibody vector should therefore reduce the
immunogenicity associated with an antibody conjugate
and has the potential to allow the repeated use of bacterial
enzymes in humans without the necessity for immunosup-
pression or engineering. However, polymer conjugates are
still produced chemically while an antibody–enzyme fu-
sion protein can (in theory) be produced directly in bacte-
ria. The fusion protein is a defined product of much greater
homogeneity than can be obtained with a polymer–enzyme
conjugate.

An alternative enzyme–prodrug system uses methods
such as viral vectors to deliver genetic material encoding
the activating enzyme to the target cells. This approach is
called GDEPT. Unlike ADEPT, MDEPT, or PDEPT, there
is no intrinsic tumor selectivity. At present, targeting is
achieved by altering the surface components of viruses and
liposomes to achieve a level of target cell recognition.
Transcriptional elements can also be incorporated so that
the incorporated gene is expressed only in the target cells.
At present, there seem to be many problems that have yet
to be overcome, in particular the issue of ensuring that only
the target cells are transfected with the desired gene. Sys-
temic administration of the present generation of gene ther-
apy vectors is not possible. Thus GDEPT, unlike the other
enzyme–prodrug therapies described, is limited to isolable
tumor deposits, such as intracerebral tumors, surrounded
by largely nondividing normal tissue.

There is a rich diversity of potential enzyme and pro-
drug combinations for use in targeted enzyme prodrug ap-
plications (Table 1). In selecting an enzyme one would
look for activity under physiological conditions, low im-
munogenicity, and little or no equivalent endogenous en-
zyme in humans. The enzyme must localize efficiently at
the tumor when coupled. The prodrug is an integral com-
ponent of systems and requires careful design in its own
right. An ideal prodrug would be one with a large differen-
tial in cytotoxicity between drug and prodrug, which is a
good substrate for the enzyme under physiological condi-
tions and for which there is no mammalian homologue ca-
pable of performing the same reaction. Equal cytotoxicity
of the released active drug towards proliferating and quies-
cent cells is also desirable if residual deposits of viable but
nonproliferating cells with the potential for outgrowth are
to be eradicated. Once formed, it would be desirable for
the drug to have a very short half-life, limiting the possibil-
ity of escape of active drug back into the circulation and
access to healthy tissue. Antimetabolite with inactivation
of rescue agent at cancer sites (AMIRACS) allows the use
of targeted enzymes in combination with antimetabolite

agents that are already in everyday clinical use. Unlike the
other therapies using a targeted enzyme, AMIRACS does
not involve the activation of a prodrug to a cytotoxic spe-
cies but selectively destroys a rescue agent only at the tu-
mor site.

In summary, the in vivo data available for the various
targeted enzyme–prodrug therapies provide exciting
grounds for encouragement. They offer new research ideas
for the medicinal chemist, polymer chemist, enzymologist,
molecular biologist, and protein engineer as well as the
cancer chemotherapist. Although relatively complicated,
targeted enzyme–prodrug therapies offer opportunities for
the therapy of systemic cancer and may be a major advance
for the treatment of solid tumors.

REFERENCES

1. T. A. Connors. Alkylating agents, nitrosoureas and di-
methyltriazenes. Cancer Chemotherapy, Vol. 3 (H. M.
Pinedo, ed.). Excerpta Medica, Amsterdam, 1981, pp. 32–
74.

2. J. J. Roberts, R. J. Knox, F. Friedlos, D. A. Lydall. DNA
as the target for the cytotoxic and antitumour action of
platinum co-ordination complexes: comparative in vitro
and in vivo studies of cisplatin and carboplatin. Biochemi-
cal Mechanisms of Platinum Antitumour Drugs (D. C. H.
McBrien, T. F. Slater ed.). IRL Press, Oxford, 1986, pp.
29–64.

3. R. J. Knox, F. Friedlos, D. A. Lydall, J. J. Roberts. Mecha-
nism of cytotoxicity of anticancer platinum drugs:
evidence that cis-diamminedichloroplatinum(II) and cis-
diammine-(1,1-cyclobutanedicarboxylato)platinum(II) dif-
fer only in the kinetics of their interaction with DNA.
Cancer Res 46:1972–1979 (1986).

4. T. A. Connors. Has chemotherapy anywhere to go? Can-
cer Surv 8:693–705 (1989).

5. T. A. Connors, R. J. Knox. Prodrugs in cancer chemother-
apy. Stem Cells 13:501–511 (1995).

6. T. A. Connors, R. J. Knox. Prodrugs in medicine. Expert
Opinion on Therapeutic Patents 5:873–885 (1995).

7. R. J. Knox, M. P. Boland, F. Friedlos, B. Coles, C. Sou-
than, J. J. Roberts. The nitroreductase enzyme in Walker
cells that activates 5-(aziridin-1-yl)-2,4-dinitrobenzamide
(CB 1954) to 5-(aziridin-1-yl)-4-hydroxylamino-2-nitro-
benzamide is a form of NAD(P)H dehydrogenase (qui-
none) (EC 1.6.99.2). Biochem Pharmacol 37:4671–4677
(1988).

8. R. J. Knox, F. Friedlos, M. Jarman, J. J. Roberts. A new
cytotoxic, DNA interstrand crosslinking agent, 5-(aziri-
din-1-yl)-4-hydroxylamino-2-nitrobenzamide, is formed
from 5-(aziridin-1-yl)-2,4-dinitrobenzamide (CB 1954) by
a nitroreductase enzyme in Walker carcinoma cells. Bio-
chem Pharmacol 37:4661–4669 (1988).

9. R. J. Knox, F. Friedlos, T. Marchbank, J. J. Roberts. Bio-



918 Knox et al.

activation of CB 1954: reaction of the active 4-hydrox-
ylamino derivative with thioesters to form the ultimate
DNA–DNA interstrand crosslinking species. Biochem
Pharmacol 42:1691–1697 (1991).

10. J. J. Roberts, F. Friedlos, R. J. Knox. CB 1954 (2,4-
dinitro-5-aziridinyl benzamide) becomes a DNA in-
terstrand crosslinking agent in Walker tumor cells. Bio-
chem. Biophys Res Commun 140:1073–1078 (1986).

11. R. J. Knox, F. Friedlos, M. P. Boland. The bioactivation
of CB 1954 and its use as a prodrug in antibody-directed
enzyme prodrug therapy (ADEPT). Cancer Metastasis
Rev 12:195–212 (1993).

12. L. M. Cobb, T. A. Connors, L. A. Elson, A. H. Khan, B.
C. Mitchley, W. C. Ross, M. E. Whisson. 2,4-dinitro-5-
ethyleneiminobenzamide (CB 1954): a potent and selec-
tive inhibitor of the growth of the Walker carcinoma 256.
Biochem Pharmacol 18:1519–1527 (1969).

13. T. A. Connors, D. H. Melzack. Studies on the mechanism
of action of 5-aziridinyl-2,4-dinitrobenzamide (CB 1954),
a selective inhibitor of the Walker tumor. Int J Cancer 7:
86–92 (1971).

14. T. A. Connors, M. E. Whisson. Cure of mice bearing ad-
vanced plasma cell tumors with aniline mustard: the rela-
tionship between glucuronidase activity and tumor sensi-
tivity. Nature 210:866–867 (1966).

15. M. P. Boland, R. J. Knox, J. J. Roberts. The differences
in kinetics of rat and human DT diaphorase result in a
differential sensitivity of derived cell lines to CB 1954 (5-
(aziridin-1-yl)-2,4-dinitrobenzamide). Biochem Pharma-
col 41:867–875 (1991).

16. C. W. Young, A. Yagoda, E. S. Bittar, S. W. Smith, H.
Grabstald, W. Whitmore. Therapeutic trial of aniline mus-
tard in patients with advanced cancer. Comparison of ther-
apeutic response with cytochemical assessment of tumor
cell β-glucuronidase activity. Cancer 38:1887–1895
(1976).

17. S. A. Fitzsimmons, P. Workman, M. Grever, K. Paull, R.
Camalier, A. D. Lewis. Reductase enzyme expression
across the National Cancer Institute Tumor cell line panel:
correlation with sensitivity to mitomycin C and EO9. J
Natl Cancer. Inst 88:259–269 (1996).

18. K. Bosslet, R. Straub, M. Blumrich, J. Czech, M. Gerken,
B. Sperker, H. K. Kroemer, J. P. Gesson, M. Koch, C.
Monneret. Elucidation of the mechanism enabling tumor
selective prodrug monotherapy. Cancer Res 58:1195–
1201 (1998).

19. K. B. Wu, R. J. Knox, X. Z. Sun, P. Joseph, A. K. Jaiswal,
D. Zhang, P. S. K. Deng, S. Chen. Catalytic properties of
NAD(P)H-quinone oxidoreductase-2 (NQO2), a dihy-
dronicotinamide riboside dependent oxidoreductase. Ar-
chives of Biochemistry and Biophysics 347:221–228 (1997).

20. K. D. Bagshawe, C. J. Springer, F. Searle, P. Antoniw, S.
K. Sharma, R. G. Melton, R. F. Sherwood. A cytotoxic
agent can be generated selectively at cancer sites. Br J
Cancer 58:700–703 (1988).

21. K. D. Bagshawe. Antibody directed enzymes revive anti-
cancer prodrugs concept. Br J Cancer 56:531–532 (1987).

22. K. D. Bagshawe. ADEPT and related concepts. Cell Bio-
phys 25:83–91 (1994).

23. K. D. Bagshawe. Antibody-directed enzyme prodrug ther-
apy—a review. Drug Development Research 34:220–230
(1995).

24. R. J. Knox, T. A. Connors. Antibody-directed enzyme pro-
drug therapy. Clin Immunother 3:136–153 (1995).

25. R. G. Melton, R. J. Knox, T. A. Connors. Antibody-
directed enzyme prodrug therapy (ADEPT). Drugs Fut 21:
167–181 (1996).

26. R. G. Melton, R. F. Sherwood. Antibody-enzyme conju-
gates for cancer therapy. J Natl Cancer Inst 88:153–165
(1996).

27. R. J. Knox. Enzymes and prodrugs used for ADEPT. En-
zyme Prodrug Strategies for Cancer Therapy (R. G. Mel-
ton, R. I. Knox, eds.). Kluwer Academic/Plenum Press,
New York, 1999, pp. 97–131.

28. M. Stanislawski, V. Rousseau, M. Goavec, H. Ito. Immu-
notoxins containing glucose oxidase and lactoperoxidase
with tumoricidal properties: in vitro killing effectiveness
in a mouse plasmacytoma cell model. Cancer Res 49:
5497–5504 (1989).

29. P. D. Senter, M. G. Saulnier, G. J. Schreiber, D. L.
Hirschberg, J. P. Brown, I. Hellstrom, K. E. Hellstrom.
Anti-tumor effects of antibody–alkaline phosphatase con-
jugates in combination with etoposide phosphate. Proc
Natl Acad Sci USA 85:4842–4846 (1988).

30. C. J. Springer, K. D. Bagshawe, S. K. Sharma, F. Searle,
J. A. Boden, P. Antoniw, P. J. Burke, G. T. Rogers, R. F.
Sherwood, R. G. Melton. Ablation of human choriocarci-
noma xenografts in nude mice by antibody-directed en-
zyme prodrug therapy (ADEPT) with three novel com-
pounds. Eur J Cancer 27:1361–1366 (1991).

31. D. C. Blakey, B. E. Valcaccia, S. East, A. F. Wright, F.
T. Boyle, C. J. Springer, P. J. Burke, R. G. Melton, K. D.
Bagshawe. Antitumor effects of an antibody–carboxypep-
tidase G2 conjugate in combination with a benzoic acid
mustard prodrug. Cell Biophys 22:1–8 (1993).

32. S. A. Eccles, W. J. Court, G. A. Box, C. J. Dean, R. G.
Melton, C. J. Springer. Regression of established breast
carcinoma xenografts with antibody-directed enzyme pro-
drug therapy against c-erbB2 p185. Cancer Res 54:5171–
5177 (1994).

33. D. C. Blakey, D. H. Davies, R. I. Dowell, S. J. East, P.
J. Burke, S. K. Sharma, C. J. Springer, A. B. Mauger, R.
G. Melton. Anti-tumor effects of an antibody–carboxy-
peptidase G2 conjugate in combination with phenol mus-
tard prodrugs. Br J Cancer 72:1083–1088 (1995).

34. H. P. Svensson, I. S. Frank, K. K. Berry, P. D. Senter.
Therapeutic effects of monoclonal antibody-β-lactamase
conjugates in combination with a nitrogen mustard anti-
cancer prodrug in models of human renal cell carcinoma.
J Med Chem 41:1507–1512 (1998).

35. K. D. Bagshawe, S. K. Sharma, C. J. Springer, P. Antoniw,
J. A. Boden, G. T. Rogers, P. J. Burke, R. G. Melton, R.
F. Sherwood. Antibody directed enzyme prodrug therapy
(ADEPT): clinical report. Dis Markers 9:233–238 (1991).



Enzyme–Prodrug Therapies of Cancer 919

36. K. D. Bagshawe, S. K. Sharma, C. J. Springer, P. Antoniw.
Antibody directed enzyme prodrug therapy: a pilot-scale
clinical trial. Tumor Targeting 1:17–29 (1995).

37. C. J. Springer, G. K. Poon, S. K. Sharma, K. D. Bagshawe.
Identification of prodrug, active drug, and metabolites in
an ADEPT clinical study. Cell Biophys 22:9–26 (1993).

38. R. I. Dowell, C. J. Springer, D. H. Davies, E. M. Hadley,
P. J. Burke, F. T. Boyle, R. G. Melton, T. A. Connors,
D. C. Blakey, A. B. Mauger. New mustard prodrugs for
antibody-directed enzyme prodrug therapy: alternatives to
the amide link. J Med Chem 39:1100–1105 (1996).

39. D. C. Blakey, P. J. Burke, D. H. Davies, R. I. Dowell, S.
J. East, K. P. Eckersley, J. E. Fitton, J. McDaid, R. G.
Melton, I. A. Niculescu Duvaz, P. E. Pinder, S. K. Sharma,
A. F. Wright, C. J. Springer. ZD2767, an improved system
for antibody-directed enzyme prodrug therapy that results
in tumor regressions in colorectal tumor xenografts. Can-
cer Res 56:3287–3292 (1996).

40. S. K. Sharma, K. D. Bagshawe, R. G. Melton, R. F. Sher-
wood. Human immune response to monoclonal antibody–
enzyme conjugates in ADEPT pilot clinical trial. Cell Bio-
phys 21:109–120 (1992).

41. S. K. Sharma, K. D. Bagshawe, R. G. Melton, R. H. Be-
gent. Effect of cyclosporine on immunogenicity of a bac-
terial enzyme carboxypeptidase G2 in ADEPT. Transplant
Proc 28:3154–3155 (1996).

42. K. D. Bagshawe, S. K. Sharma. Cyclosporine delays host
immune response to antibody enzyme conjugate in AD-
EPT. Transplant Proc 28:3156–3158 (1996).

43. K. Bosslet, J. Czech, P. Lorenz, H. H. Sedlacek, M.
Schuermann, G. Seemann. Molecular and functional char-
acterisation of a fusion protein suited for tumor specific
prodrug activation. Br J Cancer 65:234–238 (1992).

44. K. Bosslet, J. Czech, D. Hoffmann. Tumor-selective pro-
drug activation by fusion protein–mediated catalysis.
Cancer Res 54:2151–2159 (1994).

45. D. C. Blakey, F. T. Boyle, D. H. Davies, R. I. Dowell, D.
W. Heaton, M. S. Rose, A. M. Slater, H. J. Eggelte, A.
Tarragona-Fiol, C. J. Taylorson. Mutant human ribonucle-
ase for use in antibody-directed enzyme prodrug therapy
(ADEPT). Br J Cancer 75(suppl 1):36 (1997).

46. G. K. Smith, S. Banks, T. A. Blumenkopf, M. Cory, J.
Humphreys, R. M. Laethem, J. Miller, C. P. Moxham, R.
Mullin, P. H. Ray, L. M. Walton, L. A. Wolfe. Toward
antibody-directed enzyme prodrug therapy with the
T268G mutant of human carboxypeptidase A 1 and novel
in vivo stable prodrugs of methotrexate. J Biol Chem 272:
15804–15816 (1997).

47. L. J. Partridge. Production of catalytic antibodies using
combinatorial libraries. Biochem Soc Trans 21:1096–
1098 (1993).

48. K. A. Chester, R. H. Begent, L. Robson, P. Keep, R. B.
Pedley, J. A. Boden, G. Boxer, A. Green, G. Winter, O.
Cochet, R. E. Hawkins. Phage libraries for generation of
clinically useful antibodies. Lancet 343:455–456 (1994).

49. S. C. Goshorn, H. P. Svensson, D. E. Kerr, J. E. Somer-
ville, P. D. Senter, H. P. Fell. Genetic construction, ex-

pression, and characterization of a single chain anti-
carcinoma antibody fused to β-lactamase. Cancer Res 53:
2123–2127 (1993).

50. P. Wentworth, A. Datta, D. Blakey, T. Boyle, L. J. Par-
tridge, G. M. Blackburn. Toward antibody-directed ‘‘ab-
zyme’’ prodrug therapy, ADAPT: carbamate prodrug acti-
vation by a catalytic antibody and its in vitro application
to human tumor cell killing. Proc Natl Acad Sci USA 93:
799–803 (1996).

51. E. H. Oldfield, Z. Ram, K. W. Culver, R. M. Blaese, H.
L. DeVroom, W. F. Anderson. Gene therapy for the treat-
ment of brain tumors using intra-tumoral transduction
with the thymidine kinase gene and intravenous gan-
ciclovir. Hum Gene Ther 4:39–69 (1993).

52. I. R. Hart, R. G. Vile. Targeted gene therapy. Br Med Bull
51:647–655 (1995).

53. J. Fueyo, C. Gomez-Manzano, W. K. Yung, A. P. Kyritsis.
Targeting in gene therapy for gliomas. Arch Neurol 56:
445– 448 (1999).

54. J. R. Herman, H. L. Adler, E. Aguilar-Cordova, A. Rojas-
Martinez, S. Woo, T. L. Timme, T. M. Wheeler, T. C.
Thompson, P. T. Scardino. In situ gene therapy for adeno-
carcinoma of the prostate: a phase I clinical trial. Hum
Gene Ther 10:1239–1249 (1999).

55. M. Consalvo, C. A. Mullen, A. Modesti, P. Musiani, A.
Allione, F. Cavallo, M. Giovarelli, G. Forni. 5-Fluorocy-
tosine-induced eradication of murine adenocarcinomas en-
gineered to express the cytosine deaminase suicide gene
requires host immune competence and leaves an efficient
memory. J Immunol 154:5302–5312 (1995).

56. S. M. Freeman, K. A. Whartenby, J. L. Freeman, C. N.
Abboud, A. J. Marrogi. In situ use of suicide genes for
cancer therapy. Semin Oncol 23:31–45 (1996).

57. C. A. Mullen, M. M. Coale, R. Lowe, R. M. Blaese. Tu-
mors expressing the cytosine deaminase suicide gene can
be eliminated in vivo with 5-fluorocytosine and induce
protective immunity to wild type tumor. Cancer Res 54:
1503–1506 (1994).

58. C. A. Mullen. Metabolic suicide genes in gene therapy.
Pharmacol Ther 63:199–207 (1994).

59. D. F. Robinson. and I. H. Maxwell. Suppression of single
and double nonsense mutations introduced into the diph-
theria toxin A-chain gene: a potential binary system for
toxin gene therapy. Hum Gene Ther 6:137–143 (1995).

60. D. R. Cook, I. H. Maxwell, L. M. Glode, F. Maxwell, J.
O. Stevens, M. B. Purner, E. Wagner, D. T. Curiel, T. J.
Curiel. Gene therapy for B-cell lymphoma in a SCID
mouse model using an immunoglobulin-regulated diph-
theria toxin gene delivered by a novel adenovirus-polyly-
sine conjugate. Cancer Biother 9:131–141 (1994).

61. I. H. Maxwell, L. M. Glode, F. Maxwell. Expression of
diphtheria toxin A-chain in mature B-cells: a potential ap-
proach to therapy of B-lymphoid malignancy. Leuk
Lymphoma 7:457–462 (1992).

62. I. H. Maxwell, L. M. Glode, F. Maxwell. Expression of
the diphtheria toxin A-chain coding sequence under the
control of promoters and enhancers from immunoglobulin



920 Knox et al.

genes as a means of directing toxicity to B-lymphoid cells.
Cancer Res 51:4299–4304 (1991).

63. R. Marais, R. A. Spooner, S. M. Stribbling, Y. Light, J.
Martin, C. J. Springer. A cell surface tethered enzyme im-
proves efficiency in gene-directed enzyme prodrug ther-
apy. Nature Biotechnology 15:1373–1377 (1997).

64. T. A. Connors. The choice of prodrugs for gene directed
enzyme prodrug therapy of cancer. Gene Therapy 2:1–9
(1995).

65. M. L. Mendelsohn. The growth fraction: a new concept
applied to tumors. Science 132:1496 (1960).

66. N. Miller, R. Vile. Targeted vectors for gene therapy.
FASEB J. 9:190–199 (1995).

67. B. Abdallah, A. Hassan, C. Benoist, D. Goula, J. P. Behr,
B. A. Demeneix. A powerful nonviral vector for in vivo
gene transfer into the adult mammalian brain:polyethylen-
imine. Hum Gene Ther 7:1947–1954 (1996).

68. W. T. Godbey, K. K. Wu, A. G. Mikos. Poly(ethyleni-
mine) and its role in gene delivery. J Controlled Release
60:149–160 (1999).

69. E. Borrelli, R. Heyman, M. Hsi, R. M. Evans. Targeting
of an inducible toxic phenotype in animal cells. Proc Natl
Acad Sci USA 85:7572–7576 (1988).

70. F. S. Moolten, J. M. Wells, P. J. Mroz. Multiple transduc-
tion as a means of preserving ganciclovir chemosensitivity
in sarcoma cells carrying retrovirally transduced herpes
thymidine kinase genes. Cancer Lett 64:257–263 (1992).

71. A. Abe, T. Takeo, N. Emi, M. Tanimoto, R. Ueda, J. K.
Yee, T. Friedmann, H. Saito. Transduction of a drug-sensi-
tive toxic gene into human leukemia cell lines with a novel
retroviral vector. Proc Soc Exp Biol Med 203:354–359
(1993).

72. D. Barba, J. Hardin, J. Ray, F. H. Gage. Thymidine kinase-
mediated killing of rat brain tumors. J Neurosurg 79:729–
735 (1993).

73. R. G. Vile, I. R. Hart. Use of tissue-specific expression of
the herpes simplex virus thymidine kinase gene to inhibit
growth of established murine melanomas following direct
intratumoral injection of DNA. Cancer Res 53:3860–3864
(1993).

74. S. H. Chen, H. D. Shine, J. C. Goodman, R. G. Grossman,
S. L. Woo. Gene therapy for brain tumors: regression of
experimental gliomas by adenovirus-mediated gene trans-
fer in vivo. Proc Natl Acad Sci USA 91:3054–3057
(1994).

75. W. R. Smythe, H. C. Hwang, K. M. Amin, S. L. Eck, B.
L. Davidson, J. M. Wilson, L. R. Kaiser, S. M. Albelda.
Use of recombinant adenovirus to transfer the herpes sim-
plex virus thymidine kinase (HSVtk) gene to thoracic neo-
plasms: an effective in vitro drug sensitization system.
Cancer Res 54:2055–2059 (1994).

76. X. W. Tong, A. Block, S. H. Chen, C. F. Contant, I.
Agoulnik, K. Blankenburg, R. H. Kaufman, S. L. Woo,
D. G. Kieback. In vivo gene therapy of ovarian cancer by
adenovirus-mediated thymidine kinase gene transduction
and ganciclovir administration. Gynecol Oncol 61:175–
179 (1996).

77. X. W. Tong, A. Block, S. H. Chen, S. L. Woo, D. G. Kie-
back. Adenovirus-mediated thymidine kinase gene trans-
duction in human epithelial ovarian cancer cell lines fol-
lowed by exposure to ganciclovir. Anticancer Res 16:
1611–1617 (1996).

78. T. Tanaka, F. Kanai, S. Okabe, Y. Yoshida, H. Wakimoto,
H. Hamada, Y. Shiratori, K. Lan, M. Ishitobi, M. Omata.
Adenovirus-mediated prodrug gene therapy for carci-
noembryonic antigen-producing human gastric carcinoma
cells in vitro. Cancer Res 56:1341–1345 (1996).

79. M. Kokoris, P. Sabo, E. Adman, M. Black. Enhancement
of tumor ablation by a selected HSV-1 thymidine kinase
mutant. Gene Ther 6:1415–1426 (1999).

80. S. M. Freeman, C. N. Abboud, K. A. Whartenby, C. H.
Packman, D. S. Koeplin, F. L. Moolten, G. N. Abraham.
The ‘‘bystander effect’’: tumor regression when a fraction
of the tumor mass is genetically modified. Cancer Res 53:
5274–5283 (1993).

81. W. L. Bi, L. M. Parysek, R. Warnick, P. J. Stambrook. In
vitro evidence that metabolic cooperation is responsible
for the bystander effect observed with HSV tk retroviral
gene therapy. Hum Gene Ther 4:725–731 (1993).

82. J. Fick, F. G. Barker, 2nd, P. Dazin, E. M. Westphale, E.
C. Beyer, M. A. Israel. The extent of heterocellular com-
munication mediated by gap junctions is predictive of by-
stander tumor cytotoxicity in vitro. Proc Natl Acad Sci
USA 92:11071–11075 (1995).

83. S. Gagandeep, R. Brew, B. Green, S. E. Christmas,
D. Klatzmann, G. J. Poston, A. R. Kinsella. Prodrug-
activated gene therapy: involvement of an immunological
component in the ‘‘bystander effect.’’ Cancer Gene Ther
3:83–88 (1996).

84. E. Kievit, E. Bershad, E. Ng, P. Sethna, I. Dev, T. S. Law-
rence, A. Rehemtulla. Superiority of yeast over bacterial
cytosine deaminase for enzyme/prodrug gene therapy in
colon cancer xenografts. Cancer Res 59:1417–1421
(1999).

85. C. A. Mullen, M. Kilstrup, R. M. Blaese. Transfer of the
bacterial gene for cytosine deaminase to mammalian cells
confers lethal sensitivity to 5-fluorocytosine: a negative
selection system. Proc Natl Acad Sci USA 89:33–37
(1992).

86. B. E. Huber, E. A. Austin, S. S. Good, V. C. Knick, S.
Tibbels, C. A. Richards. In vivo antitumor activity of 5-
fluorocytosine on human colorectal carcinoma cells genet-
ically modified to express cytosine deaminase. Cancer Res
53:4619–4626 (1993).

87. B. E. Huber, E. A. Austin, C. A. Richards, S. T. Davis,
S. S. Good. Metabolism of 5-fluorocytosine to 5-fluoro-
uracil in human colorectal tumor cells transduced with the
cytosine deaminase gene:significant antitumor effects
when only a small percentage of tumor cells express cyto-
sine deaminase. Proc Natl Acad Sci USA 91:8302–8306
(1994).

88. D. K. Hoganson, R. K. Batra, J. C. Olsen, R. C. Boucher.
Comparison of the effects of three different toxin genes
and their levels of expression on cell growth and bystander



Enzyme–Prodrug Therapies of Cancer 921

effect in lung adenocarcinoma. Cancer Res 56:1315–1323
(1996).

89. E. Frei, B. A. Teicher, S. A. Holden, K. N. Cathcart, Y.
Y. Wang. Preclinical studies and clinical correlation of the
effect of alkylating dose. Cancer Res 48:6417–6423
(1988).

90. G. M. Anlezark, R. G. Melton, R. F. Sherwood, B. Coles,
F. Friedlos, R. J. Knox. The bioactivation of 5-(aziridin-
1-yl)-2,4-dinitrobenzamide (CB1954)-1. Purification and
properties of a nitroreductase enzyme from Escherichia
coli—a potential enzyme for antibody-directed enzyme
prodrug therapy (ADEPT). Biochem Pharmacol 44:2289–
2295 (1992).

91. F. Friedlos, R. J. Knox. Metabolism of NAD(P)H by blood
components. Relevance to bioreductively activated pro-
drugs in a targeted enzyme therapy system. Biochem Phar-
macol 44:631–635 (1992).

92. J. A. Bridgewater, C. J. Springer, R. J. Knox, N. P. Min-
ton, N. P. Michael, M. K. Collins. Expression of the bacte-
rial introreductase enzyme in mammalian cells renders
them selectively sensitive to killing by the prodrug
CB1954. Eur J Cancer 31a:2362–2370 (1995).

93. N. K. Green, D. J. Youngs, J. P. Neoptolemos, F. Friedlos,
R. J. Knox, C. J. Springer, G. M. Anlezark, N. P. Michael,
R. G. Melton, M. J. Ford, L. S. Young, D. J. Kerr, P. F.
Searle. Sensitization of colorectal and pancreatic cell lines
to the prodrug 5-(aziridin-1-yl)-2,4-dinitrobenzamide (CB
1954) by retroviral transduction and expression of the E.
coli nitroreductase gene. Cancer Gene Ther 4:229–238
(1997).

94. W. Cui, B. Gusterson, A. J. Clark. Nitroreductase-medi-
ated cell ablation is very rapid and mediated by a p53-
independent apoptotic pathway. Gene Ther 6:764–770
(1999).

95. J. A. Bridgewater, R. J. Knox, J. D. Pitts, M. K. Collins,
C. J. Springer. The bystander effect of the nitroreductase
CB 1954 enzyme prodrug system is due to a cell-perme-
able metabolite. Hum Gene Ther 8:709–717 (1997).

96. I. A. McNeish, N. K. Green, M. G. Gilligan, M. J. Ford,
V. Mautner, L. S. Young, D. J. Kerr, P. F. Searle. Virus
directed enzyme prodrug therapy for ovarian and pancre-
atic cancer using retrovirally delivered E-coli nitroreduc-
tase and CB1954. Gene Ther 5:1061–1069 (1998).

97. S. M. Bailey, R. J. Knox, S. M. Hobbs, T. C. Jenkins, A.
B. Mauger, R. G. Melton, P. J. Burke, T. A. Connors, I.
R. Hart. Investigation of alternative prodrugs for use with
E. coli nitroreductase in ‘suicide gene’ approaches to can-
cer therapy. Gene Ther 3:1143–1150 (1996).

98. G. M. Anlezark, R. G. Melton, R. F. Sherwood, W. R.
Wilson, W. A. Denny, B. D. Palmer, R. J. Knox, F.
Friedlos, A. Williams. Bioactivation of dinitrobenzamide
mustards by an E. coli B nitroreductase. Biochem Pharma-
col 50:609–618 (1995).

99. A. B. Mauger, P. J. Burke, H. H. Somani, F. Friedlos, R. J.
Knox. Self-immolative prodrugs: candidates for antibody-
directed enzyme prodrug therapy in conjunction with a ni-
troreductase enzyme. J Med Chem 37:3452–3458 (1994).

100. K. Haack, U. Moebius, M. V. K. Doeberitz, C. Herfarth,
H. K. Schackert, J. F. Gebert. Detection of cytosine deami-
nase in genetically modified tumor cells by specific anti-
bodies. Hum Gene Ther 8:1395–1401 (1997).

101. M. Tada, M. Tada. Enzymatic activation of the carcinogen
4-hydroxylaminoquinoline-1-oxide and its interaction
with cellular macromolecules. Biochem Biophys Res Com-
mun 46:1025 (1972).

102. M. Lee, J. E. Simpson, S. Woo, C. Kaenzig, G. M. Anlez-
ark, E. EnoAmooquaye, P. J. Burke. Synthesis of an
aminopropyl, analog of the experimental anticancer drug
tallimustine, and activation of its 4-nitrobenzylcarbamoyl
prodrug by nitroreductase and NADH. Bioorg Med Chem
Lett 7:1065–1070 (1997).

103. R. Duncan, F. Spreafico. Polymer conjugates. Pharmaco-
kinetic considerations for design and development. Clin
Pharmacokinet 27:290–306 (1994).

104. R. Duncan, S. Dimitrijevic, E. G. Evagorou. The role of
polymer conjugates in the diagnosis and treatment of can-
cer. STP Pharma Sciences 6:237–263 (1996).

105. Y. Matsumura, H. Maeda. A new concept for macromo-
lecular therapeutics in cancer chemotherapy: mechanism
of tumoritropic accumulation of proteins and the antitumor
agent SMANCS. Cancer Res 46:6387–6392 (1986).

106. J. M. Brown, A. J. Giaccia. The unique physiology of solid
tumors: opportunities (and problems) for cancer therapy.
Cancer Res 58:1408–1416 (1998).

107. L. J. Nugent, R. K. Jain. Extravascular diffusion in normal
and neoplastic tissues. Cancer Res 44:238–244 (1984).

108. L. E. Gerlowski, R. K. Jain. Microvascular permeability
of normal and neoplastic tissues. Microvasc Res 31:288–
305 (1986).

109. H. Maeda, Y. Matsumura. Tumoritropic and lymphotropic
principles of macromolecular drugs. Crit Rev Ther Drug
Carrier Syst 6:193–210 (1989).

110. H. F. Dvorak, J. A. Nagy, J. T. Dvorak, A. M. Dvorak.
Identification and characterization of the blood vessels of
solid tumors that are leaky to circulating macromolecules.
Am J Pathol 133:95–109 (1988).

111. R. Duncan, P. Kopeckova-Rejmanova, J. Strohalm, I.
Hume, H. C. Cable, J. Pohl, J. B. Lloyd, J. Kopecek. Anti-
cancer agents coupled to N-(2-hydroxypropyl)methacry-
lamide copolymers. I. Evaluation of daunomycin and pu-
romycin conjugates in vitro. Br J Cancer 55:165–174
(1987).

112. R. K. Jain. Vascular and interstitial barriers to delivery of
therapeutic agents in tumors. Cancer Metastasis Rev 9:
253–266 (1990).

113. N. Ferrara, K. Houck, L. Jakeman, D. W. Leung. Molecu-
lar and biological properties of the vascular endothelial
growth factor family of proteins. Endocr Rev 13:18–32
(1992).

114. R. K. Jain. Transport of molecules across tumor vascula-
ture. Cancer Metastasis Rev 6:559–593 (1987).

115. R. K. Jain. Transport of molecules in the tumor intersti-
tium: a review. Cancer Res 47:3039–3051 (1987).

116. H. F. Dvorak, L. F. Brown, M. Detmar, A. M. Dvorak.



922 Knox et al.

Vascular permeability factor/vascular endothelial growth
factor, microvascular hyperpermeability, and angiogen-
esis. Am J Pathol 146:1029–1039 (1995).

117. J. Folkman, E. Merler, C. Abernathy, G. Williams. Isola-
tion of a tumor factor responsible for angiogenesis. J Exp
Med 133:275–288 (1971).

118. J. Folkman. Tumor angiogenesis. Adv Cancer Res 43:
175–203 (1985).

119. J. Folkman, M. Klagsbrun. Angiogenic factors. Science
235:442–447 (1987).

120. L. W. Seymour, Y. Miyamoto, H. Maeda, M. Brereton, J.
Strohalm, K. Ulbrich, R. Duncan. Influence of molecular
weight on passive tumor accumulation of a soluble macro-
molecular drug carrier. Eur J Cancer 5:766–770
(1995).

121. N. Oku, K. Doi, Y. Namba, S. Okada. Therapeutic effect
of adriamycin encapsulated in long-circulating liposomes
on Meth-A-sarcoma-bearing mice. Int J Cancer 58:415–
419 (1994).

122. L. W. Seymour, R. Duncan, P. Kopeckova, J. Kopecek.
Daunomycin- and adriamycin-N-(2-hydroxypropyl)meth-
acrylamide copolymer conjugates; toxicity reduction by
improved drug-delivery. Cancer Treat Rev 14:319–327
(1987).

123. K. D. Bagshawe. Tumor Therapy WO 98/24478 (1998).
124. K. D. Bagshawe, S. K. Sharma, P. J. Burke, R. G. Melton,

R. J. Knox. Developments with targeted enzymes in can-
cer therapy. Curr Opin Immunol 11:579–583 (1999).

125. A. Abuchowski, F. F. Davis, S. Davis. Immunosuppres-
sive properties and circulating life of Achromobacter glu-
taminase-asparaginase covalently attached to polyethyl-
ene glycol in man. Cancer Treat Rep 65:1077–1081
(1981).

126. M. L. Nucci, J. Olejarczyk, A. Abuchowski. Immunoge-
nicity of polyethylene glycol-modified superoxide dismu-
tase and catalase. J Free Radic Biol Med 2:321–325
(1986).

127. P. A. Vasey, S. B. Kaye, R. Morrison, C. Twelves, P. Wil-
son, R. Duncan, A. H. Thomson, L. S. Murray, T. E. Hil-
ditch, T. Murray, S. Burtles, D. Fraier, E. Frigerio, J. Cas-
sidy. Phase I clinical and pharmacokinetic study of PK1
[N-(2-hydroxypropyl)methacrylamide copolymer doxoru-
bicin]: first member of a new class of chemotherapeutic
agents-drug-polymer conjugates. Cancer Research Cam-
paign Phase I/II Committee. Clin Cancer Res 5:83–94
(1999).

128. R. Duncan. Drug–polymer conjugates: potential for im-
proved chemotherapy. Anticancer Drugs 3:175–210
(1992).

129. L. W. Seymour, K. Ulbrich, P. S. Steyger, M. Brereton,
V. Subr, J. Strohalm, R. Duncan. Tumor tropism and anti-
cancer efficacy of polymer-based doxorubicin prodrugs in
the treatment of subcutaneous murine B16F10 melanoma.
Br J Cancer 70:636–641 (1994).

130. J. Cassidy, R. Duncan, G. J. Morrison, J. Strohalm, D.
Plocova, J. Kopecek, S. B. Kaye. Activity of N-(2-hydro-
xypropyl)methacrylamide copolymers containing dauno-

mycin against a rat tumor model. Biochem Pharmacol 38:
875–879 (1989).

131. S. B. Mordier, D. M. Bechet, M. P. Roux, A. Obled, M.
J. Ferrara. The structure of the bovine cathepsin B gene.
Genetic variability in the 3′ untranslated region. Eur J Bio-
chem 229:35–44 (1995).

132. M. R. Buck, D. G. Karustis, N. A. Day, K. V. Honn, B.
F. Sloane. Degradation of extracellular-matrix proteins by
human cathepsin B from normal and tumor tissues. Bio-
chem J 282:273–278 (1992).

133. R. Satchi, R. Duncan. PDEPT: polymer directed enzyme
prodrug therapy—in vitro and in vivo characterisation. In:
3rd International Symposium on Polymer Therapeutics,
London, Jan 7–11, 1998.

134. R. Satchi, R. Duncan. PDEPT: polymer directed enzyme
prodrug therapy. In: 10th NCI-EORTC Symposium on
New Drugs in Cancer Therapy, Amsterdam, June 16–19,
1998.

135. W. A. Bleyer. The clinical pharmacology of methotrexate.
Cancer 41:36–51 (1978).

136. C. D. Flombaum, P. A. Meyers. High-dose leucovorin as
sole therapy for methotrexate toxicity. J Clin Oncol 17:
1589–1594 (1999).

137. S. B. Howell, K. Herbst, G. R. Boss, E. Frei. Thymidine
requirements for the rescue of patients treated with high-
dose methotrexate. Cancer Research 40:1824–1829
(1980).

138. S. B. Howell, S. J. Mansfield, R. Taetle. Thymidine and
hypoxanthine requirements of normal and malignant hu-
man cells for protection against methotrexate cytotoxicity.
Cancer Research 41:945–950 (1981).

139. A. Reggev, I. Djerassi. Rescue from high-dose methotrex-
ate with 5-methyltetrahydrofolate. Cancer Treat Rep 70:
251–253 (1986).

140. M. M. Simile, M. R. DeMiglio, A. Nufris, R. M. Pascale,
M. R. Muroni, F. Feo. 1-5-formyltetrahydrofolate and 1-5-
methyltetrahydrofolate rescue in L1210 leukemia treated
with high methotrexate doses. Res Commun Chem Pathol
Pharmacol 81:251–254 (1993).

141. B. Fulton, A. J. Wagstaff, D. McTavish. Trimetrexate. A
review of its pharmacodynamic and pharmacokinetic
properties and therapeutic potential in the treatment of
Pneumocystis carinii pneumonia. Drugs 49:563–576
(1995).

142. K. D. Bagshawe, P. J. Burke, R. J. Knox, R. G. Melton,
S. K. Sharma. Targeting enzymes to cancers—new devel-
opments. Expert Opin Investigational Drugs 8:161–172
(1999).

143. K. D. Bagshawe, M. Napier. Early clinical studies with
ADEPT. Enzyme Prodrug Strategies for Cancer Therapy
(R. G. Melton, R. J. Knox, eds.). Kluwer Academic/Ple-
num Press, New York, 1999, pp. 199–207.

144. S. K. Sharma, K. D. Bagshawe, R. G. Melton, R. F. Sher-
wood. Human immune response to monoclonal antibody-
enzyme conjugates in ADEPT. Cell Biophys 21:109–120
(1993).

145. A. V. Patterson, D. C. Talbot, I. J. Stratford, A. L. Harris.



Enzyme–Prodrug Therapies of Cancer 923

Thymidine phosphorylase moderates thymidine-depen-
dent rescue after exposure to the thymidylate synthase in-
hibitor ZD1964 (Tomudex). Cancer Research 58:2737–
2740 (1998).

146. R. N. Turner, G. W. Aherne, N. J. Curtin. Selective poten-
tiation of lometrexol growth inhibition by dipyridamole
through cell-specific inhibition of hypoxanthine salvage.
Br J Cancer 76:1300–1307 (1997).

147. H. Ito, J. Morizet, L. Coulombel, M. Stanislawski. T cell
depletion of human bone marrow using an oxidase-peroxi-
dase enzyme immunotoxin. Bone Marrow Transplant 6:
395–398 (1990).

148. G. T. Stevenson, F. K. Stevenson. Antibody to a molecu-
larly defined antigen confined to a tumor cell surface. Na-
ture 254:714–716 (1975).

149. S. Fargion, D. Carney, J. Mulshine, S. Rosen, P. Bunn, P.
Jewitt, F. Cuttitta, A. Gazdar, J. Minna. Heterogeneity of
cell surface antigen expression of human small cell lung
cancer detected by monoclonal antibodies. Cancer Res 46:
2633–2638 (1986).

150. P. G. Natali, R. Cavaliere, A. Bigotti, M. R. Nicotra, C.
Russo, A. K. Ng, P. Giacomini, S. Ferrone. Antigenic het-
erogeneity of surgically removed primary and autologous
metastatic human melanoma lesions. J Immunol 130:
1462–1466 (1983).

151. C. J. Springer, P. Antoniw, K. D. Bagshawe, D. E. Wil-
man. Comparison of half-lives and cytotoxicity of N-
chloroethyl-4-amino and N-mesyloxyethyl-benzoyl com-
pounds, products of prodrugs in antibody-directed enzyme
prodrug therapy (ADEPT). Anticancer Drug Des 6:467–
479 (1991).

152. R. H. J. Begent. Recent advances in tumor imaging: use
of radiolabelled monoclonal antibodies. Biochim Biophys
Acta 780:151–166 (1985).

153. E. Haenseler, A. Esswein, K. S. Vitols, Y. Montejano, B.
M. Mueller, R. A. Reisfeld, F. M. Huennekens. Activation
of methotrexate-α-alanine by carboxypeptidase A–mono-
clonal antibody conjugate. Biochemistry 31:891–897
(1992).

154. S. K. Sharma, K. D. Bagshawe, P. J. Burke, R. W. Boden,
G. T. Rogers. Inactivation and clearance of an anti-CEA
carboxypeptidase G2 conjugate in blood after localisation
in a xenograft model. Br J Cancer 61:659–662 (1990).

155. S. K. Sharma, K. D. Bagshawe, P. J. Burke, J. A. Boden,
G. T. Rogers, C. J. Springer, R. G. Melton, R. F. Sher-
wood. Galactosylated antibodies and antibody–enzyme
conjugates in antibody-directed enzyme prodrug therapy.
Cancer 73:1114–1120 (1994).

156. G. T. Rogers, P. J. Burke, S. K. Sharma, R. Koodie, J. A.
Boden. Plasma clearance of an antibody–enzyme conju-
gate in ADEPT by monoclonal anti-enzyme: its effect on
prodrug activation in vivo. Br J Cancer 72:1357–1363
(1995).

157. R. G. Melton, J. A. Rowland, G. A. Pietersz, R. F. Sher-
wood, I. F. McKenzie. Tumor necrosis factor increases
tumor uptake of co-administered antibody-carboxypepti-
dase G2 conjugate. Eur J Cancer 29a:1177–1183 (1993).

158. A. H. Sehon. Suppression of antibody responses by chemi-
cally modified antigens. Int Arch Allergy Appl Immunol
94:11–20 (1991).

159. K. De-Sutter, W. Fiers. A bifunctional murine:human chi-
meric antibody with one antigen-binding arm replaced by
bacterial β-lactamase. Mol Immunol 31:261–267 (1994).

160. M. S. Neuberger, G. T. Williams, R. O. Fox. Recombinant
antibodies possessing novel effector functions. Nature
312:604–608 (1984).

161. R. G. Melton. Preparation and purification of antibody-
enzyme conjugates for therapeutic applications. Adv Drug
Delivery Rev 22:289–301 (1996).

162. R. G. Melton. Preparation and purification of antibody–
enzyme conjugates for therapeutic applications. Enzyme
Prodrug. Strategies for Cancer Therapy (R. G. Melton,
R. J. Knox, ed.). Kluwer Academic/Plenum Press, New
York, 1999, pp. 155–179.

163. K. Bosslet, J. Czech, G. Seemann, C. Monneret, D. Hoff-
mann. Fusion protein mediated prodrug activation
(FMPA) in vivo. Cell Biophys 24–25:51–63 (1994).

164. R. G. Melton, R. J. Knox. Enzyme–prodrug strategies for
cancer therapy. Kluwer Academic/Plenum Press, New
York, 1999.

165. P. M. Wallace, P. D. Senter. In vitro and in vivo activities
of monoclonal antibody–alkaline phosphatase conjugates
in combination with phenol mustard phosphate. Bioconjug
Chem 2:349–352 (1991).

166. P. D. Senter. Activation of prodrugs by antibody–enzyme
conjugates: a new approach to cancer therapy. Faseb J 4:
188–193 (1990).

167. P. D. Senter, G. J. Schreiber, D. L. Hirschberg, S. A. Ashe,
K. E. Hellstrom, I. Hellstrom. Enhancement of the in vitro
and in vivo antitumor activities of phosphorylated mito-
mycin C and etoposide derivatives by monoclonal anti-
body–alkaline phosphatase conjugates. Cancer Res 49:
5789–5792 (1989).

168. U. Sahin, F. Hartmann, P. Senter, C. Pohl, A. Engert, V.
Diehl, M. Pfreundschuh. Specific activation of the prodrug
mitomycin phosphate by a bispecific anti-CD30/anti-
alkaline phosphatase monoclonal antibody. Cancer Res
50:6944–6948 (1990).

169. H. J. Haisma, E. Boven, M. van Muijen, R. De Vries, H.
M. Pinedo. Analysis of a conjugate between anti-carci-
noembryonic antigen monoclonal antibody and alkaline
phosphatase for specific activation of the prodrug etopo-
side phosphate. Cancer Immunol Immunother 34:343–348
(1992).

170. M. A. Smal, Z. Dong, H. T. Cheung, Y. Asano, L. Escof-
fier, M. Costello, M. H. Tattersall. Activation and cytotox-
icity of 2-α-aminoacyl prodrugs of methotrexate. Biochem
Pharmacol 49:567–574 (1995).

171. A. Bukhari, T. A. Connors, A. M. Gilsenan, W. C. Ross,
M. J. Tisdale, G. P. Warwick, D. E. Wilman. Cytotoxic
agents designed to be selective for liver cancer. J Natl
Cancer Inst 50:243–247 (1973).

172. H. Autrup, G. P. Warwick. Some characteristics of two
azoreductase systems in rat liver. Relevance to the activity



924 Knox et al.

of 2-[4′-di(2″-bromopropyl)-aminophenylazo]benzoic acid
(CB10-252), a compound possessing latent cytotoxic ac-
tivity. Chem Biol Interact 11:329–342 (1975).

173. A. Kojima, N. R. Hackett, A. Ohwada, R. G. Crystal. In
vivo human carboxylesterase cDNA gene transfer to acti-
vate the prodrug CPT-11 for local treatment of solid tu-
mors. J Clin Investigation 101:1789–1796 (1998).

174. M. K. Danks, C. L. Morton, E. J. Krull, P. J. Cheshire, L.
B. Richmond, C. W. Naeve, C. A. Pawlik, P. J. Houghton,
P. M. Potter. Comparison of activation of CPT-11 by
rabbit and human carboxylesterases for use in enzyme/
prodrug therapy. Clin Cancer Res 5:917–924 (1999).

175. U. Kuefner, U. Lohrmann, Y. D. Montejano, K. S. Vitols,
F. M. Huennekens. Carboxypeptidase-mediated release of
methotrexate from methotrexate α-peptides. Biochemistry
28:2288–2297 (1989).

176. A. Esswein, E. Hanseler, Y. Montejano, K. S. Vitols, F. M.
Huennekens. Construction and chemotherapeutic potential
of carboxypeptidase-A/monoclonal antibody conjugate.
Adv Enzyme Regul 31:3–12 (1991).

177. M. J. Perron, M. Page. Activation of methotrexate-phenyl-
alanine by monoclonal antibody–carboxypeptidase A con-
jugate for the specific treatment of ovarian cancer in vitro.
Br J Cancer 73:281–287 (1996).

178. C. J. Springer, V. Bavetsias, A. L. Jackman, F. T. Boyle,
D. Marshall, R. B. Pedley, G. M. Bisset. Prodrugs of thym-
idylate synthase inhibitors: potential for antibody directed
enzyme prodrug therapy (ADEPT). Anticancer Drug Des
11:625–636 (1996).

179. D. A. Hamstra, A. Rehemtulla. Toward an enzyme/pro-
drug strategy for cancer gene therapy: endogenous activa-
tion of carboxypeptidase A mutants by the PACE/Furin
family of propeptidases. Hum Gene Ther 10:235–248
(1999).

180. K. D. Bagshawe. Towards generating cytotoxic agents at
cancer sites. Br J Cancer 60:275–281 (1989).

181. C. J. Springer, P. Antoniw, K. D. Bagshawe, F. Searle, G.
M. Bisset, M. Jarman. Novel prodrugs which are activated
to cytotoxic alkylating agents by carboxypeptidase G2. J
Med Chem 33:677–681 (1990).

182. C. J. Springer. CMDA 4-[2-chloroethyl)[2-(mesyloxy)
ethyl]amino]benzoyl-l-glutamic acid. Antineoplastic pro-
drug. Drugs Fut 18:212–215 (1993).

183. C. J. Springer, I. Niculescu-Duvaz, R. B. Pedley. Novel
prodrugs of alkylating agents derived from 2-fluoro- and
3-fluorobenzoic acids for antibody-directed enzyme pro-
drug therapy. J Med Chem 37:2361–2370 (1994).

184. C. J. Springer, R. Dowell, P. J. Burke, E. Hadley, D. H.
Davis, D. C. Blakey, R. G. Melton, I. Niculescu Duvaz.
Optimization of alkylating agent prodrugs derived from
phenol and aniline mustards: a new clinical candidate pro-
drug (ZD2767) for antibody-directed enzyme prodrug
therapy (ADEPT). J Med Chem 38:5051–5065 (1995).

185. R. Marais, R. A. Spooner, Y. Light, J. Martin, C. J.
Springer, Gene-directed enzyme prodrug therapy with a
mustard prodrug/carboxypeptidase G2 combination. Can-
cer Res 56:4735–4742 (1996).

186. I. Niculescu-Duvaz, D. Niculescu-Duvaz, F. Friedlos, R.
Spooner, J. Martin, R. Marais, C. J. Springer. Self-immo-
lative anthracycline prodrugs for suicide gene therapy. J
Med Chem 42:2485–2489 (1999).

187. D. Niculescu-Duvaz, I. Niculescu-Duvaz, F. Friedlos, J.
Martin, R. Spooner, L. Davies, R. Marais, C. J. Springer.
Self-immolative nitrogen mustard prodrugs for suicide
gene therapy. J Med Chem 41:5297–5309 (1998).

188. M. X. Wei, T. Tamiya, M. Chase, E. J. Boviatsis, T. K.
Chang, N. W. Kowall, F. H. Hochberg, D. J. Waxman, X.
O. Breakefield, E. A. Chiocca. Experimental tumor ther-
apy in mice using the cyclophosphamide-activating cyto-
chrome P450 2B1 gene. Hum Gene Ther 5:969–978
(1994).

189. L. Chen, D. J. Waxman. Intratumoral activation and en-
hanced chemotherapeutic effect of oxazaphosphorines fol-
lowing cytochrome P-450 gene transfer: development of
a combined chemotherapy/cancer gene therapy strategy.
Cancer Res 55:581–589 (1995).

190. M. X. Wei, T. Tamiya, R. J. Rhee, X. O. Breakefield, E.
A. Chiocca. Diffusible cytotoxic metabolites contribute to
the in vitro bystander effect associated with the
cyclophosphamide/cytochrome P450 2B1 cancer gene
therapy paradigm. Clin Cancer Res 1:1171–1177
(1995).

191. L. Chen, D. J. Waxman, D. Chen, D. W. Kufe. Sensitiza-
tion of human breast cancer cells to cyclophosphamide
and ifosfamide by transfer of a liver cytochrome P450
gene. Cancer Res 56:1331–1340 (1996).

192. Y. Manome, P. Y. Wen, L. Chen, T. Tanaka, Y. Dong,
M. Yamazoe, A. Hirshowitz, D. W. Kufe, H. A. Fine.
Gene therapy for malignant gliomas using replication in-
competent retroviral and adenoviral vectors encoding the
cytochrome P450 2B1 gene together with cyclophospha-
mide. Gene Ther 3:513–520 (1996).

193. M. Lohr, P. Muller, P. Karle, J. Stange, S. Mitzner, R.
Jesnowski, H. Nizze, B. Nebe, S. Liebe, B. Salmons, W.
H. Gunzburg. Targeted chemotherapy by intratumour in-
jection of encapsulated cells engineered to produce
CYP2B1, an ifosfamide activating cytochrome P450.
Gene Ther 5:1070–1078 (1998).

194. N. G. Rainov, K. U. Dobberstein, M. Senaesteves, U. Her-
rlinger, C. M. Kramm, R. M. Philpot, J. Hilton, E. A. Chi-
occa, X. O. Breakefield. New prodrug activation gene
therapy for cancer using cytochrome P450 4B1 and 2-
aminoanthracene/4-ipomeanol. Hum Gene Ther 9:1261–
1273 (1998).

195. D. A. Hamstra, D. J. Rice, S. Fahmy, B. D. Ross, A. Re-
hemtulla. Enzyme/prodrug therapy for head and neck can-
cer using a catalytically superior cytosine deaminase. Hum
Gene Ther 10:1993–2003 (1999).

196. P. D. Senter, P. C. D. Su, T. Katsuragi, T. Sakai, W. L.
Cosand, I. Hellstrom, K. E. Hellstrom. Generation of 5-
fluorouracil from 5-fluorocytosine by monoclonal anti-
body–cytosine deaminase conjugates. Bioconjugate Chem
2:447–451 (1991).

197. P. M. Wallace, J. F. MacMaster, V. F. Smith, D. E. Kerr,



Enzyme–Prodrug Therapies of Cancer 925

P. D. Senter, W. L. Cosand. Intratumoral generation of 5-
fluorouracil mediated by an antibody–cytosine deaminase
conjugate in combination with 5-fluorocytosine. Cancer
Res 54:2719–2723 (1994).

198. Y. Manome, P. Y. Wen, Y. Dong, T. Tanaka, B. S. Mitch-
ell, D. W. Kufe, H. A. Fine. Viral vector transduction of
the human deoxycytidine kinase cDNA sensitizes glioma
cells to the cytotoxic effects of cytosine arabinoside in
vitro and in vivo. Nat Med 2:567–573 (1996).

199. N. Robertson, A. Haigh, G. E. Adams, I. J. Stratford. Fac-
tors affecting sensitivity to EO9 in rodent and human tu-
mor cells in vitro: DT-diaphorase activity and hypoxia.
Eur J Cancer 7:1013–1019 (1994).

200. K. H. Warrington, Jr., C. Teschendorf, L. Cao, N. Muzyc-
zka, D. W. Siemann. Developing VDEPT for DT-diapho-
rase (NQO1) using an AAV vector plasmid. Int J Radiat
Oncol Biol Phys 42:909–912 (1998).

201. S. L. Winski, R. H. Hargreaves, J. Butler, D. Ross. A new
screening system for NAD(P)H:quinone oxidoreductase
(NQO1)-directed antitumor quinones: identification of a
new aziridinylbenzoquinone, RH1, as a NQO1-directed
antitumor agent. Clin Cancer Res 4:3083–3088 (1998).

202. S. Andrianomenjanahary, X. Dong, J. C. Florent, G.
Gaudel, J. P. Gesson, J. C. Jacquesy, M. Koch, S. Michel,
M. Mondon. Synthesis of novel targeted pro-prodrugs of
anthracyclines potentially activated by a monoclonal anti-
body galactosidase conjugate. Bioorg Med Chem Lett 2:
1093–1096 (1992).

203. J. P. Gesson, J. C. Jacquesy, M. Mondon, P. Petit, B. Re-
noux, S. Andrianomenjanahary, H. Dufat-Trinh-Van, M.
Koch, S. Michel, F. Tillequin. Prodrugs of anthracyclines
for chemotherapy via enzyme-monoclonal antibody con-
jugates. Anticancer Drug Des 9:409–423 (1994).

204. M. Azoulay, J. C. Florent, C. Monneret, J. P. Gesson, J.
C. Jacquesy, F. Tillequin, M. Koch, K. Bosslet, J. Czech,
D. Hoffman. Prodrugs of anthracycline antibiotics suited
for tumor-specific activation. Anticancer Drug Des 10:
441–450 (1995).

205. V. R. Muzykantov, D. V. Saharov, V. V. Sinitsyn, S. P.
Domogatsky, N. V. Goncharov, S. M. Danilov. Specific
killing of human endothelial cells by antibody-conjugated
glucose oxidase. Anal Chem 169:383–389 (1988).

206. V. R. Muzykantov, O. V. Trubetskaya, E. A. Puchnina, D.
V. Sakharov, S. P. Domogatsky. Cytotoxicity of glucose
oxidase conjugated with antibodies to target cells: killing
efficiency depends on conjugate internalization. Biochim
Biophys Acta 1053:27–31 (1990).

207. H. Ito, J. Morizet, L. Coulombel, M. Goavec, V. Rous-
seau, A. Bernard, M. Stanislawski. An immunotoxin sys-
tem intended for bone marrow purging composed of glu-
cose oxidase and lactoperoxidase coupled to monoclonal
antibody 097. Bone Marrow Transplant 4:519–527
(1989).

208. G. Rowlinson-Busza, A. Bamias, T. Krausz, A. A. Epen-
etos. Antibody-guided enzyme nitrile therapy (agent): in
vitro cytotoxicity and in vivo tumor localisation. Mono-
clonal Antibodies, Applications in Clinical Oncology (A.

A. Epenetos ed.). Chapman and Hall, London, 1992,
pp. 111–118.

209. G. Rowlinson-Busza, A. A. Epenetos. Targeted delivery
of biologic and other antineoplastic agents. Curr Opin On-
col 4:1142–1148 (1992).

210. M. E. Whisson, T. A. Connors, A. Jeney. Mechanism of
cure of large plasma cell tumors. Arch Immunol Ther Exp
Warsz 14:825–831 (1966).

211. S. R. Roffler, S. M. Wang, J. W. Chern, M. Y. Yeh, E.
Tung. Anti-neoplastic glucuronide prodrug treatment of
human tumor cells targeted with a monoclonal antibody–
enzyme conjugate. Biochem Pharmacol 42:2062–2065
(1991).

212. S. M. Wang, J. W. Chern, M. Y. Yeh, J. C. Ng, E. Tung,
S. R. Roffler. Specific activation of glucuronide prodrugs
by antibody-targeted enzyme conjugates for cancer ther-
apy. Cancer Res 52:4484–4491 (1992).

213. F. Schmidt, J. C. Florent, C. Monneret, R. Straub, J.
Czech, M. Gerken, K. Bosslet. Glucuronide prodrugs of
hydroxy compounds for antibody directed enzyme pro-
drug therapy (ADEPT): a phenol nitrogen mustard carba-
mate. Bioorg Med Chem Lett 7:1071–1076 (1997).

214. B. M. Chen, L. Y. Chan, S. M. Wang, M. F. Wu, J. W.
Chern, S. R. Roffler. Cure of malignant ascites and genera-
tion of protective immunity by monoclonal antibody-
targeted activation of a glucuronide prodrug in rats. Int J
Cancer 73:392–402 (1997).

215. R. Lougerstay-Madec, J. C. Florent, C. Monneret, F. Nem-
ati, M. F. Poupon. Synthesis of self-immolative glucuro-
nide-based prodrugs of a phenol mustard. Anticancer
Drug Des 13:995–1007 (1998).

216. T. L. Cheng, W. C. Chou, B. M. Chen, J. W. Chern, S. R.
Roffler. Characterization of an antineoplastic glucuronide
prodrug. Biochem Pharmacol 58:325–328 (1999).

217. H. J. Haisma, M. van-Muijen, H. M. Pinedo, E. Boven.
Comparison of two anthracycline-based prodrugs for acti-
vation by a monoclonal antibody–β-glucuronidase conju-
gate in the specific treatment of cancer. Cell Biophys 25:
185–192 (1994).

218. D. B. de Bont, R. G. Leenders, H. J. Haisma, I. van der
Meulen-Muileman, H. W. Scheeren. Synthesis and biolog-
ical activity of β-glucuronyl carbamate-based prodrugs of
paclitaxel as potential candidates for ADEPT. Bioorg Med
Chem Lett 5:405–414 (1997).

219. P. H. Houba, R. G. Leenders, E. Boven, J. W. Scheeren,
H. M. Pinedo, H. J. Haisma. Characterization of novel an-
thracycline prodrugs activated by human β-glucuronidase
for use in antibody-directed enzyme prodrug therapy. Bio-
chem Pharmacol 52:455–463 (1996).

220. E. Bakina, Z. Wu, M. Rosenblum, D. Farquhar. Intensely
cytotoxic anthracycline prodrugs—glucuronides. J Med
Chem 40:4013–4018 (1997).

221. J. C. Florent, X. Dong, G. Gaudel, S. Mitaku, C. Mon-
neret, J. P. Gesson, J. C. Jacquesy, M. Mondon, B. Re-
noux, S. Andrianomenjanahary, S. Michel, M. Koch, F.
Tillequin, M. Gerken, J. Czech, R. Straub, K. Bosslet. Pro-
drugs of anthracyclines for use in antibody-directed en-



926 Knox et al.

zyme prodrug therapy. J Med Chem 41:3572–3581
(1998).

222. S. Desbene, H. D. Van, S. Michel, M. Koch, F. Tillequin,
G. Fournier, N. Farjaudon, C. Monneret. Doxorubicin pro-
drugs with reduced cytotoxicity suited for tumor-specific
activation. Anticancer Drug Des 13:955–968 (1998).

223. Y. L. Leu, S. R. Roffler, J. W. Chern. Design and synthesis
of water-soluble glucuronide derivatives of camptothecin
for cancer prodrug monotherapy and antibody-directed en-
zyme prodrug therapy (ADEPT). J Med Chem 42:3623–
3628 (1999).

224. G. D. Smith, P. K. Chakravarty, T. A. Connors, T. J. Pe-
ters. Synthesis and preliminary characterization of a novel
substrate for γ-glutamyl transferase. A potential anti-hepa-
toma drug. Biochem Pharmacol 33:527–529 (1984).

225. T. A. Shepherd, L. N. Jungheim, D. M. Meyer, J. J. Star-
ling. A novel targeted delivery system utilizing a cephalo-
sporin-oncolytic prodrug activated by an antibody β-lacta-
mase conjugate for the treatment of cancer. Bioorg Med
Chem Lett 1:21–26 (1991).

226. D. L. Meyer, K. L. Law, J. K. Payne, S. D. Mikolajczyk,
H. Zarrinmayeh, L. N. Jungheim, J. K. Kling, T. A. Shep-
herd, J. J. Starling. Site-specific prodrug activation by anti-
body–β-lactamase conjugates: preclinical investigation of
the efficacy and toxicity of doxorubicin delivered by anti-
body directed catalysis. Bioconjug Chem 6:440–446
(1995).

227. D. L. Meyer, L. N. Jungheim, K. L. Law, S. D. Mikolajc-
zyk, T. A. Shepherd, D. G. Mackensen, S. L. Briggs, J.
J. Starling. Site-specific prodrug activation by antibody–
β-lactamase conjugates: regression and long-term growth
inhibition of human colon carcinoma xenograft models.
Cancer Res 53:3956–3963 (1993).

228. D. L. Meyer, L. N. Jungheim, S. D. Mikolajczyk, T. A.
Shepherd, J. J. Starling, C. N. Ahlem. Preparation and
characterization of a β-lactamase–Fab′ conjugate for the
site-specific activation of oncolytic agents. Bioconjug
Chem 3:42–48 (1992).

229. R. P. Alexander, N. R. A. Beeley, M. O’Driscoll, F. P.
O’Neill, T. A. Millican, A. J. Pratt, F. W. Willenbrock.
Cephalosporin nitrogen mustard carbamate prodrugs for
‘‘ADEPT.’’ Tetrahedron Lett 32:3269–3272 (1991).

230. H. P. Svensson, J. F. Kadow, V. M. Vrudhula, P. M. Wal-
lace, P. D. Senter. Monoclonal antibody-β-lactamase con-
jugates for the activation of a cephalosporin mustard pro-
drug. Bioconjug Chem 3:176–181 (1992).

231. D. E. Kerr, Z. G. Li, N. O. Siemers, P. D. Senter, V. M.
Vrudhula. Development and activities of a new melphalan
prodrug designed for tumor-selective activation. Biocon-
jugate Chem 9:255–259 (1998).

232. V. M. Vrudhula, H. P. Svensson, P. D. Senter. Cephalo-
sporin derivatives of doxorubicin as prodrugs for activa-
tion by monoclonal antibody–β-lactamase conjugates. J
Med Chem 38:1380–1385 (1995).

233. R. J. Knox, F. Friedlos, R. F. Sherwood, R. G. Melton,
G. M. Anlezark. The bioactivation of 5-(aziridin-1-yl)-
2,4-dinitrobenzamide (CB1954)—II. A comparison of an

Escherichia coli nitroreductase and Walker DT diapho-
rase. Biochem Pharmacol 44:2297–2301 (1992).

234. F. Friedlos, W. A. Denny, B. D. Palmer, C. J. Springer.
Mustard prodrugs for activation by escherichia coli nitro-
reductase in gene-directed enzyme prodrug therapy. J Med
Chem 40:1270–1275 (1997).

235. M. P. Hay, W. R. Wilson, W. A. Denny. A novel enediyne
prodrug for antibody-directed enzyme prodrug therapy
(ADEPT) using E. coli B nitroreductase. Bioorg Med
Chem Lett 5:2829–2834 (1995).

236. M. Tercel, W. A. Denny, W. R. Wilson. A novel nitro-
substituted seco-CI: application as a reductively activated
ADEPT prodrug. Bioorg Med Chem Lett 6:2741–2744
(1996).

237. M. P. Hay, B. M. Sykes, W. A. Denny, W. R. Wilson. A
2-nitroimidazole carbamate prodrug of 5-amimo-1-(chlo-
romethyl)-3-[(5,6,7-trimethoxyindol-2-yl)carbony l]-1,2-
dihydro-3H-benz[E]indole (amino-seco-CBI-TMI) for use
with ADEPT and GDEPT. Bioorg Med Chem Lett 9:
2237–2242 (1999).

238. G. S. Bignami, P. D. Senter, P. G. Grothaus, K. J. Fischer,
T. Humphreys, P. M. Wallace. N-(4′-hydroxyphenylacet-
yl)palytoxin: a palytoxin prodrug that can be activated by
a monoclonal antibody-penicillin G amidase conjugate.
Cancer Res 52:5759–5764 (1992).

239. D. E. Kerr, P. D. Senter, W. V. Burnett, D. L. Hirschberg,
I. Hellstrom, K. E. Hellstrom. Antibody-penicillin-V-ami-
dase conjugates kill antigen-positive tumor cells when
combined with doxorubicin phenoxyacetamide. Cancer
Immunol. Immunother 31:202–206 (1990).

240. V. M. Vrudhula, P. D. Senter, K. J. Fischer, P. M. Wallace.
Prodrugs of doxorubicin and melphalan and their activa-
tion by a monoclonal antibody-penicillin-G amidase con-
jugate. J Med Chem 36:919–923 (1993).

241. P. K. Chakravarty, P. L. Carl, M. J. Weber, J. A. Katzenel-
lenbogen. Plasmin-activated prodrugs for cancer chemo-
therapy. 1. Synthesis and biological activity of peptidylac-
ivicin and peptidylphenylenediamine mustard. J Med
Chem 26:633–638 (1983).

242. P. K. Chakravarty, P. L. Carl, M. J. Weber, J. A. Katzenel-
lenbogen. Plasmin-activated prodrugs for cancer chemo-
therapy. 2. Synthesis and biological activity of peptidyl
derivatives of doxorubicin. J Med Chem 26:638–644
(1983).

243. W. B. Parker, S. A. King, P. W. Allan, L. L. Bennett, J.
A. Secrist, J. A. Montgomery, K. S. Gilberg, W. R. Waud,
A. H. Wells, G. Y. Gillespie, E. J. Sorscher. In vivo gene
therapy of cancer with E. coli purine nucleoside phospho-
rylase. Hum Gene Ther 8:1637–1644 (1997).

244. B. W. Hughes, S. A. King, P. W. Allan, W. B. Parker, E.
J. Sorscher. Cell to cell contact is not required for by-
stander cell killing by Escherichia coli purine nucleoside
phosphorylase. J Biol Chem 273:2322–2328 (1998).

245. J. A. Secrist, W. B. Parker, P. W. Allan, L. L. Bennett,
Jr., W. R. Waud, J. W. Truss, A. T. Fowler, J. A. Mont-
gomery, S. E. Ealick, A. H. Wells, G. Y. Gillespie, V. K.
Gadi, E. J. Sorscher. Gene therapy of cancer: activation



Enzyme–Prodrug Therapies of Cancer 927

of nucleoside prodrugs with E. coli purine nucleoside
phosphorylase. Nucleosides Nucleotides 18:745–757
(1999).

246. K. W. Culver, Z. Ram, S. Wallbridge, H. Ishii, E. H. Old-
field, R. M. Blaese. In vivo gene transfer with retroviral
vector-producer cells for treatment of experimental brain
tumors. Science 256:1550–1552 (1992).

247. Z. Ram, K. W. Culver, S. Walbridge, J. A. Frank, R. M.
Blaese, E. H. Oldfield. Toxicity studies of retroviral-medi-
ated gene transfer for the treatment of brain tumors. J Neu-
rosurg 79:400–407 (1993).

248. B. E. Huber, C. A. Richards, T. A. Krenitsky. Retroviral-
mediated gene therapy for the treatment of hepatocellular
carcinoma: an innovative approach for cancer therapy.
Proc Natl Acad Sci USA 88:8039–8043 (1991).

249. A. V. Patterson, H. Zhang, A. Moghaddam, R. Bicknell,
D. C. Talbot, I. J. Stratford, A. L. Harris. Increased sensi-
tivity to the prodrug 5′-deoxy-5-fluorouridine and modula-
tion of 5-fluoro-2′-deoxyuridine sensitivity in MCF-7 cells

transfected with thymidine phosphorylase. Br J Cancer
72:669–675 (1995).

250. A. M. Jordan, T. H. Khan, H. M. Osborn, A. Photiou, P.
A. Riley. Melanocyte-directed enzyme prodrug therapy
(MDEPT): development of a targeted treatment for malig-
nant melanoma. Bioorg Med Chem 7:1775–1780 (1999).

251. Y. Ono, K. Ikeda, M. X. Wei, G. R. Harsh, T. Tamiya,
E. A. Chiocca. Regression of experimental brain tumors
with 6-thioxanthine and Escherichia coli gpt gene therapy.
Hum Gene Ther 8:2043–2055 (1997).

252. R. J. Knox. Gene-directed enzyme prodrug therapy
(GDEPT) of cancer. Enzyme Prodrug Strategies for Can-
cer Therapy (R. G. Melton, R. J. Knox, eds.). Kluwer
Academic/Plenum Press, New York, 1999, pp. 209–243.

253. S. Desbene, H. D. Van, S. Michel, F. Tillequin, M. Koch,
F. Schmidt, J. C. Florent, C. Monneret, R. Straub, J.
Czech, M. Gerken, K. Bosslet. Application of the ADEPT
strategy to the MDR resistance in cancer chemotherapy.
Anticancer Drug Des 14:93–106 (1999).





34

New Lipid/DNA Complexes for Gene Delivery

Kenneth W. Liang and Leaf Huang
University of Pittsburgh, Pittsburgh, Pennsylvania

ABBREVIATIONS

CHEMS cholesteryl hemisuccinate
DC-Chol 3-β-[N-(N′,N′-

dimethylaminoethane)carbamoyl]-
cholesterol

DOPE dioleoylphosphatidylethanolamine
DOTAP 1,2-dioleoyloxypropyl-3-N,N,N-

trimethylammonium chloride
DOTMA 1,2-dioleyloxypropyl-3-N,N,N-

trimethylammonium chloride
LPD liposome-entrapped, polycation-

condensed DNA
PNA peptide nucleic acid
SAXS small-angle x-ray scattering

I. INTRODUCTION

Recent advances in molecular biology and the human ge-
nome project have brought about improved understanding
of the genetic basis for human disease. The wealth of
knowledge about genetic causes of human disease provides
compelling and substantive support for the development
of gene therapy. Today, many incurable diseases such as
inherited genetic diseases, cancer, and AIDS are under
consideration as candidates for gene therapy. In some
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cases, gene therapy represents the only long-term hope of
treatment for these diseases. After a decade of extensive
research on gene therapy, it is now clear that the vehicle
with which the therapeutic gene is introduced into the tar-
get cells of the body is the key to the success of an effective
cure.

Gene delivery can be achieved with viral and nonviral
vectors. Viral vectors are recombinant, replication-
defective viruses with all or part of the viral coding se-
quences replaced by the therapeutic gene. They infect cells
using the same mechanism as the parental virus and are
thus highly efficient in transducing cells. For example, ade-
noviral vectors can efficiently transfer genes into quies-
cent, terminally differentiated cells such as hepatocytes
and nerve cells. This is because these cells express the ap-
propriate receptor for adenovirus, and the virus can effi-
ciently move into the cellular nuclei by some active pro-
cesses (1). Even though viral vectors are highly efficient
in terms of gene transfer, they still suffer from many prob-
lems in clinical application. For example, gene expression
of adenovirus vectors usually does not last for more than
several weeks (2). However, high immunogenicity of the
adenoviral vector makes repeat administration of the vec-
tor virtually impossible. Retroviral vectors are also very
effective and are widely used for current clinical applica-
tions. However, there are serious concerns about the tu-
morigenic potential of retroviral vectors via the random
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disruption of an oncogene and/or the generation of infec-
tious virons through recombination with latent viral se-
quences (3,4). Moreover, the commonly used ex vivo pro-
tocol of using retroviral vectors also limits the clinical
application of these types of vector. Other problems associ-
ated with viral vectors are low yield in viral preparation
(5,6), a limit in the size of a therapeutic gene that can be
fitted into a viral vector, and difficulty in maintaining re-
producible quality and quantity. All of these problems with
viral vectors have made the development of nonviral vec-
tors more desirable for gene therapy.

Various chemical and physical methods, such as elec-
troporation, microinjection (7), and a complex of DNA
with calcium phosphate (8) or DEAE-dextran have been
used for gene transfer in cultured cells. Although most of
these methods are still favored in laboratories, they obvi-
ously cannot be used to transfect cells for therapeutic pur-
poses because of efficacy and safety concerns. On the other
hand, gene transfer using a cationic liposome has been suc-
cessfully applied in clinical trials.

Cationic lipids are amphiphilic molecules consisting of
a hydrophobic anchor, usually made up of fatty acyl, alkyl,
or alkoxy chain(s), a hydrophilic head group carrying a
single or multiple positive charged groups, and a linker that
connects the hydrophobic portion and the hydrophilic head
together. In 1987, Felgner et al. reported the first successful
gene transfer using a cationic lipid (9). They showed that
N-[1-(2,3-dioleoyloxy)propyl]-N,N,N,-trimethyl ammo-
nium chloride (DOTMA) and dioleyl phosphatidylethano-
lamine (DOPE) formed a cationic lipid/DNA complex with
plasmid DNA that successfully transfected several cell
lines. Since then, hundreds of new lipids and many new
formulations have been developed. Currently, cationic
lipid vectors generally contain a cationic lipid, a neutral
lipid such as DOPE or cholesterol, and the plasmid DNA
that encodes the transgene of interest. The assembly of a
cationic lipidic vector is normally achieved by mixing the
positively charged cationic lipid with the negatively
charged plasmid DNA. Through electrostatic interaction
between a lipid head group and a phosphate group on
DNA, nanoparticles composed of lipid and DNA are
formed. These particles are capable of entering cells effi-
ciently and delivering a portion of the encapsulated DNA
into the nucleus. Excess in positive charge is usually re-
quired for efficient gene transfer, because the resultant pos-
itively charged vectors can bind efficiently with the nega-
tively charged cell membranes and induce endocytosis.

In order to achieve the ultimate goal in gene therapy,
one needs to develop a vector that can be administered in
vivo, and that will deliver therapeutic genes to the target
cells, release the DNA from the endosome, and import the
DNA into the nucleus. In addition to these features, the

vector should also be safe, simple to use, and easy to pro-
duce on a large scale. Compared to viral vectors, cationic
lipidic vectors are much less immunogenic and can be eas-
ily produced in large quantities with reproducible pharma-
ceutical quality. Furthermore, there is no structure and size
limit on the therapeutic gene. For example, cationic lipids
have been successfully used to deliver human artificial
chromosomes of the order of 230 kb into cells (10). Be-
sides that, the properties of cationic lipid vectors can easily
be modified via chemical and pharmaceutical methods,
such as incorporating targeting ligands or by manipulation
of the formulation. All of these advantages make cationic
lipids a good candidate for developing ideal synthetic vec-
tors for gene therapy.

However, one major limitation of cationic lipid vectors
is their transfection efficiency, which is much lower than
that of viral vectors. When the efficiency is indicated by
the number of cells transfected, the cationic lipid/DNA
complex can only introduce nucleic acid into a portion of
the cells, usually less than several percent of the total. Nu-
merous attempts have been done to increase the transfec-
tion efficiency of cationic lipid vectors. These include the
synthesis of new cationic lipids and the improvement of
cationic lipid formulations. In this chapter, we will briefly
review the current development of cationic lipids and their
structure–activity relationships. Later, we will focus our
discussion on several new developments in our laboratory.

II. CATIONIC LIPOSOMAL VECTORS

Since the first cationic lipid, DOTMA, was reported in
1987 (9), several hundreds of cationic lipids have been
synthesized by different laboratories and companies. Al-
though the detailed structures of the individual lipids vary
considerably, all of them share a common feature in that
they all consist of a cationic headgroup attached via a
linker to a hydrophobic moiety. Cationic lipids can be clas-
sified into two different categories, double-chain amphi-
philes and cholesterol derivatives, according to the differ-
ence in their hydrophobic anchor.

Double-chain amphiphiles are widely used in cationic
liposome formulation. This type of lipid normally contains
a headgroup of quaternary ammonium salt and double acyl
or alkyl chains as the hydrophobic anchor. Two representa-
tive lipids in this category are DOTMA and DOTAP (Fig.
1). Lipids of cholesterol derivatives all have cholesterol as
a hydrophobic anchor. A representative lipid in this cate-
gory is 3β[N-(N′,N′-dimethylaminoethane)-carbamoyl]-
cholesterol (DC-chol) (Fig. 1). DC-chol was first devel-
oped in our laboratory with the purpose of preparing a less
toxic lipid. It contains a single tertiary amine group, which
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Figure 34.1 Structure of DOTMA, DOTAP, and DC-Chol.

is considered to be less toxic than quaternary ammonium
groups. In addition, DC-chol is biodegradable because of
the carbamoyl bond instead of a nondegradable ether bond
to connect the headgroup and the cholesterol. Due to its
low toxicity, DC-chol combined with DOPE was the first
lipid-based gene transfer agent to be used in a human gene
therapy trial (11).

The efficiency of gene transfection by a cationic lipid
vector can be manipulated by changes either at the molecu-
lar level or at the formulation level. At the molecular level,
it was observed that a small change in the structure of the
cationic lipid could significantly affect its transfection ac-
tivity. This observation has sparked an extensive interest
in studying the structure–activity relationship of cationic
lipids, with the goal of developing lipids with high trans-
fection efficiency and low toxicity. To date, several general
rules regarding the structure–activity relationships of cat-
ionic lipids have been established.

The three moieties of cationic lipids, the headgroup, the
hydrophobic moiety, and the linker, all have an influence
on the transfection activity of a cationic lipid. The head-
group has been found to play an important role, since the
function of the headgroup in cationic lipids is to bind with
and to condense the negatively charged plasmid DNA to
form a complex, as well as to enhance the binding of the
complex to the negatively charged cell surface. The head-
group can affect the activity of lipids in several ways. The
type of amine (12), the number of amines (13,14), and the

orientation of the headgroup (14,15) all can affect transfec-
tion activity. The hydrophobic anchor influences the trans-
fection activity by affecting the phase transition of lipids
between the gel and the liquid crystalline phases. For ex-
ample, Akao and colleagues (16) found that lipids with
phase transition temperatures (Tm) below 37°C were more
efficient in gene delivery than those with a Tm above 37°C.
The observation that lipids with lower Tm exhibit better
transfection activity is supported by the results of other
groups such as those of Solodin et al. (17), and Lee et al.
(14). The linker is the moiety that connects the hydropho-
bic anchor and the polar headgroup. The linker can be an
ether, amide, carbamate, ester, or phosphate bond. The
linker group affects the biodegradability and consequently
the stability of the cationic lipid. Lipids with an unhydro-
lyzable linker provide good chemical stability and gener-
ally exhibit higher transfection activities (9,18). However,
the poor biodegradability of these lipids has generated
some concerns about their safety in clinical usage. Easily
degraded linkers, on the other hand, may make the lipid
unstable in a biological environment (13). As a result,
lipid/DNA complexes may dissociate before they reach
target cells. In general, a linker is selected based on the
balance between its biodegradability and its relative sta-
bility.

At the formulation level, many factors can affect the
efficiency of gene expression. One important factor is the
stoichiometry of lipids and DNA. The relative amounts of
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lipid and DNA directly affect the surface charge of a lipid/
DNA complex, which subsequently affect the size and the
stability of the complex, and its interaction with various
components in vivo. Other factors, such as the method of
mixing, the elapsed time of incubation (19), and helper
lipid selection (20–22), can also affect the gene delivery
activity.

One important characteristic of the cationic lipid/DNA
complex that is affected at the formulation level is the
structure of the lipid/DNA complex. In contrast to what
Felgner and Ringold (23) originally proposed, that cationic
liposomes remain the same size and shape after binding to
DNA, experimental data now show that cationic liposome/
DNA complexes are very heterogenous and dynamic,
varying in size and shape depending on the molar ratio of
cationic liposomes to DNA. Using ethidium bromide as a
fluorescent probe for the exposed DNA, Gershon et al.
showed that the most dramatic changes in structure appear
to occur when the positive/negative charge ratio is around
1 (24). Based on these results, Gershon et al. proposed that
the binding of cationic liposomes to DNA induced a coop-
erative collapse in the DNA structure and that the resulting
condensed DNA is subsequently encapsulated by lipid
(24). Using Kleinschmidt metal-shadowing electron mi-
croscopy, Gershon et al. showed that DNA was bound to
liposome and formed a spherical structure at low lipid-to-
DNA ratios. When the amount of lipid was increased,
DNA became covered by liposomes, and a smooth rodlike
structure was formed (24). A similar structure was later
found by Sternberg et al., who examined the structure of
DC-chol/DNA complex by freeze-fracture electron mi-
croscopy and revealed that some freshly prepared DC-
chol/DNA complex contained so called ‘‘spaghetti and
meatball’’ structures (25), indicating that in the complex
the DNA molecules are not well condensed but exist in
an extended conformation and covered by lipids. These
observations have been supported by the recent results of
cryo-EM (26) and small-angle x-ray scattering (SAXS).
Gustafsson et al. have obtained cryotransmission electron
microscopy images of DNA complexed with DOTAP,
which revealed the presence of loosely bound DNA at a
low positive/negative charge ratio and large lipid/DNA
structures at a high charge ratio (26). The experimental
results from SAXS further revealed the detail structure in-
side the DNA/lipid complex. It was found that the DNA/
lipid complex formed a multilamellar structure with alter-
nating lipid bilayers and DNA monolayers. A long period-
icity of 6.5 nm was observed, which is consistent with a
lipid bilayer thickness of 4 nm and a hydrated DNA helix
of 2.5 nm (27). These studies further indicate that the trans-
fection activity can be greatly influenced at the formulation
level.

III. NEW LIPID/DNA COMPLEXES
FOR GENE DELIVERY

A. Cationic Liposome-Entrapped,
Polycation-Condensed DNA (LPD-I)

Improving the transfection activity is continuously a major
effort in developing nonviral vectors. Although studies on
the structure–activity relationship has established some
correlations between the structure of a cationic lipid and
its transfection activity, the search for new lipids still
largely relies on a trial-and-error approach and has
achieved only limited success. On the other hand, studies
on the formulations of cationic lipid/DNA complex have
revealed some drawbacks that require further correction.
For example, the DC-chol/DNA complexes tend to form
large aggregates with sizes well beyond 500 nm in diame-
ter. The aggregation problem is particularly severe at high
concentrations of lipid and DNA. This creates difficulties
for preclinical and clinical studies in which complexes of
high concentrations are often required (28). Since DC-chol
does not condense DNA efficiently, additional condensing
agents, such as polycations, have been studied extensively
(24,29). For example, human chromatin can be reduced in
length by a factor of 104or more after binding to histones.
Cationic polymers such as polylysine can also condense
DNA from an extended conformation to highly compact
structures of about 30–100 nm in diameter. Based on all
these results, Gao and Huang proposed that the introduc-
tion of polylysine into the DC-chol/DNA complexes might
alter its overall physical state, thereby improving its trans-
fection activity (30). This idea was tested by examining
the transfection efficiency of DC-chol/DNA complexes
alone or DC-chol/DNA complexes with the addition of
different amounts of polylysine. Incorporation of polyly-
sine into the DC-chol/DNA complexes was found to in-
crease transfection activity of DC-chol/DNA from 2- to
28-fold, depending on the cell lines being transfected (30).
This new and efficient formulation was named LPD-I. In
the following we examine some characteristics of LPD-I
and factors that affect its transfection activity.

1. Effect of Polymers

Different cationic polymers were tested for their ability to
form active LPD formulation. High molecular weight
poly-l-lysine, poly-d-lysine, poly-l-ornithine, polybrene,
and protamine (free base) were among the most active
polymers tested. Low molecular weight poly-l-lysine, his-
tone, and oligocations such as spermine were much less
active than poly-l-lysine (MW 200,000). The reason for
this low activity may be that these polymers do not have
enough cation density and thus cannot form stable com-
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plexes with DNA under physiological conditions. Poly-
amidoamine dendrimeric polymer was completely inac-
tive. It is unclear why this type of polymer could not
enhance transfection activity, since the polymer itself can
complex with DNA and mediate DNA delivery (31). Sorgi
et al. later substituted the condensing agent from polyly-
sine to protamine sulfate and found that the transfection
activity of LPD-I increased about 5- to 10-fold (32). The
finding is significant because protamine sulfate is approved
by the FDA as an intravenous antidote for a heparin over-
dose. Therefore the substitution made the formulation
more suitable for clinical applications. The amount of cat-
ionic polymer also affects the transfection activity. Among
the three lipids tested (DC-chol/DOPE, Lipofectin, and Li-
pofectAMINE), gene expression reached a peak level
when the polylysine-to-DNA ratio (W/W) reached 1:2,
and the gene expression started to decrease when the ratio
exceeded 1:1 (Fig. 2). In addition, the way that cationic
polymer was added to form the complex was also impor-
tant for gene transfection. An active formulation could
only be done when DNA was incubated with polylysine
first, followed by the addition of lipid, or when DNA was
mixed with polylysine and lipid simultaneously. If DNA
was mixed with the lipid first, followed by the addition of
polylysine, the resulting complexes had very low activity.
This further indicates the importance of the formation of
the polylysine/DNA core.

2. Effect of Lipid

The enhancing effect of polylysine on gene transfection
with cationic lipids seemed to be a general phenomenon.
Three different types of lipids were tested, DC-chol/
DOPE, Lipofectin, and LipofectAmine. Compared to
DNA/lipid complex without polylysine, DNA/lipid com-
plex with the addition of polylysine in those three lipid
formulations all resulted in different degrees of enhance-
ment in gene transfection. The amount of lipid also af-
fected the transfection activity of LPD formulations. When
the lipid concentration was low, the enhancing effect by
polylysine was not very significant. When the lipid concen-
tration was high, the addition of polylysine actually de-
creased the transfection activity. The optimal amount of
lipid seemed to be between 3 to 6 nmol per µg of DNA.
Furthermore, the amount of lipid incorporated in the LPD
ternary complex is very important for high activity. When
LPD complex was subjected to a linear sucrose density
gradient (5–30%) ultracentrifugation, a broad band was
found in the middle of the gradient, due to the heterogene-
ity of LPD complex. Fractions located at the upper portion
of the gradient were more enriched with liposome than
those located at the lower portion of the gradient. LPD

Figure 34.2 Potentiation of cationic liposome-mediated trans-
fection by polylysine on CHO cells. CHO cells grown in a 48-
well plate were lipofected for 4 h with 1µg of pRSVL plasmid
complexed with the indicated amount of DC-chol liposome (a),
lipofectin (b), or lipofectamine (c) and with the indicated amount
of polylysine. Thirty-six hours after the transfection, luciferase
activity was measured over a period of 20 seconds using 2 µg
of cellular proteins from each cell lysate. Symbols: (a) � 3.3
nmol, ■ 6.6 nmol, � 10 nmol, � 12.5 nmol, � no DC-chol/
DOPE (4.5/5.5, mol/mol) liposome; (b) � 4.5 nmol, ■ 6.0 nmol,
� 8.5 nmol, � 10 nmol Lipofectin; (c) � 4 nmol, ■ 6 nmol, �

8.5 nmol, � 10 nmol Lipofectamine. (From Ref. 30, used with
permission.)

complex purified from the upper portion of the gradient
had higher transfection activity than those purified from
the lower portion of the gradient. Interestingly, the activity
of LPD complex lacking a sufficient amount of lipid could
be restored for high activity when additional DC-chol/
DOPE liposomes were added. A possible explanation of
this phenomenon is that the addition of lipid improves the
stability of the polylysine/DNA complex. The attachment
of lipid to the polylysine/DNA complex may provide a
repulsive force and thus prevent the aggregation of
polylysine/DNA complexes. In addition, excess lipid in
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the LPD complex may help the release of the complex
from the endosome.

3. Structure of LPD-I

The structure of LPD-I was analyzed by negative stain
electron microscopy. The LPD-I complex appeared to be
small spherical particles consisting of a dense core sur-
rounded by a lightly stained ring-shaped structure (Fig. 3)
(30). The ring-shaped structure appeared to be lipid bi-
layers, because they had characteristics of a typical mem-
brane staining pattern. From the structure, it is appeared
that polylysine and DNA formed a very dense core and
cationic lipid formed a shell covering the polylysine/DNA
core. Though somewhat heterogeneous, most LPD-I parti-
cles were under 100 nm and very stable physically. No
increase in size was observed even after 3 months of stor-
age at 4°C. Compared with the structure of DC-chol/DNA
complex (Fig. 4), the structure of LPD-I is very different.
The more compact structure of LPD-I as compared to DC-
chol/DNA complex may be due to the complete condensa-
tion of DNA by polylysine. Recent studies using cryoEM
have also revealed a similar structure of LPD-I complex
containing protamine sulfate instead of polylysine (data
not shown).

4. In Vivo gene transfer with LPD-I

Intraveneous injection of LPD-I resulted in gene expres-
sion in all major organs including the lung, liver, heart,

Figure 34.3 Electron micrographs of LPDI complexes. Purified
LPDI was examined by negative stain electron micrography. The
LPDI was prepared from 20 µg of DNA, 10 µg of polylysine
(MW 26,500) and 800 nmol of DC-chol/DOPE liposomes (2/3
mol ratio) and purified with sucrose gradient ultracentrifugation.
The samples were stained with 1% phosphotungstic acid. Bar �
100 nm. (From Ref. 30, used with permission.)

Figure 34.4 Freeze-fracture electron micrograph of DC-Chol
liposome/DNA complex. (From Ref. 25, used with permission.)

speen, and kidney (Fig. 5). The lung and speen had the
highest gene expression levels. The liver and heart showed
modest gene expression, and the kidney had the lowest
gene expression level (33). This pattern of gene expression
is similar to that of cationic lipid/DNA complex. Gene ex-
pression in all organs was found to be DNA dose-
dependent. However, a higher dose was always associated
with higher toxicity. Gene expression was also transient.
It normally lasted for 3 days to a week. The lipid-to:DNA
charge ratio was important for efficient gene transfection
in vivo. The activity of LPD-I increased as the charge ratio
(�/�) increased. It was reported that a high charge ratio
could overcome the inhibitory effect of serum (19). At low
charge ratios, serum can neutralize the positive charges on
LPD-I and thus block its entry into cells. As with in vitro
results, LPD-I that is formed with different types of lipid
resulted in different degrees of increase in activity. How-
ever, the type of lipid seems to have a more profound effect
on in vivo gene transfer. For example, double-chain hydro-
carbon-anchored lipids such as DOTAP were more active
than cholesterol-anchored cationic lipids. Furthermore, the
type of helper lipid also plays an important role in in vivo
gene transfer. When DOPE was used as a helper lipid, the
activity of LPD-I was significantly decreased. On the other
hand, cholesterol can significantly increase the activity of
LPD-I. Similar results were reported by other groups using
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Figure 34.5 In vivo gene expression of LPD as a function of time. LPD was prepared as described in the legend to Fig. 2 and injected
into the mice at 50 µg DNA per animal. At different times following the injection, mice were sacrificed and major organs were assayed
for gene expression (n � 3). (From Ref. 33, used with permission.)

cationic lipid/DNA complex (34–36). It appeared that cho-
lesterol could reduce the interaction of LPD-I with serum.
Using SDS-PAGE, Li et al. found that the amount of serum
associated with LPD-I formulated with cholesterol was
much less than in LPD-I formulated with DOPE as a helper
lipid (37). This may explain that LPD-I formulated with
cholesterol provides a higher activity. The amount of lipid
is also very important for in vivo gene transfection. The
activity of purified LPD-I by sucrose gradient centrifuga-
tion can be enhanced by adding free liposome. The excess
of liposome is thought to prevent the release of DNA due
to the interaction between LPD-I and serum. In addition,
excess cationic liposomes also prolong the residence of
LPD-I in the microvasculature of the lung.

B. Anionic Liposome-Entrapped,
Polycation-Condensed DNA (LPD-II)

Although cationic liposomes are the most popular delivery
vectors in nonviral gene therapy, there is always a strong
desire to use anionic liposomes to deliver plasmid DNA.
There are several reasons that anionic liposomes are more
desirable for in vivo gene delivery. First, the cationic
liposome/DNA complex is highly positively charged; it
can interact nonspecifically with anionic proteins in vivo
such as serum proteins. This kind of interaction normally
causes a decrease in gene transfection activity and an in-
crease in undesirable side effects. Second, cationic lipo-
somes deliver DNA by nonspecific binding to the cell
membrane. Therefore it is difficult to use cationic lipo-
somes to target DNA to a specific cell type. In contrast, it

is possible to conjugate a specific targeting ligand to the
surface of an anionic liposome and deliver DNA to the
target cells. Much effort has been devoted to developing
an anionic liposome delivery system, but little success has
been achieved. The major problem is the low encapsulation
efficiency of DNA due to the large size and the high nega-
tive charge content of uncondensed DNA. Recently, in our
laboratory, we have developed an anionic liposome formu-
lation for the delivery of DNA without actually encapsulat-
ing DNA into the liposome (38). DNA was first condensed
with an excessive amount of polylysine so that the re-
sulting complex was slightly positively charged. Anionic
liposomes were then added. Through electrostatic inter-
action, anionic liposomes could bind to the surface of
the polylysine/DNA complex and form a shell on the
polylysine/DNA core. The protocol and possible mecha-
nism for the formation of this formulation is illustrated in
Fig. 6. We call this type of formulation LPD-II.

To form LPD-II particles, a pH-sensitive, anionic lipo-
some formulation composed of DOPE/cholesterol hemi-
succinate (CHEMS)/folate-poly(ethylene)glycol-DOPE
was added to the polylysine/DNA complexes. The re-
sulting particles contained folate-targeting ligand. How-
ever, depending on the amount of anionic liposome used,
the resulting LPD-II particles could either be positively or
negatively charged. Negative-stain EM analysis revealed
that the resulting LPD-II particles had a very similar mor-
phology to the LPD-I particles. Both kinds of particle ap-
peared to be spherical and consisted of a high-density core
of polylysine/DNA complex coated with a low-density
lipid layer. The LPD-II particles were used to transfect KB
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Figure 34.6 Possible mechanism for the formation of LPD-II.
The targeting ligand in the current study is folate. (From Ref. 38,
used with permission.)

cells, a cell line that over-expresses folate receptor. Both
cationic and anionic LPDII particles could efficiently
transfect KB cells. Both types of LPD-II were about 20-
to 30-fold more efficient than the conventional DC-chol/
DNA complex. However, anionic LPD-II particles con-
taining folate as a targeting ligand were more efficient than
the cationic LPD-II particles. Although both types of parti-
cle transfected cells efficiently, they apparently used differ-
ent mechanisms. First, unlike the anionic LPD-II particle,
the transfection by cationic LPD-II particles could not be
blocked by excessive free folate. Second, another cell line,
CHO, which does not express the folate receptor, could
also be efficiently transfected by cationic LPD-II particles,
but not the anionic LPD-II. This indicated that the transfec-
tion of cationic LPD-II was not through the receptor-
mediated endocytosis but rather by nonspecific binding to
the cell membrane. On the other hand, efficient transfec-
tion with anionic LPD-II particles depended on the pres-
ence of both the targeting ligand on the LPD-II and the
receptor on the cell surface. All these results demonstrated
that the anionic LPD-II particles could only transfect cells
through the receptor-mediated endocytosis pathway.

C. Advantages and Limitations

Compared to the traditional lipid/DNA complex, the addi-
tion of a polycationic condensing agent to the cationic

lipid/DNA complex offers several advantages. First, the
LPD particles are much smaller than the simple lipid/DNA
complex. LPD particles are more homogeneous, and most
of them are about 100 nm in diameter, while the conven-
tional lipid/DNA complexes are very heterogeneous and
tend to form large aggregates around 1000 nm or larger.
Since endocytosis is the major pathway responsible for the
cellular uptake of DNA complexes, smaller particles such
as LPD are favored for internalization. Second, LPD for-
mulations are much more stable than cationic lipid/DNA
complexes. As mentioned previously, LPD can be stored
for more than three months at 4°C without any increase in
size. Third, LPD formulations offer better protection to
DNA from nuclease degradation. Even at the optimal ratio,
DC-chol/DNA complex cannot completely protect DNA
from degradation. In contrast, LPD formulations can com-
pletely protect DNA from enzymatic degradation. Thus the
more functional plasmid DNA can be delivered into cells
by LPD. Fourth, the addition of a condensing agent dra-
matically reduces the amount of cationic lipid needed for
condensing, protecting, and delivering the plasmid DNA.
The amount of cationic lipids needed to form the conven-
tional lipid/DNA complex is usually too large for scaling
up for clinical applications. Finally, highly positively
charged polylysine and protamine may facilitate the trans-
port of DNA from cytoplasm to nucleus, once the DNA is
delivered into cells.

The advantages of LPD-II include that the preparation
does not require purification and is a single-vial formula-
tion. Unlike cationic delivery systems, LPD-II can be tar-
geted to different organs simply by changing the ligand
conjugated to the anionic lipid. For example, Transferrin
(Tf) was conjugated to anionic liposomes, and LPD-II us-
ing transferrin as a targeting ligand has been developed.
The LPD-II was able efficiently and selectively to deliver
DNA into myoblasts and myotubes (39). Compared with
the traditional anionic and neutral liposomal vectors, there
is no problem with encapsulation. DNA is highly con-
densed and is quantitatively encapsulated without the use
of excess amounts of lipid. Finally, since anionic lipids
exist naturally, they are more biocompatible than cationic
lipids. Taking all together, the anionic LPD-II may become
the vector for tissue-specific gene delivery in vivo.

Although the LPD formulations increase gene expres-
sion both in vitro and in vivo, the level of gene expression
is still lower than in viral vectors. Lack of targeting capac-
ity is another limitation for LPD-I. And due to the cationic
nature of LPD-I, targeting to a specific organ may not be
efficient with a targeting ligand conjugated to these parti-
cles. LPD-II has the targeting capacity, but the instability
of this formulation in serum greatly limits the application
of the formulation in vivo. Improvement of the formulation
is currently underway in our laboratory.
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D. Toxicity of LPD

Recently, more and more reports suggest that cationic lip-
ids are not so nontoxic or nonimmunogenic as previously
thought (40,41). When introduced into the lung, cationic
lipid/DNA complex usually causes an inflammatory re-
sponse characterized by cellular infiltrates and elevated
levels of several proinflammatory cytokines. In our studies,
injection of a large dose of LPD-I can also cause severe
toxicity that results in the deaths of animals. Injection of
LPD was found to cause the secretion of several proin-
flammatory cytokines including TNFα, INFγ IL-6, and IL-
12. However, injection of DNA, polylysine, or cationic
lipid alone was not able to cause the production of these
cytokines (42). Recent studies suggest that the presence of
unmethylated CpG motif in the plasmid DNA is responsi-
ble for the production of the cytokines (43). Methylation
of the CpG motif in the plasmid significantly reduced the
cytokine response.

IV. CURRENT AND FUTURE
DEVELOPMENT

A. Systemic delivery

Systemic delivery of therapeutic genes is the ultimate goal
of gene delivery. Compared to in vitro gene transfer, in
vivo gene delivery faces many more obstacles such as the
size limitation of endothelial wall penetration, nonspecific
interaction with components in the biological fluids and
extracellular matrix, and binding to nontarget cell types.
Although many studies have reported successful in vivo
transgene expression in several organs, few studies have
identified the cell type in the organ that has been
transfected. Whether the transgene expression is in the pa-
renchymal cells, which are normally the targets for gene
transfer, remains unclear. Using fluorescence microscopy
to track the fate of fluorescently labeled liposomes and
DNA, McLean et al. found that most DNA uptake appar-
ently was in endothelial cells of the microvasculature of
the lung, lymph nodes, ovary, anterior pituitary, and adre-
nal medulla (44). Therefore transgene expressed mostly in
endothelial cells and not in parenchymal cells. The result
is not surprising, considering that most liposome/DNA
complexes have diameters of about 100 to 500 nm. The
endothelial barrier would normally prevent particles of this
size from crossing, except in organs such as the spleen
where the endothelium is discontinuous. Besides the endo-
thelium barrier, the positive charged surface of the lipid/
DNA complex also causes problems. Interaction of the
lipid/DNA complex with plasma components such as se-
rum proteins (37) and coagulation factors (45,46) may
cause the growth of the particle and eventually obstruct

the lung capillaries. Other problems associated with the
positively charged lipid/DNA complex, such as erythro-
cyte aggregation, opsonization (47), and clearance by the
reticuloendothelial system (RES), have also been reported
(48). The results from in vivo gene transfer studies suggest
that the ideal vectors for systemic application should be
small enough to pass through physiological barriers and
be specific for binding to the target cells but inert against
both body fluids and unspecific interactions with tissues
and cells, such as the RES.

B. Naked DNA as a Vector

Naked DNA appears to be a good vector for gene transfer,
since it is small in size and polyanionic, which can dimin-
ish nonspecific interactions. However, due to its polyanio-
nic charge and high molecular weight, naked DNA is not
likely to be able to enter cells by itself. A condensing agent
is thought to be required to condense DNA and make the
particles positive in charge so that the DNA complex can
be internalized by cells via absorptive endocytosis. How-
ever, many in vivo gene transfer studies have demonstrated
that naked DNA can enter cells efficiently by some un-
known mechanisms. Many different organs including the
liver (49–51), lung (52–54), heart (55), kidney (50), thy-
roid gland (56), and tumor (57,58) have been successfully
transfected by naked DNA. It is now clear that many cell
types in vivo can be transfected by naked DNA, as long
as a sufficient amount comes in contact with the cells for
a prolonged period of time (52). Compared to lipid/DNA
vectors, naked DNA is much smaller in size. It was found
that supercoiled DNA in plectonomic form has superhelix
dimensions of approximately 10 nm (59), which allows the
naked DNA to cross microvascular walls and reach target
cells. Systemic administration of the naked DNA is still
limited due to the rapid degradation of naked DNA in the
circulation. However, in some cases, systemic administra-
tion of naked DNA resulted in significant gene expression.
For example, Liu et al. injected a large volume of DNA
solution through the tail veils of mice and detected very
high transgene expression in the liver (60). Budker et al.
injected large volumes of DNA solution through the femo-
ral artery while blocking the blood inflow and outflow and
successfully transfected a large percentage of muscle fibers
in the whole legs of rats (61).

C. Targeted Delivery of Naked DNA

Since many cells are capable of internalizing naked DNA,
targeted delivery of naked DNA via receptor-mediated en-
docytosis may enhance the cellular uptake of DNA and
therefore increase the gene expression. However, targeted
delivery of naked DNA is hindered by the difficulty in con-
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Figure 34.7 Schematic illustration of PNA/DNA/PNA triplex
(A) and PNA binding to plasmid DNA (B). The PNA contains
two stands that are linked through three linker units (8-amino-3,
6-dioxaoctanoic acid or O). One of the strands can hybridize with
plasmid DNA in an antiparallel manner by Watson–Crick hydro-
gen bonding, while the other strand can bind in a parallel manner
via Hoogsteen hydrogen bonding. Lysine and cystine are incorpo-
rated at the C and N terminals of PNA, respectively. Tf can be
conjugated with PNA through a disulfide bond. (B) PNA can be
designed to bind to a specific location in the plasmid, such as an
antibiotic resistant gene, so that the binding of PNA does not
affect gene activity. (From Ref. 63, used with permission.)

jugating a targeting ligand to naked DNA without affecting
its activity. Current conjugation methods, whether they are
chemical methods such as photolysis or enzymatic meth-
ods such as nick translation, attack DNA randomly and
therefore may break the coding sequence on the plasmid.
Recently, we have successfully used the peptide nucleic
acid (PNA) as a linker to conjugate a targeting ligand to
naked DNA without affecting the gene expression (63).
PNA is an oligonucleotide analog containing normal DNA
bases with a polyamide backbone (62). The bases on the
PNA can bind to double-stranded DNA in a sequence-
specific manner and form a stable triplex (Fig. 7). The
polyamide backbone can be readily modified, which will
allow conjugation of targeting ligands to PNA. We have
designed a PNA sequence targeted to a unique sequence
located at the antibiotic resistance region of a plasmid con-
taining the gene luciferase, so that the binding of PNA to
the plasmid will not affect the luciferase gene expression.
A targeting ligand, transferrin, was conjugated to PNA via

a disulfide bond. The binding of PNA to the naked DNA
was highly sequence specific. Furthermore, the binding of
PNA did not change the supercoiled conformation of
DNA. This is important because DNA in the supercoiled
form is much smaller than that in the relaxed form. The
ability of Tf-PNA/DNA to mediate the cellular uptake of
the naked DNA via receptor-mediated endocytosis was
tested in myogenic cells in vitro. Compared to PNA/DNA
complexes, Tf-PNA/DNA enhanced gene expression in
both myoblasts and myotubes, and the enhancement effect
was only seen when the whole complexes were negatively
charged, although a polycationic polymer, polyethyleni-
mine (PEI), was still required. Furthermore, the enhance-
ment of gene expression could be inhibited by the excess
amount of free transferrin, indicating that the enhancement
was via Tf-mediated endocytosis.

V. SUMMARY AND CONCLUSION

Nonviral gene delivery systems have become more popular
because of their favorable safety profiles, contrasting with
those of viral vectors. Numerous nonviral vectors have
been developed. However, cationic lipids remain the most
widely used vectors in nonviral gene transfer. It is clear
that the application of cationic lipid vectors for therapeutic
use is limited by their low transfection efficiency. Several
factors may be responsible for this drawback. First, the
entry of the cationic lipid/DNA complex is inefficient.
Second, the cationic lipid/DNA complex is not cell-type
selective. Third, cationic lipids bind to DNA with rela-
tively low efficiency, so that the amount of lipid required
is often too large to be delivered for therapeutic purposes.
Fourth, once internalized, the lipid/DNA complex remains
trapped in the endosome compartment and is subsequently
degraded. Substantial efforts have been devoted to over-
come these hurdles by synthesizing new lipids and devel-
oping new formulations. The development of LPD repre-
sents one such effort. The LPD formulations not only
increase the efficiency of gene transfer but also make the
complex more stable, more homogenous, and smaller in
size. LPD-II is the first formulation with an overall nega-
tive charge on the surface, while the DNA is efficiently
protected. Although the development of this LPD formula-
tion has overcome part of the problems associated with
cationic lipid vectors, other problems such as the large size
of the DNA/lipid complex and the lack of targeted delivery
still remain. Continuous efforts are required for the devel-
opment of new lipids and new formulations that may over-
come these problems in the future.

The size limitation of endothelial wall penetration rep-
resents one of the major barriers for cationic lipid vectors.
The small size of naked DNA offers an alternative to study
gene transfection in those organs where cationic lipid vec-



New Lipid/DNA Complexes for Gene Delivery 939

tors are normally unable to reach. While cationic lipids
have been extensively studied as gene delivery vectors,
studies on using naked DNA for gene transfection have
lagged behind. The fact that naked DNA can enter many
cell types efficiently has intrigued many investigators. Suc-
cessful gene therapy with naked DNA will require specific
delivery of the DNA to target organs. However, the prop-
erty of naked DNA makes it difficult for the site-specific
conjugation of the targeting ligand. PNA appears to be an
ideal linker for conjugating a targeting ligand to naked
DNA, since the binding of PNA to DNA is sequence spe-
cific and does not change the conformation of the naked
DNA. However, many studies aiming at understanding the
mechanism by which naked DNA enters into the cell and
at overcoming the degradation of naked DNA must be car-
ried out, before naked DNA can be widely used for in vivo
gene transfer. On the other hand, further developments in
cationic lipids and formulations may overcome the size
limitation and degradation problems. For example, we
have seen the development of new lipids and formulations
capable of forming DNA/lipid complexes that contain only
a single molecule of DNA. This type of formulation may
become an efficient gene delivery vector in the future.
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I. INTRODUCTION

During the last decade much interest has been generated
in gene therapy approaches to the treatment of genetic met-
abolic disorders, cardiovascular diseases, cancer, immune
system deficiencies, and infectious diseases (1–8). One of
the major problems of gene therapy is the effective deliv-
ery and expression of therapeutic genes into target cells in
vitro and in vivo (9–11). Viral vectors for gene delivery
have certain advantages, including high levels of transduc-
tion in the case of adenoviruses, and efficient and stable
integration of foreign DNA into a wide range of host ge-
nomes in the case of retroviruses. The usefulness of viral
vectors is limited, however, by host immune and inflam-
matory reactions, toxicity, difficulty of large-scale pro-
duction, size limit of the exogenous DNA (for adeno-
associated viruses), random integration into the host
genome (in the case of retroviruses), and the risk of induc-
ing tumorigenic mutations and generating active viral par-
ticles through recombination (9,12–14). Therefore the use
of non-viral gene delivery vehicles may become essential
in many applications of gene therapy (15).

Cationic liposome–DNA complexes (‘‘lipoplexes’’)
have been used extensively for in vitro and in vivo gene
delivery and constitute a viable alternative to viral gene
delivery vehicles (10,16–21). Reporter genes delivered via
lipoplexes in vivo have been expressed in a number of tis-
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sues, and relatively long-term expression of several
months has been obtained in some cases (22–29).

Lipoplexes present numerous advantages in gene deliv-
ery (9,13,20): (a) lipoplexes can protect DNA or RNA
from inactivation or degradation in biological milieux; (b)
lipopexes can carry large pieces of DNA, potentially up to
chromosome size; (c) they are not immunogenic; (d) they
are safe relative to viral vectors; (e) large-scale production
of liposomes is easy compared to that of viruses; (f) they
are highly versatile.

Lipoplexes currently have several limitations for gene
therapy applications: (a) they utilize unnatural cationic lip-
ids that can be toxic (16,30,31); (b) they incorporate subop-
timal DNA concentrations; (c) their efficiency of gene de-
livery and expression is limited due to various cellular
barriers (10,11,32); (d) many lipoplex formulations are
heterogeneous and have a relatively large particle size; (e)
they may have adverse interactions with negatively
charged biological macromolecules in serum and on cell
surfaces (33); (f) gene delivery by many types of lipo-
plexes is inhibited by serum (16,34–38).

II. GENE DELIVERY BY LIPOPLEXES
IN CELL CULTURE

Cationic liposome–DNA complexes have been used for
gene delivery in cell culture (in vitro) and in experimental
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animals (in vivo) since the landmark contribution of Felg-
ner et al. (16) utilizing the cationic lipid N-[1-(2,3-dioleyl)-
propyl]-N,N,N-trimethylammonium chloride (DOTMA)
(Fig. 1). This study showed that small unilamellar lipo-
somes composed of DOTMA and the zwitterionic lipid
phosphatidylethanolamine (PE) (1:1) interact spontane-
ously with DNA to form lipid–DNA complexes, that the
complexes mediate the expression of chloramphenicol ace-
tyltransferase (CAT) from the pSV2cat plasmid in CV-1 or
COS-7 kidney cell lines, that the level of gene expression
depends on the amount of cationic liposome complexed
with the DNA, and that transfection activity is much more
effective than that achieved with calcium phosphate or
DEAE–dextran. Felgner et al. (16) also reported that high
concentrations of lipid are toxic depending on the cell type,

Figure 35.1 Structures of some cationic lipids used for trans-
fection. DOTMA, N-[1-(2,3-dioleyl)propyl]-N,N,N-trimethy-
lammonium chloride; DOGS, dioctadecylamidoglycyl-spermine;
DODAC, dioctadecyldimethylammonium chloride; DMRIE, 1,2-
dimyristyloxypropyl-3-dimethyl-hydoxyethylammonium brom-
ide; DOTAP, 1,2-dioleoyloxy-3-(trimethylammonio)propane.

time of incubation with the cells, and the cell density in
the culture, and that the presence of serum during incuba-
tion of the complexes with cells is inhibitory to transfec-
tion. Based on the observation of diffuse fluorescence over
the plasma membrane as well as intracellular membranes
following incubation of rhodamine-labeled DOTMA/PE
liposome–DNA complexes with cells, it was proposed that
gene delivery occurs via fusion of the complexes with the
plasma membrane. When phosphatidylcholine (PC) was
substituted for PE in the cationic liposomes, only punctate
fluorescence was observed; this was interpreted to reflect
the inhibition of fusion by the presence of PC in the lipo-
some membrane, consistent with the fusion-inhibitory
properties of PC (39,40). DOTMA/dioleoyl-PE (DOPE)
liposomes are commercially available as the reagent Lipo-
fectin (Table 1).

DNA complexed to lipopolyamine particles composed
of spermine with covalently attached lipidic moieties
[for example, dioctadecylamidoglycyl-spermine (DOGS)]
(Fig. 1) could induce CAT activity in primary pituitary
melanotrope cells (41). Efficient transfection required a net
positive charge on the lipoplexes, but CAT activity could
still be observed at theoretically net negative charges [e.g.,
lipid/DNA (�/�) charge ratio of 0.5]. In this system max-
imal transfection could be observed even after a 30 min
incubation of the cells with complexes containing 5 µg
DNA and a charge ratio (�/�) of 3. This transfection
method was not cytotoxic, while complexes prepared with
the cationic detergent dioctadecyldimethylammonium
chloride (DODAC) (Fig. 1) at the same charge ratio were
highly toxic. The DOGS lipoplexes were also reported to
transfect various cell lines, including LMTK, Ras4, CHO,
F9, BU4m S49, HeLa, and AtT-20 cells, as well as other
primary chromaffin and neuronal cell cultures. In a later
study it was shown that lipoplex formation by sequential
addition of DOGS (‘‘Transfectam’’) to DNA, compared to
immediate mixing of the two reagents, resulted in signifi-
cant enhancement of transfection in 3T3, Hep-G2, K562,
and COS-7 cells and primary fibroblasts (42). This effect
was particularly pronounced when transfection was carried
out in the presence of 10% serum. Preparation of the com-
plexes in a small volume (10 µL vs. 100 µL) also resulted
in significant enhancement of transfection in the presence
of serum.

The cationic lipids 1,2-dioleoyloxy-3-(trimethylam-
monio)propane (DOTAP) (Fig. 1) and 1,2-dioleoyl-3-(4′-
trimethylammonio)butanoyl-sn-glycerol (DOTB) formu-
lated in liposomes with DOPE in a 1:3 ratio and com-
plexed with a CAT expression plasmid (pSV2cat) could
transfect CV-1 and 3T3 cells much more effectively than
DEAE–dextran (43). The ability of these liposomes to un-
dergo lipid mixing with negatively charged liposomes or
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Table 35.1 Commercially Available Cationic Liposome Reagents

Commercial name Supplier Composition

Lipofectin GIBCO BRL DOTMA/DOPE (1:1)
Transfectam Promega DOGS
Tfx-50 Promega Tfx-50/DOPE (1:1)
Lipofectamine Gibco BRL DOSPA/DOPE (1:0.65)
Lipofectamine PLUS Gibco BRL Lipofectamine � PLUS Reagent
Lipofectamine 2000 Gibco BRL Proprietary
DMRIE-C Gibco BRL DMRIE/cholesterol (1:1)
Escort Sigma DOTAP/DOPE (1:1)
DC-Chol Sigma DC-Chol/DOPE (1:0.67)
Fugene 6 Roche Molecular Biochemicals Proprietary
Vectamidine BioTech Tools diC14-amidine
LipofectACE Gibco BRL DDAB/DOPE (1:1)
LipoTAXI Stratagene Proprietary
Gene Porter 1 & 2 Gene Therapy Systems Proprietary

cellular membranes was greatly inhibited by the presence
of even small amounts of DNA (0.17–0.85 mol DNA
phosphate per mol cationic lipid). This observation, cou-
pled with the lack of correlation between the ability of dif-
ferent cationic lipid dispersions to intermix lipids with an-
ionic liposomes and their ability to mediate transfection,
suggested that DNA transfer to cells may not be mediated
simply by the fusion of the cationic liposomes with cellular
membranes.

Liposomes containing the cationic amphiphile, N-t-bu-
tyl-N′-tetradecyl-3-tetradecylaminopropionamidine (diC14-
amidine, Vectamidine) complexed with a CAT-expressing
plasmid transfected both adherent CHO cells and K562
cells in suspension (44). Maximal transfection activity
was achieved within the first hour of incubation with cells.

Using the 2,3-dialkyloxypropyl quaternary ammonium
backbone, Felgner et al. (45) developed a series of cationic
lipid molecules to understand the relationship of structure
to transfection activity. Liposomes composed of these
compounds and DOPE (at a 1:1 mol ratio) were tested for
their ability to transfect cultured COS-7 cells. The homolo-
gous series of dioleylalkyl (di-C18:1) lipids with hydroxy-
alkyl moieties with increasing chain lengths attached to the
quaternary amine group showed transfection activity in the
order ethyl � propyl � butyl � pentyl � DOTMA (no
hydroxyalkyl group). Varying the alkyl chains attached to
dimethyl hydroxyethyl ammonium bromide head groups
resulted in the order of transfection activity dimyristyl (di-
C14:0) � dioleyl (diC18:1) � dipalmityl (di-C16:0) �
disteryl (di-C18:0). The lipid 1,2-dimyristyloxypropyl-3-
dimethyl- hydoxyethylammonium bromide (DMRIE) (Fig.
1) in combination with DOPE (1:1) was more active than
DOTMA/DOPE under a range of transfection conditions,
and this was especially pronounced at lower lipid and DNA

levels (under which conditions the potential for toxicity
would also be reduced). The role of the colipid in transfec-
tion was also established in this study, the use of 50 mol%
DOPE in conjunction with cationic lipids resulting in 2–
5-fold higher transfection activity than formulations con-
taining the same mol percentage of dioleoylphosphatidyl-
choline (DOPC) or those without any neutral lipid. The
use of DOPE analogs with increasing acyl chain saturation
resulted in progressively lower activity. These investiga-
tors found that lipoplexes prepared by the complexation of
DNA with multilamellar liposomes of diameter 300–700
nm mediated about 2-fold higher levels of gene expression
than those prepared with small unilamellar vesicles (50–
100 nm).

The optimal charge ratio of cationic lipid to anionic
DNA in lipoplexes prepared from DMRIE:DOPE was
found to be 1.25 for the transfection of HeLa and primary
airway epithelial cells (46), indicating that positively
charged complexes interact with the negatively charged
cell surface. The optimal charge ratio was found to be
somewhat higher in studies with COS-7 cells (45).

Replacing the alcohol group on DMRIE with a primary
amine produced a cationic lipid (β-aminoethyl-DMRIE)
with transfection activity higher than that achieved with
DMRIE over a broad range of cationic lipid and DNA con-
centrations (47). This lipid was maximally effective in the
absence of the colipid DOPE.

The role of cationic lipid acyl chains in gene delivery
was investigated using analogs of N-[1-(2,3-dioleoyloxy)-
propyl]-N-[1-(hydroxy)ethyl]-N,N-dimethyl ammonium
iodide (DORI) in liposomes containing 50 mol% DOPE
(48). In NIH3T3 fibroblasts, Chinese hamster ovary (CHO)
cells and human respiratory epithelial cells (16HBE14o-),
optimal acyl chain length and symmetry varied with
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cell type. Cationic lipids with dissymmetric acyl chains
(for example, 14:0, 12:0) mediated transfection activities
equivalent or superior to the best symmetric acyl chain an-
alogs. The phase transition temperature of the cationic lipid
moiety did not appear to alter appreciably the transfection
activity of the lipoplexes. For certain lipids and cells inves-
tigated in this study the use of multilamellar or small unila-
mellar liposomes provided an advantage over the other.

Utilizing the cationic lipid 3β[N-(n′, N′-dimethylami-
noethane)-carbamoyl]cholesterol (DC-chol) (49) (Fig. 2)
and DOPE, Caplen et al. (50) found that optimal weight
ratios of DNA/cationic lipid (at fixed DNA concentrations,
or at fixed liposome concentrations) were different among
the various cell lines used in their study (monkey kidney
SV40-transformed COS-7, cystic fibrosis nasal polyp
CFNPE-9o-, and bronchial mucosal epithelial 16HBE140-

Figure 35.2 Structures of some cationic lipids used for trans-
fection. DC-Chol, 3β[N-(n′,N′-dimethylaminoethane)-carbamo-
yl]cholesterol; lipid #67, 3-β-(sperminecarbamoyl) cholesterol;
BGTC, bis-guanidium-tren-cholesterol; BGSC, bis-guanidium-
spermidine-cholesterol; GS2888, Boc-arginine dimyristylamide;
SAINT-4, dioleylmethylpyridinium chloride.

cells), but still within a fairly narrow range. Gene expres-
sion was enhanced when lipoplexes were formed at pH 9
in physiological solution, compared to pH 7 or plain water.
Increased incubation time of the lipoplexes resulted in in-
creased reporter gene expression, except at very high DNA
and liposome concentrations where maximal activity was
observed after 1 h.

Two guanidium derivatives of cholesterol, bis-guan-
idium-spermidine-cholesterol (BGSC) and bis-guanidium-
tren-cholesterol (BGTC) (Fig. 2) were found to mediate
transfection of a number of cell lines (human lung carci-
noma A549, COS-7, canine kidney MDCK-1, rat pancre-
atic islet cell tumor RIB-m5F, rat osteosarcoma ROS, rat
pheochromocytoma PC12, and mouse pituitary tumor AtT-
20 cells), both when prepared in micellar form or formu-
lated with DOPE as liposomes (51). The optimal charge
ratio (�/�) of lipid/DNA phosphate was found to be be-
tween 6 and 8 for micellar BGTC, and about 3 for liposo-
mal BGSC/DOPE.

The cationic lipid GS2888 (Boc-arginine dimyristylam-
ide) (Fig. 2) was found to transfect COS-7 cells more effec-
tively than Lipofectin, LipofectAce, Transfectam, or Lipo-
fectamine (Table 1) in the presence of 10% serum at
various charge ratios (52).

Pyridinium compounds with double hydrocarbon
chains, formulated with equimolar DOPE, showed im-
proved transfection activity and reduced toxicity over that
of DOTMA/DOPE (53). The most active compound,
SAINT-4, has two C18:1 chains with trans double bonds
(Fig. 2). The percentage of cells transfected with liposomes
composed of SAINT-2 (containing 85% cis double bonds)
and DOPE was also higher than that obtained with
DOTMA/DOPE.

Liposomes composed of the cationic phospholipid de-
rivative ethylphosphatidylcholine mediated gene transfer
to a number of cell lines, including BHK, CHO, and 3T3
cells (54). The advantages of this cationic lipid are that
transfection is not inhibited by the presence of 10% serum
during incubation with cells, that preincubation with 95%
serum does not have any deleterious effect on the transfec-
tion capacity of the lipoplexes, and that the lipid is biode-
gradable.

Formation of lipoplexes in the presence of phosphate
or calcium was found to affect their transfection activity.
For example, preincubation of Lipofectin with phosphate
buffer followed by complex formation with a reporter plas-
mid resulted in a 26-fold enhancement of luciferase gene
expression (55). Optimal transfection was observed when
complexes were prepared in the presence of 30–80 mM
phosphate, and around pH 6. The presence of calcium in
the concentration range 5–25 mM during complex prepa-
ration, using DODAC/DOPE liposomes, mediated up to
20-fold higher transfection levels in BHK cells compared
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Figure 35.3 Structures of some cationic lipids used for trans-
fection. DDAB, dimethyldioctadecylammonium bromide;
DOTIM, 1-[2-(9(Z)-octadecenoyloxy)-ethyl]-2-(8(Z)-heptade-
cenyl)-3-(2-hydroxyethyl)-imidazolinium chloride; TMAG, di-
dodecyl-N-(a-(trimethylammonio)acetyl)-d-glutamate chloride;
DOSPA, 2,3 dioleyloxy-N-[2(spermine carboxaminino)ethyl]-
N,N-dimethyl-1-propanaminium trifluroacetate.

to controls (56). This result was attributable in part to the
enhancement of cellular uptake of lipoplexes and to a
higher level of intact intracellular plasmid. Transfection of
other cell lines such as CV-1 and SK-OV3 was also en-
hanced by this procedure. Calcium enhancement of trans-
fection was not limited to DODAC/DOPE liposomes and
was also observed with DOTMA/DOPE and dimethyldi-
octadecylammonium bromide (DDAB)/DOPE liposomes
(Fig. 3).

III. DELIVERY OF PROTEINS
BY CATIONIC LIPOSOMES

Cationic liposomes have also been used to deliver proteins
to cells. A glucocorticoid receptor derivative, T7X556, a
mammalian transcriptional regulator, was delivered to cul-
tured cells by association with DOTMA liposomes, was

localized rapidly in the nucleus, and mediated selective ex-
pression from glucocorticoid response element–linked
promoters (57). Thus cationic liposome-mediated delivery
may enable the functional analysis of proteins that have
been generated by recombinant DNA techniques in bacte-
ria or other mammalian cells.

A subsequent study showed the DOTMA/DOPE lipo-
some-mediated delivery of prostatic acid phosphatase into
human prostate carcinoma cells (58).

The human immunodeficiency virus type 1 (HIV-1)
transactivator protein Tat was delivered into A431 cells
expressing a reporter gene (CAT) under the control of the
HIV-1 promoter, using DC-Chol or DOTMA-containing
liposomes coincubated with the protein (59). The presence
of DOPE in the liposome membrane was essential for pro-
tein delivery; liposomes containing phosphatidylcholine
were ineffective. DOTMA/DOPE liposome-mediated de-
livery of Tat was confirmed in a system using a luciferase
reporter gene in HeLa cells (60).

The delivery of the Rep68 protein of adenoassociated
virus by complexation with the polycationic liposome Lipo-
fectamine resulted in the rescue-replication of a codeliv-
ered inverted terminal repeat-flanked plasmid, as well its
site-specific integration (61).

IV. GENE DELIVERY BY LIPOPLEXES
IN VIVO

In the first demonstration of the in vivo activity of lipo-
plexes, intravenous or intratracheal injection of DOTMA/
DOPE complexes with the plasmid pSV2CAT resulted in
CAT expression in the lungs of mice (62). The authors
speculated that the technique could be used to genetically
engineer lung cells to produce intracellular or secreted pro-
teins, with eventual ‘‘therapeutic possibilities.’’

Nabel et al. (22) injected lipoplexes containing a β-gal
expression plasmid and DOTMA/DOPE liposomes into
iliofemoral arteries of pigs via a catheter and found exten-
sive gene expression after 4 days in the arterial tissue.
Gene expression persisted for at least 6 weeks in this sys-
tem. It was proposed that this method of gene delivery may
be useful in the inhibition of smooth muscle proliferation
or thrombus formation, which are complications of coro-
nary angioplasty.

Transgene expression in the lungs was achieved by
aerosolizing DOTMA/DOPE liposome complexes with
the pCIS-CAT plasmid (23). The majority of airway epi-
thelial and alveolar lining cells were transfected, and the
gene product was detectable in the lung for at least 3
weeks. Intravenous injection of the same type of lipoplexes
in mice resulted in transfection of lungs, spleen, liver,
heart, kidney, lymph nodes, thymus, uterus, ovary, skele-
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tal muscle, pancreas, bone marrow, stomach, small intes-
tine, and colon (63). Metastatic lung tumors were also
transfected by this procedure. The CAT gene was ex-
pressed in many cells in multiple tissues for at least 9
weeks after injection of the lipoplexes. No treatment-
related toxicity was noted in injected animals. These au-
thors suggested that specific tissues and cell types could
be targeted by means of tissue-specific promoter-enhancer
elements, by regional administration of lipoplexes, or by
the use of targeting ligands.

Intravenous injection of DNA complexes with DC-
Chol/DOPE liposomes into mice resulted in the localiza-
tion of the DNA primarily in the lung and heart, as detected
2 to 3 weeks following injection (64). Complexes injected
directly into experimental CT26 tumors caused DNA lo-
calization in the tumors. Lipoplex injection was found not
to affect tissue-specific serum enzymes, tissue histology, or
electrocardiography. When mice were injected with genes
encoding murine MHC class I proteins, no significant im-
munopathology could be detected in various tissues, al-
though an immune response was elicited (65). The intro-
duction of various genes did not cause any gene
localization in the testes or ovary, as detected by the poly-
merase chain reaction. Similar experiments were per-
formed with DMRIE/DOPE–DNA complexes, which fa-
cilitated the injection of much higher doses of DNA
without causing toxicity (66). The introduction of a foreign
MHC gene (H-2Kd) into an MCA 205 tumor via DMRIE/
DOPE liposomes resulted in a substantial antitumor re-
sponse, while DC-chol/DOPE liposomes were ineffective.

Intraperitoneal injection of a CAT-expressing plas-
mid complexed to DOTMA/DOPE, DDAB/DOPE, or
DOTAP/DOPE liposomes mediated gene expression in
the spleen, lymph nodes, and liver (67). A large percentage
of T lymphocytes from the paracortical region of lymph
nodes was transfected. In addition, about 20% of bone mar-
row cells revealed intracellular CAT antigen.

Repeated intravenous injection of DDAB/DOPE–DNA
complexes was shown to produce levels of transfection at
least as high as that following a single injection, demon-
strating that lipopexes are not neutralized by a host im-
mune reaction (24). Among the different promoters tested
(CMV immediate early promoter, SV40 early promoter,
herpes simplex virus thymidine kinase promoter, and the
adenovirus 2 major late promoter), the CMV promoter re-
sulted in the expression of much higher levels of CAT in
various tissues. The delivery of genes encoding murine
granulocyte-macrophage colony stimulating factor and hu-
man granulocyte-colony stimulating factor resulted in sig-
nificant levels of expression of these proteins in the circula-
tion. The expression of β-gal under the CMV promoter,
following aerosol delivery in DOTAP lipoplexes, was

found to be more prolonged compared to that under the
SV promoter (68). The CMV promoter was also found to
be more effective in luciferase gene expression in vivo than
the RSV promoter when complexed to DOGS/DOPE lipo-
somes (28). The use of a human papovavirus (BKV)-
derived episomal vector, however, resulted in prolonged
expression in various tissues, up to 3 months (28). The
episomal vector was shown to replicate extrachromosom-
ally in the lungs 2 weeks following initial administration.

A comparison of the in vitro and in vivo transfection
efficiencies of different cationic liposome reagents showed
that the optimal lipid-to-DNA ratio for cell culture experi-
ments did not translate to the highest transfection efficien-
cies (% of transfected cells) following intratumoral injec-
tion of lipoplexes containing the plasmid pCMVβIL-2
(69). DC-Chol was found to be the most efficacious cat-
ionic liposome in this study, which also reported that trans-
fection efficiency was reduced as the size of 2E9 tumors
increased. Interestingly, gene expression was inhibited by
cationic liposomes upon injection into BL6 mouse mela-
noma tumors, while the size of the tumor did not affect
gene expression by free DNA (70). Nevertheless, growth
suppression of tumor xenografts was observed only upon
injection of a therapeutic plasmid (expressing interleukin-
2) complexed to DC-Chol liposomes, but not with naked
DNA (71).

The role of linking polyamines to a cholesterol or other
hydrophobic anchor in the transfection activity of lipo-
plexes in cystic fibrosis airway epithelial CFT1 cells and
lungs was examined by Lee et al. (27). The orientation of
the polyamine head group in relation to cholesterol was
found to be highly significant, with lipids conjugated to
spermine or spermidine in a T-shape configuration produc-
ing higher in vivo gene delivery than lipids coupled to
the polyamines via a primary amine to generate a linear
shape. Intranasal instillation of lipoplexes composed of
3-β-(sperminecarbamoyl) cholesterol (Lipid #67)/DOPE
(Fig. 2) and a CAT plasmid produced lung levels of the
enzyme 100-fold higher than that mediated by DMRIE/
DOPE or DC-Chol/DOPE lipoplexes.

The inclusion of the nonionic surfactant Tween 80 in
DC-chol-containing liposomes appeared to inhibit the for-
mation of large DNA–lipid complexes and to resist the
inhibitory effects of serum on transfection activity (72).
Increasing the ratio of DOTMA to DNA, or DOTMA to
Tween 80, enhanced gene expression in various organs,
especially the lungs (73).

The use of DOTAP/cholesterol liposomes resulted in
much higher levels of gene expression in the lungs
after intravenous injection compared to DOTAP/DOPE,
DDAB/cholesterol and DDAB/DOPE liposomes (29).
Cryoelectron microscopy indicated that condensed DNA
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is sequestered inside invaginated DOTAP/cholesterol
liposomes. Similarly, preparation of lipoplexes from mul-
tilamellar liposomes containing cholesterol and the cat-
ionic lipid 1-[2-(9(Z)-octadecenoyloxy)-ethyl]-2-(8(Z)-hep-
tadecenyl)-3-(2-hydroxyethyl)-imidazolinium chloride
(DOTIM) (Fig. 3) (74) resulted in much higher levels of
gene expression in various tissues than that obtained with
small unilamellar vesicles of the same composition, or with
multilamellar liposomes containing DOPE (25). The up-
take and retention of the delivered plasmid, as well as the
circulation time, were much higher with the use of
DOTIM/cholesterol multilamellar liposomes than that ob-
tained with DOTIM/DOPE small unilamellar liposomes.
The most commonly transfected cells were found to be
vascular endothelial cells, monocytes, and macrophages,
and the level of gene expression normalized to the amount
of DNA taken up per tissue was three orders of magnitude
higher in the lung than in the liver, suggesting that host
tissue factors influence the efficiency of transgene expres-
sion.

V. GENE DELIVERY IN HUMANS

A gene encoding a foreign major histocompatibility com-
plex protein (HLA-B7) was introduced into melanoma
nodules in patients with advanced disease, using DC-Chol/
DOPE liposomes (18). Immunohistochemistry showed
that HLA-B7 was expressed in tumors. One patient even
demonstrated regression of injected nodules This study in-
dicated the feasibility, safety, and therapeutic potential of
direct gene transfer in humans. A subsequent study em-
ploying DMRIE/DOPE lipoplexes demonstrated the pres-
ence of RNA encoding HLA-B7 or HLA-B7 protein in
tumor nodules in nine of ten patients with stage IV mela-
noma (75). T cells migrated into treated tumors in six of
seven patients, and tumor-infiltrating lymphocyte reactiv-
ity was enhanced in two of two patients analyzed. Local
inhibition of tumor growth was noted in two patients.

DNA encoding the cystic fibrosis transmembrane con-
ductance regulator (CFTR), complexed with DC-Chol/
DOPE liposomes, was delivered to the nasal epithelium
(76). Plasmid DNA and transgene-derived RNA were de-
tected in the majority of treated patients. A modest restora-
tion of function was achieved, with optimal activity being
detected 3 days following transfection. Nevertheless, the
function reverted to pretreatment levels by day 7. The au-
thors suggested that transfection efficiency and the dura-
tion of expression need to be increased to achieve a thera-
peutic effect. Lipoplexes containing DOTAP were
administered in a later clinical trial, and transgene DNA
was detected by the polymerase chain reaction in 7 of 8

treated patients, while vector-derived CFTR mRNA was
observed in 2 of the 7 patients (77). In 2 treated patients
partial and sustained CFTR-related functional changes to-
ward normal values were noted.

Delivery of the gene for α1-antitrypsin to the respiratory
epithelium of patients with α1-antitrypsin deficiency re-
sulted in the expression of the mRNA and the protein (78).
The expression of the α1-antitrypsin via this gene therapy
approach, but not the delivery of the protein, had an anti-
inflammatory effect. It is believed that this therapeutic ef-
fect is due to the localization of the transgene-generated
α1-antitrypsin within cells and intercellular spaces.

VI. MECHANISMS OF AND BARRIERS
TO LIPOPLEX-MEDIATED
GENE DELIVERY

A series of criteria have to be met and barriers to be over-
come for lipoplexes to be able to deliver functional DNA
to the nucleus (10,11). The cationic lipid component of
lipoplexes must be able to condense DNA to enable its
protection from nuclease degradation. Lipoplexes with any
associated serum components must be able to bind to cell
surfaces. Cell surface heparin/heparan sulfate-containing
proteoglycans are thought to mediate the uptake of lipo-
plexes (79,80). In contrast, proteoglycan-deficient cells
were found to internalize lipoplexes containing Lipofec-
tamine as efficiently as wild-type cells (81). At low �/�
charge ratios, proteoglycan-deficient cells took up DNA
and exhibited reporter gene expression to even higher lev-
els than the wild-type cells. At higher charge ratios, how-
ever, gene expression in the mutant cells was inhibited,
most likely because of the cytotoxic effect of the highly
positively charged lipoplexes. Accordingly, addition of ex-
ogenous polyanionic glycosaminoglycans neutralized the
cytotoxic effects of cationic liposomes in proteoglycan-
deficient cells. Pretreatment of cells with enzymes that re-
move glycosaminoglycans or neuraminic acid did not af-
fect the binding of liposomes containing the cationic lipid
didodecyl-N-(a-(trimethylammonio)acetyl)-d-glutamate
chloride (TMAG) (Fig. 3) to a macrophagelike cell line,
while pretreatment of cells with trypsin reduced binding,
indicating that trypsin-sensitive proteins are involved in
the attachment of these liposomes to the cell surface (82).

Lipoplexes are thought to be internalized via endocyto-
sis involving coated or uncoated endocytotic vesicles
(32,83–87). Alternatively, the lipoplexes may undergo fu-
sion with the plasma membrane with the appropriate topol-
ogy to facilitate the intracytoplasmic delivery of DNA
(10,16,87). Several studies have concluded that fusion (as-
sessed by lipid mixing between lipoplexes and cellular
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membranes) is not correlated sufficiently with transfection
(87,88). An alternative mechanism of DNA entry has been
suggested to involve pore formation in the plasma mem-
brane (89).

The endosome membrane has to be destabilized so that
the lipoplex or DNA can gain access into the cytoplasm
and avoid degradation in lysosomes. The destabilization
of the endosomal membrane by the internalized lipoplexes
has been proposed to induce the transbilayer movement
of anionic lipids from the cytoplasmic monolayer to the
lumenal monolayer (83). The interaction of these lipids
with the cationic lipids in the lipoplex was proposed to
result in the displacement of the DNA from its complex
with the cationic lipid and its release into the cytoplasm.
Fusion of DOPE-containing cationic lipid/oligonucleotide
complexes with endosomal membranes under acidic con-
ditions following endocytosis was observed by fluores-
cence microscopy (90), and this supports the hypothesis
that DNA is released into the cytoplasm following endocy-
tosis. Electron microscopic evidence for the destabilization
of endosomes by various lipoplexes has also been pre-
sented (91). Pore formation at the endosomal membrane
may be an alternative mechanism of escape of the com-
plexes or of free DNA into the cytoplasm (10).

For successful transfection, the delivered DNA has to
be transported to the nucleus and pass through the nuclear
membrane. Since free DNA in the cytoplasm is degraded
within a short period (92), it is essential for DNA to rapidly
access the nucleus or continue to be protected from
nucleases via complexation with the cationic lipid. The rel-
ative ease with which proliferating cell lines are
transfected compared to nondividing primary cells can be
attributed to enhanced nuclear permeability during mitosis
(93). Whether DNA penetrates the nuclear membrane
through pores via passive diffusion or active transport fol-
lowing nonspecific association with receptors for nuclear
localization signal (NLS) peptides is not known. It is also
not known if DNA in the cytoplasm is indeed plain or still
associated with cationic lipid. Experiments utilizing lipo-
plexes or free plasmid microinjected into oocyte nuclei in-
dicated that gene expression was inhibited completely
when DNA was complexed with cationic lipids at a 5:1
lipid:DNA (w/w) ratio (approx. 1:1 �/� charge ratio),
while at a lower ratio (1:1) (w/w) it was not (32). Clearly,
most of the DNA has to be freed of its associated cationic
lipids to be transcribed.

The presence of serum usually inhibits lipoplex-medi-
ated gene delivery (16,34–38,94,95), although lipids can
vary in their sensitivity to serum (96–99). The inhibition
is most likely mediated by negatively charged components
in serum (100). This inhibition is of major concern regard-

ing the in vivo use of lipoplexes for gene delivery by intra-
venous injection. Lipoplexes interacting with mouse serum
aggregated and disintegrated, accompanied by the release
of DNA (101). Complexes containing DOPE disintegrated
rapidly and were also ineffective in gene delivery in vivo.

Another physiologically relevant inhibitor of lipoplex-
mediated transfection in the airways is pulmonary surfac-
tant. Transfection of murine respiratory epithelial MLE-
15 and human bronchial adenocarcinoma H441 cells by
lipoplexes containing DMRIE/cholesterol or DOTAP/
DOPE decreased as the concentration of natural pulmonary
surfactant was increased (102). Incorporation of surfactant
proteins SP-B or SP-C or the phospholipids dioleoylphos-
phatidylcholine and dioleoylphosphatidylglycerol in the
cationic lipid formulation also inhibited transfection.
These observations suggest that lung surfactant may be one
of the barriers to gene transfer in the lung (102). Tsan et
al. (103) found that transfection of rat fetal lung fibroblast
RFL-6 and calf pulmonary artery endothelial CPAE cell
lines, and rat primary type II alveolar epithelial cells by
lipoplexes of DDAB, DOTAP, or DOTMA/DOPE, was
inhibited by a naturally derived surfactant preparation
(Survanta) and a synthetic surfactant (Exosurf). This find-
ing was proposed as a partial explanation for the observa-
tion that the efficiency of gene delivery to the lungs by
plain plasmid DNA was equivalent to that by lipoplexes
(103).

Sulfated glycosaminoglycans, including heparan sulfate
and chondroitin sulfate, completely inhibited transfection
mediated by cationic liposomes such as DOTAP and
DOTAP/cholesterol, while hyaluronic acid was not inhibi-
tory (104). Nevertheless, it is interesting to note that
DOPE-containing lipoplexes were not inhibited as much
as those containing only cationic lipids by the sulfated gly-
cosaminoglycans (104).

VII. STRATEGIES FOR THE ENHANCEMENT
OF LIPOPLEX-MEDIATED
GENE DELIVERY

Several strategies have been employed and are being de-
veloped to enhance the ability of lipoplexes to mediate
transgene expression in mammalian cells. These include
the attachment of a targeting ligand with the lipoplexes to
promote cell binding and receptor-mediated endocytosis,
the association of synthetic fusogenic peptides with the
complexes to facilitate the destabilization of endosomes
and release of the genetic material into the cytoplasm, the
employment of cationic polypeptides to condense DNA,
the association of albumin with cationic liposomes to con-
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fer serum resistance and enhanced gene transfer, and the
use of nuclear localization signal (NLS) peptides to medi-
ate the nuclear localization of the plasmid.

A. Lipoplex Targeting

Neutral plasmid–lipospermine complexes containing a tri-
galactolipid could transfect HepG2 hepatoma cells bearing
the asialoglycoprotein receptor more efficiently than lipo-
plexes lacking the ligand (33). Galactosylated cholesterol
derivatives also mediated higher levels of transfection of
HepG2 cells when included in DC-Chol/DOPE liposomes
(105). The association of monoclonal antibodies or ligands
(asialofetuin) with lipoplexes increased both the selectivity
and the efficiency of DNA delivery into cancer cells
(106,107). Addition of succinylated asialofetuin to the sur-
face of preformed DOTAP:Chol-DNA complexes resulted
in high levels of transfection in the liver upon in vivo ad-
ministration (29). Association of Lipofectin (DOTMA/
DOPE) with complexes of integrin-targeting peptide and
DNA resulted in a 100-fold enhancement of transfection
activity and a substantial increase in transfection efficiency
in a variety of cell lines (108). A further advantage of this
type of complex was its tendency to form particles, unlike
the fibrous network usually reported for Lipofectin/DNA
complexes. The association of various lectins with Lipo-
fectin followed by complexation with DNA resulted in the
enhancement of transfection in a number of cell lines and
could be inhibited by a competing sugar (109).

Association of transferrin with cationic liposomes fol-
lowed by complexation with DNA resulted in ternary com-
plexes with enhanced transfection in a variety of cells, in-
cluding dividing and nondividing cells (110–113) (Fig. 4).
Transfection was most effective with the use of optimized
lipid/DNA (�/�) charge ratios at which the complexes
presented a net negative charge. Studies on the mecha-
nisms of gene delivery by such transferrin lipoplexes have
suggested, however, that internalization of these ternary
complexes is mediated by a nonspecific process (86) (Fig.
4). Transferrin was proposed also to facilitate endosome
destabilization following acidification of the endosome lu-
men. Furthermore, triggering internalization of the lipo-
plexes through a nonspecific endocytotic process could be
achieved by associating human serum albumin with cat-
ionic liposomes (38). It should be noted, however, that en-
hancement of the extent of binding and internalization of
the lipoplexes did not necessarily result in the enhance-
ment of transgene expression (11), indicating the impor-
tance of additional factors that facilitate the entry and ex-
pression of the transgene.

Initial complexation of DNA with poly(l-lysine) re-

duced the particle size of ternary complexes with DC-
Chol/DOPE liposomes, conferred nuclease resistance to
the DNA, and enhanced the transfection of different cell
lines (114). The association of the polycationic peptide,
protamine sulfate, with DNA followed by the addition of
DC-Chol/DOPE, DOTAP/DOPE, or DOTMA/DOPE
liposomes greatly increased gene expression in CHO cells
compared to the plain lipoplexes (115). This effect was
attributed to the ability of protamine to condense DNA ef-
ficiently, as well as to the presence of NLS peptides in its
sequence. The cationic lipid–protamine–DNA formula-
tion also mediated higher gene expression in mice than did
DOTAP/DNA complexes (116). In an alternative protocol,
the ternary complexes formed by the addition of protamine
sulfate to DOTAP lipsomes followed by the addition of
DNA were shown to be small, condensed particles (diame-
ter � 135 nm), which exhibited even higher levels of in
vivo gene expression (117). It was also shown that the use
of cholesterol instead of DOPE as a helper lipid in cationic
liposomes enhanced the in vivo transfection efficacy of
cationic lipid–protamine–DNA complexes.

B. Use of Nuclear Localization Signal
(NLS) Peptides

The studies of Zabner et al. (32) and Labat-Moleur et al.
(118) have indicated that the nuclear membrane is a major
barrier to lipoplex-mediated gene delivery to the nucleus.
NLS peptides generally consist of a short stretch of basic
amino acids in certain proteins and direct them to the nu-
cleus through nuclear pore complexes. Several laboratories
have investigated the potential of these peptides to facili-
tate DNA entry into the nucleus. DNA–NLS peptide com-
plexes associated with DC-Chol/DOPE liposomes exhib-
ited an eightfold enhancement at the optimal peptide
concentration compared to plain lipoplexes (119). Aron-
sohn and Hughes (120) showed that the association of a
NLS peptide with DOTAP/DOPE–DNA complexes en-
hanced transfection in SKnSH cells by about threefold.
Zanta et al. (121) covalently coupled a single NLS se-
quence to capped DNA containing a hairpin oligonucleo-
tide enriched with amino groups and showed a dramatic
enhancement in the transfection of a variety of cell types,
including nondividing cells, even with small amounts of
DNA. This represents an important progress in the use of
lipid-based vectors, taking into account the putative cyto-
toxic effects of cationic lipids at higher concentrations. An
alternative technique to attach NLS peptides was described
by Brandén et al. (122) and involved the use of a bifunc-
tional peptide nucleic acid (PNA)–NLS peptide conjugate
that could both hybridize with certain sites in the plasmid
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Figure 35.4 Proposed mechanism of cellular uptake and cytoplasmic delivery of DNA via transferrin lipoplexes. Lipoplexes are inter-
nalized either by receptor-mediated endocytosis via clathrin-coated pits or by phagocytosis via uncoated pits. Efficient delivery of DNA
into the cytoplasm appears to be dependent on the acidification of the endosome. Acidification may trigger a series of reactions leading
to the dissociation of DNA from the transferrin lipoplexes and to the destabilization of the endosome membrane. The protonation of
apotransferrin causes a structural change that facilitates deaggregation of the complex. Protonated apotransferrin becomes membrane-
active and destabilizes the endosomal membrane, thereby facilitating the transbilayer movement of anionic lipids from the cytoplasmic
monolayer of the endosome membrane. Electrostatic interactions between these anionic lipids and cationic lipids induce the dissociation
of the DNA from the lipoplexes and transformation of the DOPE into a nonbilayer phase, which further facilitates the intermixing of
lipids between the lipoplex and endosome membranes. These events lead to the cytoplasmic delivery of dissociated or partially dissociated
DNA, which then has to be transported into the nucleus for gene expression. (Adapted from Simões et al. (86).)

and transport DNA into the nucleus. Cell-specific nuclear
translocation mechanisms were exploited by using plas-
mids that interact in the cytoplasm with particular tran-
scription factors that facilitate nuclear import of the com-
plex (123). Lipoplexes composed of one such plasmid
(incorporating the SV40 enhancer/promoter region) and
Lipofectin enhanced gene expression in nondividing CV1
cells 500-fold compared to lipoplexes containing only the
CMV promoter. In another approach to nuclear targeting,
the M9 sequence of heterogeneous nuclear ribonucleopro-
tein (hnRNP) A1 was conjugated to a cationic peptide scaf-
fold derived from a scrambled sequence of the SV40 T-
antigen consensus NLS to facilitate its binding to DNA.
Lipoplexes prepared by complexing this construct with

Lipofectamine enhanced transfection activity in bovine
aortic endothelial cells 63-fold (124).

C. Facilitation of Gene Transfer by
Membrane-Destabilizing or Fusogenic
Peptides

Since lipoplexes are thought to enter cells primarily via
endocytosis, it has been hypothesized that the use of pep-
tides that can destabilize endosomes or facilitate the fusion
of the lipoplexes with the endosomal membrane would en-
hance gene delivery. Incubation of COS-7 cells with a β-
gal-expressing plasmid, and anionic or cationic derivatives
of the N-terminal peptide of the HA2 subunit of the influ-
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enza virus fusion protein, hemagglutinin, in the presence
of Lipofectin, resulted in the enhancement of transfection
activity over that of Lipofectin alone by a factor of
2–7 (125). The levels of Transfectam (lipopolyamine)-
mediated transfection of H225 human melanoma cells
could be increased by up to 1000-fold [over that obtained
with a suboptimal charge-equivalent (1.5) of Transfectam/
DNA] by adding the hemagglutinin-derived peptide INF6
to the preformed lipoplexes (126). The association of the
pH-sensitive peptide GALA (127,128) with DOTAP/
DOPE (1:1) liposomes before complexation with plasmid
DNA resulted in about a 10-fold enhancement in luciferase
expression in COS-7 cells at the optimal charge ratio of
1/1 (�/�) (111). For net negatively charged complexes
(1/2), however, the enhancement in transfection activity
was several orders of magnitude, since gene transfer by
plain lipoplexes at this charge ratio was very limited.
GALA lipoplexes were considerably more effective in
gene transfer to COS-7 cells than to HeLa cells, presum-
ably because internalization of the complexes was not rate
limiting in the former (111). The combined use of GALA
and transferrin or albumin in conjunction with cationic
liposomes resulted in considerably higher levels of gene
expression in primary, nondividing human macrophages
compared to plain lipoplexes or ternary lipoplexes con-
taining transferrin or albumin (38,112).

D. Serum-Resistant Lipoplexes

Crook et al. (95) reported that the inclusion of cholesterol
in DOTAP liposomes (at 2:1 to 1:2 weight ratios, DO-
TAP:cholesterol) mediated substantial transfection in
COS-7 cells, while gene transfer by DOTAP lipoplexes
was almost completely abolished in the presence of 40%
serum. They also showed that more DOTAP/cholesterol
than DOTAP lipoplexes were attached to and taken up by
cells, although the differences did not appear to be suffi-
cient to explain the drastic difference in gene expres-
sion mediated by the two complexes in 40 or 80% serum.
Cholesterol-containing lipoplexes were shown to disinte-
grate much slower in serum than those containing DOPE
(101).

Increasing the charge ratio of the cationic lipid to DNA
was found to overcome the inactivation by 20% serum of
gene delivery by DC-Chol and DOTAP/DOPE lipoplexes
(100). Prolonging the incubation time of the cationic
liposome–DNA complexes before addition to cultured
cells, a process termed ‘‘maturation,’’ also rendered the
lipoplexes resistant to the inhibitory effects of 20% serum
(35). This maturation was observed for complexes con-
taining monovalent cationic lipids such as DC-Chol, DO-
TAP, and DOTMA, but not for those containing the

multivalent Lipofectamine. This process was accelerated
by high charge ratios, high concentration of the lipoplexes,
and elevated temperature. Lipoplexes containing DOGS/
DOPE were found to be resistant to the effect of 10% se-
rum, although complexes prepared with Lipofectamine
were greatly inhibited in their transfection activity in HeLa
cells (99).

Resistance to the inhibitory effects of serum was also
conferred by the association of human transferrin or hu-
man serum albumin with DOTAP/DOPE or DOTAP/
cholesterol liposomes before complexation with DNA
(37,38,111). Increasing concentrations of serum actually
enhanced the transfection of cultured cells by these ternary
lipoplexes (37,38).

E. Steric Stabilization

Liposomes sterically stabilized by the incorporation of
poly(ethylene glycol)-phosphatidylethanolamine (PEG-PE)
are known to have prolonged circulation in vivo, most
likely because they are not readily opsonized and are thus
not taken up rapidly by the mononuclear phagocyte system
(129–131). Lipoplexes prepared from cationic liposomes
containing PEG-PE were stable upon prolonged storage
and mediated gene delivery in vivo (132). However, in
vitro studies performed in our laboratory have shown that
lipoplexes prepared from cationic liposomes composed of
DOTAP:DOPE:DSPE-PEG 2000 (1:1:0.02) were essen-
tially inactive, while complexation with transferrin par-
tially overcame this inhibitory effect (133). Inclusion of
5% PEG-PE in DODAC/DOPE liposomes completely in-
hibited transfection; this effect could be ascribed only par-
tially to the inhibition of cellular uptake, suggesting that
internalization of the complexes or subsequent steps are
also affected by PEG-PE (11). A relatively short-chain
PEG–ceramide conferred prolonged circulation to lipo-
somes with a low cationic lipid content and entrapping
DNA (employing a detergent dialysis procedure) (134–
136). The PEG–ceramide could dissociate from the com-
plexes inside endosomes, thus removing the inhibitory ef-
fect of the PEG from the liposomes.

CONCLUDING REMARKS

The studies outlined above indicate the progress made in
gene delivery using cationic liposomes since the first report
in this area in 1987 (16). One aspect of this nonviral
method of gene delivery that has been rather puzzling is
the difference in activity observed in vitro and in vivo.
Nevertheless, it should be noted that experiments in vitro
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without even the use of physiologically relevant levels of
serum should not be expected to reflect accurately the in
vivo conditions, let alone the high complexity of biodistri-
bution following intravenous delivery of the vectors. Al-
though cell culture results obtained in serum-free condi-
tions cannot be translated directly to in vivo gene delivery,
they can at least indicate which lipoplexes have the poten-
tial to be useful for applications in animal models or hu-
mans. It is advisable to examine the transfection activity
of such lipoplexes in culture in the presence of high con-
centrations of serum before embarking on expensive ani-
mal experiments (37,38,111).

Although an enormous amount of work has been done
on developing new cationic lipids and their derivatives, as
well as on the characteristics of their complexes with
DNA, the mechanisms by which they facilitate the delivery
of DNA and gene expression are not well understood.
Clearly much basic research in this area is needed to under-
stand how lipoplexes interact with biological milieux, how
they destabilize endosomes to enter the cytoplasm, where
and how the DNA dissociates from the cationic lipids, and
how the lipoplexes or free DNA reach and enter the nu-
cleus.
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Cationic liposome-mediated expression of HIV-regulated
luciferase and diphtheria toxin A genes in HeLa cells in-
fected with or expressing HIV. Biochim. Biophys. Acta
1356:185 (1997).

32. J. Zabner, A. J. Fasbender, T. Moninger, K. A. Poellinger,
M. J. Welsh. Cellular and molecular barriers to gene trans-
fer by a cationic lipid. J. Biol. Chem. 270:18997
(1995).

33. J.-S. Remy, A. Kichler, V. Mordvinov, F. Schuber, J.-P.
Behr. Targeted gene transfer into hepatoma cells with li-
popolyamine-condensed DNA particles presenting galac-
tose ligands: a stage toward artificial viruses. Proc. Natl.
Acad. Sci. USA 92:1744 (1995).

34. F. Van Bambeke, A. Kerkhofs, A. Schanck, C. Remacle,
E. Sonveaux, P. M. Tulkens, M. P. Mingeot-Leclercq.
Biophysical studies and intracellular destabilization of
pH-sensitive liposomes. Lipids 35:213 (2000).

35. J.-P. Yang, L. Huang. Time-dependent maturation of cat-
ionic liposome–DNA complex for serum resistance. Gene
Therapy 5:380 (1998).

36. O. Zelphati, L. S. Uyechi, L. G. Barron, F. C. Jr. Szoka.
Effect of serum components on the physico-chemical
properties of cationic lipid/oligonucleotide complexes and
on their interactions with cells. Biochim. Biophys. Acta
1390:119 (1998).

37. C. Tros de Ilarduya, N. Düzgüneş. Efficient gene transfer
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I. INTRODUCTION

Hydrogels are attractive objects consisting of cross-linked
networks of polymer swollen with aqueous solutions, and
have both liquidlike and solidlike properties. As hydrogels
have a variety of properties including their sorption capaci-
ties, swelling behavior, mechanical properties, permeabili-
ties, surface properties, and optical properties, they are
highly promising materials for wide applications in various
fields such as medicine, agriculture, and biotechnology (1–
5). Such fascinating properties of hydrogels are governed
by the characteristics of polymer chains in aqueous solu-
tions and the cross-linking structures. In general hydrogels,
the cross-linked polymer networks are formed by covalent
bonds, electrostatic interactions, hydrogen bonding, hy-
drophobic interactions, van der Waals forces, physical en-
tanglements, crystallite, and so on. The polymer chains in
hydrogels are generally hydrophilic and compatible with
aqueous solutions to be swollen. Therefore such cross-
linked structures and polymer chains must be designed for
developing useful hydrogels for a given purpose.

Hydrogels have the unique property that they undergo
abrupt changes in their volume from the collapsed and
swollen states. Since the unique property, the volume
phase transition, of hydrogels was discovered experimen-
tally and theoretically (6–10), the stimulus-responsiveness
of hydrogels has attracted considerable attention in the bio-
logical and biomedical fields. The hydrogels that undergo
swelling changes in response to environmental stimuli are
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called stimulus-responsive, smart, or intelligent hydrogels.
Stimulus-responsive hydrogels are considered for use in
various devices such as switches, sensors, mechanochemi-
cal actuators, drug delivery devices, specialized separation
systems, bioreactors, and, artificial muscles. In particular,
the stimulus-responsive hydrogels that exhibit swelling
changes in response to environmental changes such as pH
(7), temperature (6,8,9,11), electric field (12,13), and other
stimuli (14–17) can provide the tools for creating func-
tional materials with a wide variety of uses because they
can sense environmental changes and induce structural
changes. The fascinating properties of such hydrogels sug-
gest that they have many future opportunities as suitable
materials for mimicking biomolecules and designing smart
systems in the biochemical and biomedical fields.

An organ must respond to the presence of specific mole-
cules as well as environmental changes like pH and tem-
perature to maintain life. Stimulus-responsive hydrogels
that can respond to specific molecules seem to be biomi-
metic materials because they have the functions of both
sensing specific molecules and responding to them. There-
fore, recently, the stimulus-responsive hydrogels that rec-
ognize a specific molecule and respond to it have become
increasingly important, because of their potential applica-
tion in the biomedical field and in the design of novel bio-
materials. For example, stimulus-responsive hydrogels that
respond to blood glucose are very useful in the treatment
of diabetes in which a necessary amount of insulin should
be administered in response to the blood glucose concen-
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tration. This chapter provides a short overview of current
research in such biological stimulus-responsive gels and
their applications.

II. PHYSICOCHEMICAL STIMULUS-
RESPONSIVE HYDROGELS

The most important biosystems for maintaining life are
closely associated with natural feedback system functions,
so-called homeostasis. For example, the release of hor-
mones from secretory cells is regulated by physiological
cycles or by specific input signals. Mimicking such natural
feedback systems enables us to develop novel intelligent
systems having sensor, processor, and effector functions
simultaneously. As temperature and pH are the most
widely utilized triggering signals for modulated intelligent
systems, studies on a variety of pH- and temperature-
responsive hydrogels have been reported. The following
subsections focus on pH- and temperature-responsive
hydrogels as physicochemical stimulus-responsive hydro-
gels.

A. pH-Responsive Hydrogels

A change in pH is the most useful signal in the human
body, because variation in pH occurs naturally in some
areas of the body. For example, as the pH of the gastric
condition is much lower than that of the enteric condition,
a pH-responsive hydrogel is a candidate as an intelligent
device to deliver drugs to the small intestines while
avoiding release in the stomach. In general, such pH-re-
sponsive hydrogels can be prepared by using polymers
with ionizable groups. Some fine reviews dealing with var-
ious aspects of pH-responsive hydrogels have appeared in
the past decade (1,18).

The pH change as an external signal influences the de-
gree of ionization of the polymer with ionizable groups to
govern its solubility in water. Therefore when a hydrogel
is prepared from a polymer with ionizable groups, the
swelling behavior of the hydrogel is strongly dependent
upon pH. Carboxyl, sulfonic, and amino groups are very
popular as ionizable groups to prepare pH-responsive hy-
drogels. There have been many reports on pH-responsive
hydrogels prepared from monomers with such ionizable
groups. For example, Siegel et al. (18–20) prepared lightly
cross-linked hydrophobic polyelectrolyte hydrogels by co-
polymerization of methyl methacrylate (MMA) and N,N-
dimethylaminoethyl methacrylate (DMA) with a small
amount of the cross-linking reagent divinyl benzene. The
copolymer hydrogels with amino groups were collapsed
above neutral pH but became swollen at acidic pH. Fur-

thermore, caffeine release from the copolymer hydrogels
with amino groups was investigated as a function of pH.
Caffeine was not released at neutral pH, while it was re-
leased with near-zero-order kinetics at pH 3 and 5, the
release rate being greater at pH 3. On the other hand,
hydrogels with carboxyl groups were prepared
by copolymerization of 2-hydroxyethyl methacrylate
(HEMA) or poly( N-isopropylacrylamide) (PNIPAAm)
with methacrylic acid or maleic anhydride and by the for-
mation of interpenetrating polymer networks (IPNs) of
poly(vinyl alcohol) (PVA) and poly(acrylic acid) (PAAc),
and pH-responsive drug release systems were developed
(21–23). The resultant hydrogels with carboxyl groups
showed sharp swelling transition with small changes in pH,
depending upon composition. Drug release systems con-
trolled by pH-responsive swelling can be developed, which
exhibit zero-order or near-zero-order release of the incor-
porated drug. Hoffman et al. (24) proposed a novel ap-
proach for preparation of pH-responsive hydrogels for en-
teric drug delivery. The pH-responsive hydrogels were
composed of pH-responsive PAAc and temperature-re-
sponsive PNIPAAm. The special hydrogels were sensitive
to both temperature and pH, and respond to the pH change
to a much greater extent than normal hydrogels with car-
boxyl groups. Only a negligible amount of indomethacin
as a model drug was released at pH 1.4, while more than
90% of the total drug in the gels was released at pH 7.4.

Very few studies on hydrogels with phosphate groups
have been reported, although the phosphate group is a very
important acidic group. Hydrogels with phosphate groups
have been prepared by copolymerization of a monomer
with a phosphate group and various comonomers (25,26).
The swelling behavior of the hydrogels with the phosphate
groups is strongly dependent upon the kind of comonomer.
The swelling ratio of the hydrogels with the phosphate
groups increased steeply at pH 5 and 10 because the phos-
phate group acts as an acidic charged divalent group. Fur-
thermore, the hydrogels with the phosphate groups also
showed swelling changes in response to temperature and
solvent composition.

Immobilization of physiologically active compounds is
very important in a variety of applications of the com-
pounds in drug delivery systems, bioreactors, biosepar-
ations, tissue engineering, and so on. Hydrogels with ioniz-
able groups are promising supports to immobilize such
physiologically active compounds based on their electro-
static interaction. For example, in order to immobilize a
cationic protein, the hydrogels with phosphate groups were
synthesized by copolymerizing the monomer with the
phosphate group with N-isopropylacrylamide (NIPAAm)
and N,N′-methylene-bis-acrylamide (MBAA) (27,28). Ly-
sozyme, which is a cationic protein, could be immobilized
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Figure 36.1 Schematic of pH-responsive release of lysozyme
from the hydrogel with phosphate groups. (From Ref. 28.)

efficiently within the hydrogels with phosphate groups
through polyion complexation. The hydrogels with phos-
phate groups had a higher binding capacity for cationic
proteins than hydrogels with carboxyl groups. Lysozyme
release from the hydrogels with phosphate groups was in-
fluenced by conditions such as ionic strength and pH, be-
cause electrostatic binding between the phosphate group
and lysozyme was sensitive to environmental conditions.
In particular, the pulsatile release pattern indicated that ly-
sozyme is released at pH 7.4 (enteric conditions) and re-
sists release at pH 1.4 (gastric conditions) (Fig. 1). These
studies demonstrated that pH-responsive dissociation of
ionic binding enables us to deliver drugs to the small intes-
tines while avoiding release in the stomach.

B. Temperature-Responsive Hydrogels

Most temperature-responsive hydrogels have been pre-
pared on the basis of poly(N-isopropylacrylamide) (PNI-
PAAm), which has a lower critical solution temperature
(LCST) in its aqueous solution. PNIPAAm homopolymer
is soluble in water at a temperature of less than LCST
(about 32°C) but becomes insoluble at more than LCST
due to strong polymer–polymer interaction (29). Therefore
a cross-linked PNIPAAm hydrogel was swollen at a tem-
perature of less than LCST and collapsed at more than
LCST. Such a temperature-responsive swelling change of
the cross-linked PNIPAAm hydrogel is attributable to a
dramatic change in hydrophilicity of polymer chain in wa-
ter. The temperature-responsive PNIPAAm hydrogel and
its derivative hydrogels are currently of great interest in
biochemical and biomedical fields. Some articles provide
overviews of current research in temperature-responsive

hydrogels prepared from PNIPAAm and their applications
(30,31).

Hoffman et al. (32,33) used a cross-linked PNIPAAm
hydrogel that exhibits LCST as a temperature-responsive
drug carrier. They demonstrated that the temperature-
responsive hydrogel is a candidate to absorb or release a
variety of biologically and industrially important sub-
stances. After vitamin B12 and myoglobin as model drugs
were loaded into the temperature-responsive hydrogels
swollen below LCST, their release behavior from the hy-
drogels was investigated above LCST. Their model drugs
were released rapidly from the hydrogels due to the
squeeze effect by their collapse as soon as the hydrogels
were transferred from an aqueous solution below LCST to
the release media above LCST (Fig. 2).

On the other hand, Okano and Kim et al. (34–36) syn-
thesized cross-linked copolymer hydrogels consisting of
NIPAAm and butyl methacrylate (BMA) and achieved
on–off regulation of drug release in response to stepwise
temperature changes. As the temperature-responsive hy-
drogels were swollen at a low temperature, the drug could
be released from the hydrogels. However, when the tem-
perature increased beyond their LCST, dense skin forma-
tion during the deswelling process stopped the release of
the drug. Furthermore, they have systematically studied the
sharp swelling/deswelling changes of the temperature-re-
sponsive PNIPAAm copolymer hydrogels and the pulsatile
drug release from the hydrogels in response to temperature
changes (37–39). In addition, comb-type grafted PNI-
PAAm hydrogels were prepared to accelerate the deswell-
ing rate, and the effect of hydrogel architecture on the

Figure 36.2 Schematic of delivery or removal of substances
using temperature-responsive hydrogels. (From Ref. 32.)
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deswelling kinetics was investigated (40–42). The comb-
type grafted PNIPAAm hydrogels showed much rapider
temperature responses during the deswelling beyond
LCST than the conventional cross-linked PNIPAAm hy-
drogel. The rapid deswelling of the comb-type grafted
PNIPAAm hydrogels was based on rapid hydrophobic ag-
gregation of freely mobile PNIPAAm graft chains and the
intrinsic elastic forces of the polymer network.

The opposite type of temperature-responsive hydrogels,
which are swollen at high temperature and shrunken at low
temperature, were also prepared by using hydrogen bond-
ing between polymer chains (43–45). The temperature-
responsive hydrogels were interpenetrating polymer net-
works (IPNs) composed of acrylamide (AAm) and acrylic
acid (AAc). In the IPN hydrogels, AAm formed a complex
with AAc by hydrogen bonding at low temperature, but
the complex was dissociated at high temperature. As a re-
sult, the IPN hydrogels were swollen at high temperature
due to the dissociation of the hydrogen bonding and
shrunken gradually with decreasing temperature due to the
formation of hydrogen bonding. (Fig. 3). Furthermore,
they performed the release experiments of ketoprofen from
the temperature-responsive IPN hydrogels in response to
stepwise changes in temperature. In contrast to drug re-
lease profiles from the PNIPAAm hydrogels, the release
rate of drug decreased at low temperature but increased at
high temperature. The temperature-responsive IPN hy-
drogels showed that stimulus-responsive hydrogels can be
prepared by using association and dissociation of a com-
plex between polymer chains.

Some researchers reported that temperature-responsive
PNIPAAm hydrogels are applicable as intelligent devices

Figure 36.3 Swelling changes of temperature-responsive IPN
hydrogel in response to stepwise temperature changes. (�) be-
tween 10°C and 30°C; (�) between 20°C and 30°C. (From Ref.
44.)

to separate molecules (46–48). Cussler (47) used a cross-
linked PNIPAAm hydrogel as an extraction solvent for
aqueous solutions. Low molecular weight solutes were ad-
sorbed in the cross-linked PNIPAAm hydrogel during
swelling, but proteins and other high molecular weight sol-
utes were excluded. The adsorbed solutes were released
when the cross-linked PNIPAAm hydrogel was collapsed
at high temperature. Therefore the cross-linked PNIPAAm
hydrogel can be easily regenerated by a slight increase in
temperature. Kim et al. (48) showed that molecules of dif-
ferent sizes can be separated by a temperature-responsive
hydrogel membrane consisting of NIPAAm and BMA.
The swelling of the hydrogel membrane as a function of
temperature strongly influenced the permeability of mole-
cules of different sizes.

Temperature-responsive hydrogels are also novel intel-
ligent supports to immobilize enzymes and proteins. For
example, Hoffman et al. (49,50) immobilized asparaginase
and β-galactosidase within temperature-responsive hy-
drogels consisting of NIPAAm and AAm. The enzyme ac-
tivity was shut off when temperature increased above its
LCST. When operational temperature was cycled between
temperature below and above LCST, the activity of the
immobilized enzymes almost fully recovered after each
cycle.

III. GLUCOSE-RESPONSIVE HYDROGELS

Diabetes is caused by the inability of the pancreas to con-
trol blood glucose concentration. As insulin, which is a
hormone secreted from the Wrangell Hans island of the
pancreas, controls the glucose metabolizing, various medi-
cines made of insulin are developed to control the blood
sugar value effectively. In the treatment of diabetes by in-
sulin injection, the blood glucose concentration is moni-
tored and a necessary amount of insulin is administered.
Recently, several investigations have been undertaken for
the purpose of developing drug delivery systems that can
release insulin in response to the blood glucose concentra-
tion. Glucose-responsive hydrogels are promising artificial
pancreases that can administer a necessary amount of insu-
lin in response to the blood glucose concentration. Some
approaches to develop glucose-responsive hydrogels are
described in the following subsections.

A. Glucose Oxidase–Containing Hydrogels

Some researchers designed glucose-responsive hydrogels
by combining glucose oxidase to sense glucose with pH-
responsive hydrogels to regulate the permeation rate of in-
sulin. In their systems, gluconic acid is produced from
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glucose by glucose oxidase in the hydrogels. Since the
produced gluconic acid induces a decrease in pH, the per-
meability of insulin through the pH-responsive hydrogels
is enhanced due to their pH-responsive swelling. Glucose-
responsive insulin permeation of their membrane can be
explained by the tentative model in Fig. 4. Ishihara et al.
(51,52) and Horbett et al. (53–55) prepared hydrogels with
pendant amine groups as pH-responsive hydrogels, in
which glucose oxidase was entrapped during the prepara-
tion. In their systems, when glucose diffuses into the hy-
drogels, glucose oxidase catalyzes its conversion to glu-
conic acid. Then the produced gluconic acid leads to
lowering pH within the hydrogel microenvironment. The
reduced pH results in increasing ionization of the pendant
amine groups in the hydrogels. As hydrogels were swollen
by the electrostatic repulsion between ionized amine
groups, insulin can be permeated through the hydrogels.
Ultimately, then, the insulin permeability is a function of
glucose concentration external to the hydrogels, and insu-
lin delivery is accelerated by an increase in glucose level.
(Fig. 4)

Ishihara et al. (51) combined a copolymer membrane
of N,N-diethylaminoethyl methacrylate (DEA) and 2-
hydroxypropyl methacrylate (HPMA) with cross-linked
poly(acrylamide) membrane in which glucose oxidase was
immobilized. The insulin permeability through the com-
plex membrane containing glucose oxidase was strongly
independent of the glucose concentration. Furthermore,
Ishihara and Matsui (52) prepared polymer capsules con-
taining insulin and glucose oxidase by a conventional in-
terfacial precipitation method and investigated insulin re-
lease from the capsules in response to the glucose
concentration. Figure 5 shows the effect of the glucose
concentration on the insulin release from the glucose-re-
sponsive polymer capsules. The insulin release rate was
very low in the absence of glucose but was strongly en-
hanced by the presence of glucose. Glucose-responsive in-
sulin release can be achieved by using pH-responsive co-

Figure 36.4 Schematic representation of the glucose-respon-
sive hydrogel membrane consisting of a poly(amine) and glucose
oxidase–loaded membranes. (From Ref. 51.)

Figure 36.5 Effect of the addition and removal of glucose on
insulin permeation through the copolymer membranes containing
glucose oxidase and on the pH of the feed side solution. (From
Ref. 52.)

polymer capsules containing insulin and glucose oxidase,
based on the combination of pH response of the copolymer
membrane and the enzymatic reaction between glucose
and glucose oxidase.

On the other hand, Horbett et al. (53–55) reported that
hydroxyethyl methacrylate-N,N-dimetylaminoethyl meth-
acrylate copolymer hydrogel membranes containing en-
trapped glucose oxidase demonstrated promising respon-
siveness to glucose concentration. The presence of glucose
resulted in swelling of their membranes and enhanced in-
sulin delivery from a reservoir by diffusion through the
swollen hydrogel membranes. The pH indicator dyes that
can convert a pH decrease to a color change were intro-
duced into the glucose-responsive hydrogel membranes to
examine pH changes in the membranes. Based on the re-
sults of the experiments, they developed a mathematical
model to describe the steady-state behavior of the glucose-
responsive hydrogel membranes. Their theoretical and ex-
perimental studies suggested that a glucose-responsive
hydrogel membrane prepared by using glucose oxidase
would achieve a maximum response at subphysiological
concentrations of glucose and not respond to higher glu-
cose concentrations. Their model showed that loading of
sufficiently low glucose oxidase enables a progressive re-
sponse to glucose concentration in the physiological range.

Peppas et al. (56,57) synthesized glucose-responsive
poly(methacrylic acid-g-ethylene glycol) (poly(MAAc-g-
EG)) hydrogels by copolymerizing methacrylic acid and
poly(ethylene glycol) monomethacrylate in the presence of
activated glucose oxidase. At low pH, the protonation of
the carboxyl groups caused complex formation between
carboxyl groups and etheric groups, and this resulted in a
collapse of the hydrogel due to the lowering of the hydro-
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phobicity in the polymer network. At high pH, however,
the complex was dissociated as the carboxyl groups be-
came ionized. As a result, the hydrogels were collapsed at
low pH due to complexation between carboxyl groups of
MMAc and etheric groups of EG, but were swollen at high
pH. When the glucose-responsive poly(MAAc-g-EG) hy-
drogels were swollen from an initially dry state, the hy-
drogels at the high glucose concentration of hyperglycemic
condition (200–500 mg/dL) were swollen at a slower rate
than those at the lower glucose concentrations of normal
blood glucose (80 mg/dL). At a high glucose concentra-
tion, the glucose oxidase catalyzed glucose reaction with
oxygen and then produced gluconic acid to result in a de-
crease in the environmental pH. Then the hydrogels were
collapsed due to complex formation between carboxyl
groups and etheric groups with lowering pH in the hy-
drogels. Peppas et al. expected that such a collapse can
‘‘squeeze out’’ any incorporated drugs including insulin
when the hydrogels are collapsed abruptly with a decrease
in pH. Alternatively, as the glucose concentration de-
creases by the action of the released insulin, less produced
gluconic acid results in an increase in the environmental
pH. The hydrogels are expected to be swollen with this
change in pH.

B. Hydrogels with Phenylboronic Acid Moiety

Phenylboronic acid and its derivatives form complexes
with polyol compounds such as glucose in aqueous solu-
tion. The complex between phenylboronic acid and a po-
lyol compound can be exchanged by a competing polyol
compound that can form complexes more strongly. The
fascinating property of the complex between phenylboro-
nic acid and a polyol compound suggests that the complex
has many future opportunities as suitable glucose-respon-
sive materials. Kitano et al. (58,59) prepared the copoly-
mers with phenylboronic acid moieties (Poly(NVP-co-
PBA)) by the copolymerization of N-vinyl-2-pyrrolidone
(NVP) and 3-(acrylamido)phenylboronic acid (PBA),
which formed its reversible complex with poly(vinyl alco-
hol) (PVA). Their strategy is to utilize the competitive
binding of phenylboronic acid with glucose and PVA. As
shown in Fig. 6, poly(NVP-co-PBA) formed a complex
with PVA, and the resultant complex can be dissociated
in the presence of free glucose. The formation and dissoci-
ation of the complex between poly(NVP-co-PBA) and
PVA were estimated by the viscosity change of the system.
These results suggested that the complex is glucose-re-
sponsive, and novel insulin release systems shown in Fig. 6
can be constructed (59). For example, a glucose-responsive
electrode was prepared by coating with a polymer complex
hydrogel consisting of the copolymer with phenylboronic
acid and PVA (60). In the glucose-responsive electrode,

Figure 36.6 Concept of glucose-responsive insulin release sys-
tem using PVA/poly(NVP-co-PBA) complex system (polymer
capsule type). (From Ref. 59.)

as the presence of free glucose induced swelling of the
coating polymer hydrogel, increasing diffusivity of ion
species resulted in the current changes. The fact that the
current changes were proportional to glucose concentra-
tion suggested that they are indicative of high selectivity
for glucose. However, this hydrogel is difficult to use in
controlled release systems because of its intrinsically un-
stable complex at physiological pH of 7.4.

The complex between the phenylboronic acid and glu-
cose was stabilized by the introduction of amino groups
into the polymer or in the vicinity of the phenylboronic
acid moiety due to the charge transfer interaction of nitro-
gen atom to boron atom under physiological pH 7.4 (61).
A glucose-responsive hydrogel containing amino groups
was prepared for the development of an advanced insulin
delivery system at physiological pH. Gluconated insulin
was bound with phenylboronic acid groups. As the com-
plex between the phenylboronic acid and gluconated insu-
lin can be dissociated in the presence of glucose by com-
plex exchange between gluconated insulin and glucose, it
can control insulin release in response to glucose (62).

The phenylboronic acid compounds are in equilibrium
between the undissociated (or uncharged) and the dissoci-
ated (or charged) form (Fig. 7). Only charged phenylboro-
nic acid groups can form a stable complex with glucose,
and the complex between the uncharged form and glucose
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Figure 36.7 Equilibria of (alkylamido)phenyl boronic acid (1).
(From Ref. 64.)

is unstable because of its high susceptibility to hydrolysis.
When the charged phenylboronic acid groups form com-
plexes with glucose, the equilibrium is shifted in the direc-
tion of increasing charged phenylboronic acid groups (2
� 3). As a result, the presence of glucose results in increas-
ing total charged form (2 � 3) and in decreasing uncharged
form. The ratio of the uncharged and charged forms
strongly influences the solubility of the polymer in the
aqueous solution, because the charged form is more hydro-
philic than the uncharged form. To develop glucose-re-
sponsive devices, Kataoka et al. (61) used the shift in the
equilibrium between the uncharged and charged forms of
phenylboronic acid through its complex formation with
glucose. They prepared a copolymer of N,N-dimethylacryl-
amide and PBA by radical copolymerization. The copoly-
mer with phenylboronic acid groups was dissolved in a
buffer solution of pH 7.4 at a temperature of less than 27°C
but was insoluble at more than 27°C. This indicated that
the copolymer with phenylboronic acid groups has LCST
of about 27°C. The phenylboronic acid groups played an
important role in the appearance of LCST, as the copoly-
mer without the phenylboronic acid groups had no LCST.
The addition of glucose to the aqueous solution of the co-
polymer with the phenylboronic acid groups led to a mono-
tonic increase in LCST. The glucose-responsive LCST
change is due to an increase in more hydrophilic charged
phenylboronic acid groups by the complex formation be-
tween the phenylboronic acid groups and glucose.

Furthermore, the fascinating property of phenylboronic
acid was combined with the temperature-responsive prop-
erties of PNIPAAm to improve the glucose-responsive
LCST changes of the copolymers with the phenylboronic
acid groups (63). A glucose-responsive ternary polymer
was obtained by the copolymerization of NIPAAm, PBA,
and N-(2-dimethylaminopropyl)acrylamide) (DMAPAA).
The LCST of the ternary polymer was strongly dependent
upon the glucose concentration (Fig. 8). This suggests that

Figure 36.8 Temperature dependence of optical transmittance
for IB (dotted line) and IAB (solid line) copolymers in phosphate
buffer solutions (pH 7.4) in the absence and presence of glucose.
Glucose concentration: 0 mg/mL,(�); 1 mg/mL, (�); 2 mg/mL,
(�);4 mg/mL, (�); 10 mg/mL, (�). (From Ref. 63.)

the LCST of the ternary polymer can be controlled easily
by a change in the external glucose concentration. There-
fore a glucose-responsive hydrogel can be developed from
the polymer containing both phenylboronic acid and NI-
PAAm, as the solubility of the polymer chain is strongly
influenced by the glucose concentration at a constant tem-
perature. Kataoka et al. (64) prepared totally synthetic
polymer hydrogels composed of NIPAAm and phenylbor-
onic acid, which undergo a sharp transition in the swelling
ratio in response to glucose concentration. No insulin re-
lease from the hydrogel was observed in the buffer solution
with a glucose concentration less than 1 g/L, but a remark-
able release of insulin took place with a glucose concentra-
tion of 3 g/L. As shown in Fig. 9, furthermore, on-off regu-
lation of insulin release was successfully repeated in
response to stepwise changes in the glucose concentration.

Figure 36.9 Repeated on–off release of FITC-insulin from the
glucose-responsive hydrogel at 28°C, pH 9.0, in response to ex-
ternal glucose concentration. (From Ref. 64.)
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Figure 36.10 Schematic of Con A-glycosylated insulin deriva-
tive complex in a microcapsule. Con A (■), SAPG insulin (�),
and glucose (�). (From Ref. 68.)

C. Lectin-Containing Hydrogels

Lectins are carbohydrate-binding proteins of nonimmune
origin that do not exhibit enzymatic activity. They interact
with glycoproteins and glycolipids on the cell surface and
can induce a variety of effects such as cell agglutination,
cell adhesion to surfaces, and hormonelike action. These
biological effects are of considerable interest because of
molecular recognition of hormones and toxins that bind to
carbohydrate receptor sites on membranes.

Brownlee and Cerami (65) and Kim et al. (66,67) were
pioneers in the development of glucose-responsive insulin
release systems using lectin, and their work has been ex-
panded further by various researchers. Their method of de-
veloping a physiological insulin delivery system is to syn-
thesize a stable, biologically active glycosylated insulin
derivative that can form a complex with lectin, concanava-
lin A (Con A). A glycosylated insulin derivative binding
with lectin can be released as a function of the free glucose
concentration. Furthermore, Kim et al. (68) enclosed the
self-regulating insulin delivery systems in polymer mem-
branes to soluble, bead-immobilized, or cross-linked Con
A, based on the concept of competitive binding between
succinyl-amidophenyl-glucopyranoside insulin (SAPG in-
sulin) and glucose to Con A. SAPG insulin was released
from polymer membranes or microcapsules containing
Con A and SAPG insulin in a quick response to changes
in glucose concentration (Fig. 10). Based on the concept
of competitive and complementary binding properties of
SAPG insulin and glucose to Con A, SAPG insulin was
released through the membranes in response to the concen-
tration of free glucose (Fig. 11). The polymer membranes
and microcapsules containing Con A and SAPG insulin

Figure 36.11 Release of SAPG insulin in response to stepwise
glucose changes. (From Ref. 68.)

were good self-regulating insulin release devices in vitro
and can be optimized for use in in vivo studies.

Kokufuta et al. (69) loaded Con A in the cross-linked
PNIPAAm hydrogel, which undergoes a volume phase
transition at 34°C. The Con A–loaded PNIPAAm hydrogel
was abruptly swollen in the presence of the ionic saccha-
ride dextran sulphate at temperatures close to the volume
phase transition because of the ionic osmotic pressure ex-
erted by ionized saccharide. However, replacing the ionic
saccharide dextran sulphate with the nonionic saccharide
induced the collapse of the hydrogel back to its native vol-
ume. The swelling and shrinking changes of Con A–
loaded hydrogel were determined by a balance among the
pressure due to repulsive electrostatic interactions of ion-
ized dextran sulphate molecules, the osmotic pressure ow-
ing to counterions from saccharide dextran sulphate, and
the attractive hydrophobic interaction among NIPAAm
moieties.

Polymers with a pendant saccharide have attracted
much attention because of their potential applications as
suitable materials for biochemical and biomedical applica-
tions (70). In particular, a variety of synthetic polymers
having well-defined saccharide residues can be used for
the investigation of molecular recognition processes in the
interactions between saccharides and proteins. The com-
plexation between a polymer with pendant glucose groups,
poly(2-glucosyloxyethyl methacrylate) (PGEMA), and
Con A was investigated in the absence and presence of
various free monosaccharides (71). PGEMA in water was
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flocculated by the addition of Con A, and the aqueous
PGEMA solution became turbid owing to the complex for-
mation between PGEMA and Con A. However, the addi-
tion of free glucose or mannose into the turbid PGEMA–
Con A complex solution made the solution transparent, but
the addition of free galactose did not. This is because the
PGEMA–Con A complex is dissociated in the presence of
free glucose or mannose by their exchange with the
PGEMA, but the complex is not dissociated in the presence
of free galactose. These results suggested that PGEMA can
be recognized by Con A and that the affinity of Con A for
PGEMA differs from the affinity for the free monosaccha-
rides. Furthermore, the PGEMA–Con A complex can rec-
ognize the kind of free monosaccharides and is saccharide
responsive. Therefore the PGEMA–Con A complex is a
promising candidate for constructing a novel glucose sen-
sor or an intelligent device for a glucose-responsive insulin
release system. Similarly, Park et al. (72,73) investigated
specific interaction between Con A and the copolymers
containing allylglucose and revealed that hydrogels were
formed immediately after mixing the copolymers and Con
A. A sol–gel phase-reversible hydrogel responsive to glu-
cose was prepared from the copolymers and Con A.

Recently, novel glucose-responsive hydrogels were pre-
pared by application of the complex formation between
Con A and pendant glucose groups in PGEMA to produce
cross-linking points in hydrogels (74,75). The Con A–
entrapped PGEMA hydrogels were obtained by copoly-
merizations of a monomer with a pendant glucose and a
divinylmonomer in the presence of Con A. That the cross-
linking density of the resultant hydrogels increased with
increasing Con A suggested that Con A acts as a cross-
linking point in the hydrogel due to complex formation
between pendant glucose groups and Con A. When the
Con A–entrapped PGEMA hydrogels were immersed in
an aqueous glucose solution, their swelling ratio increased,
depending on the glucose concentration. The glucose-re-
sponsive swelling of the Con A–entrapped PGEMA hy-
drogels was due to the dissociation of the complex between
the pendant glucose groups and Con A by competitive ex-
change of pendant glucose groups with free glucose, as
shown in Fig. 12. In addition, the Con A–entrapped
PGEMA hydrogels were more strongly swollen in the
presence of mannose than of glucose, but their swelling
ratio did not change in the presence of galactose (Fig. 13).
The presence of mannose can induce the dissociation of
the complex between the pendant glucose groups and Con
A more effectively than that of glucose, and the presence
of galactose did not. This means that the Con A–entrapped
PGEMA hydrogels can recognize a specific monosaccha-
ride and respond to it. Therefore the Con A–entrapped
PGEMA hydrogel has many applications in a novel glu-

Figure 36.12 Schematic representation of glucose-responsive
swelling changes of the poly(GEMA)–Con A hydogel. (From
Ref. 74.)

cose sensor and in a potential device for new closed-loop
insulin-delivery systems. Obaidat and Park (76) also
prepared glucose-responsive phase-reversible hydrogels
based on the specific interaction between polymer-bound
glucose and Con A. Release of lysozyme and insulin as
model proteins through the glucose-responsive hydrogel
membranes was examined using a diffusion cell consisting
of two chambers. Poly(hydroxyethyl methacrylate)
(PHEMA) membranes, which allowed diffusion of glucose
and model proteins but prevented a glucose-containing
polymer and Con A from being released, were used to
sandwich the mixture of the glucose-containing polymer
and Con A between the diffusion chambers. The release
of model proteins through the glucose-responsive hydrogel
membrane was strongly dependent on the concentration of

Figure 36.13 Swelling ratio changes of poly(GEMA)–Con A
hydrogel as a function of time, when the hydrogels are immersed
in the buffer solution (pH 7.5) containing 1 wt% of monosaccha-
ride: (�) glucose; (■) mannose; (�) galactose. (From Ref. 74.)
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Figure 36.14 Release of lysozyme through a glucose-respon-
sive hydrogel membrane at the initial glucose concentrations of
1 (�) and 4 (�) mg/mL. (From Ref. 76.)

free glucose (Fig. 14). Their studies demonstrated that the
glucose-responsive phase-reversible hydrogels are applica-
ble to regulate the insulin release in response to the free
glucose concentration in the environment.

IV. ANTIGEN-RESPONSIVE HYDROGELS

Antibodies have unique recognition sites that bind antigen
specifically, and their antigen recognition and binding are
associated with the complex immune responses to protect
the organism from infection. The antigen–antibody bind-
ing occurs through multiple noncovalent bonds such as
electrostatic, hydrogen, hydrophobic, and van der Waals.
Therefore antibodies are widely employed in a great num-
ber of immunological assays to detect and measure biolog-
ical and nonbiological substances in many fields because
of their exceptional specificity, stability, and versatility
(77).

Recently, antigen–antibody bindings were used for pre-
paring novel antigen-responsive hydrogels because the
specific antigen recognition of an antibody can provide the
basis for fabricating sensing devices with a wide variety
of uses for immunoassay and antigen sensing. The novel
antigen-responsive hydrogels were prepared by the appli-
cation of the antigen–antibody binding at cross-linking
points in the hydrogel (78,79). The fundamental strategy
for the preparation of antigen-responsive hydrogels is
shown in Fig. 15. Rabbit immunoglobulin G (IgG) as an
antigen was chemically modified by coupling it with N-
succinimidylacrylate (NSA) in phosphate buffer solution
to introduce vinyl groups into the rabbit IgG. After the
resultant vinyl rabbit IgG was purified by gel filtration, it
was mixed with goat antirabbit IgG (GAR lgG) as an anti-
body to form an antigen–antibody binding. Then the vinyl-
rabbit IgG was copolymerized with acrylamide (AAm) as

Figure 36.15 Synthesis of an antigen–antibody hydrogel.
(From Ref. 78.)

a comonomer and N,N′-methylenebisacrylamide (MBAA)
as a cross-linker in the presence of GAR IgG, to prepare
a hydrogel having antigen–antibody bindings (antigen–
antibody hydrogel). The antigen–antibody hydrogel was
swollen by the addition of a free rabbit IgG in the buffer
solution after its swelling attained equilibrium in the buffer
solution. This means that the antigen–antibody hydrogel
is rabbit-IgG responsive. Furthermore, the swelling
changes to the antigen–antibody hydrogel caused by the
presence of IgG from a different species were investigated
in order to determine whether the effect is due to specific
molecular recognition. The addition of free rabbit IgG re-
sulted in a dramatic increase in the swelling ratio of the
antigen–antibody hydrogel, but the addition of free goat
IgG did not (Fig. 16). The antigen-responsive swelling of

Figure 36.16 Changes in the swelling ratio of the antigen–anti-
body hydrogel by the addition of goat IgG (�) and rabbit IgG
(�) after swelling attained equilibrium in the phosphate buffer
solution. The concentration of the antigen in the phosphate buffer
solution is 4 mg/mL. (From Ref. 78.)
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the antigen–antibody hydrogel could be explained by the
decrease in the cross-linking density in the hydrogel be-
cause of the dissociation of the antigen–antibody binding
in the presence of a free antigen. These results suggest that
the antigen–antibody hydrogel can recognize only rabbit
IgG and exhibit structural changes. Other researches on
molecule-responsive hydrogels reported previously fo-
cused on the hydrogels that undergo swelling changes in
response to only low molecular weight compounds such
as glucose described in Section III. Studies on the antigen-
responsive hydrogels suggest a simple solution to the prob-
lem that is of relevance to many aspects of the develop-
ment of specific macromolecule-responsive hydrogels that
can respond to macromolecules such as protein and an-
tigen.

Most potential applications of stimulus-responsive hy-
drogels require that their swelling behavior be reversible.
However, the antibody was leaked out of the antigen–anti-
body hydrogel during the swelling in response to the anti-
gen, as the antibody became free in the swollen hydrogel.
The antigen–antibody entrapment hydrogel was not
shrunken in the buffer solution without the antigen, and
showed no reversibility in the antigen-responsive swelling
changes. Therefore structures of the antigen–antibody hy-
drogel must be designed so that the antibody can form a
binding with the antigen grafted with gel networks again
in the buffer solution without the antigen. One approach
is to introduce a semi-interpenetrating polymer network
(semi-IPN) structure into the antigen–antibody hydrogel
in order to immobilize the antibody in the gel network. A
reversibly antigen-responsive hydrogel was prepared
based on the strategy that the reversible binding between
an antigen and an antibody is used as the cross-linking
mechanism in a semi-IPN hydrogel (Fig. 17a) (79). The
synthetic procedure of the antigen–antibody semi-IPN hy-
drogel is shown in Fig. 17b. As described previously, rab-
bit IgG as an antigen and GAR IgG as an antibody were
chemically modified by coupling them with NSA to syn-
thesize a vinyl antigen and a vinyl antibody. The resultant
vinyl GAR IgG was copolymerized with AAm to synthe-
size the polymerized GAR IgG that acts as a linear chain
in a semi-IPN hydrogel. Then the antigen–antibody semi-
IPN hydrogel was prepared by the copolymerization of the
vinyl rabbit IgG, AAm, and MBAA as a cross-linker in
the presence of the polymerized GAR IgG. The linear po-
lymerized antibody was interpenetrated through the net-
work having the antigen in the resultant antigen–antibody
semi-IPN hydrogel. The linear polymerized antibody was
not leaked out of the semi-IPN hydrogel because it was
entangled with the network. The antigen–antibody semi-
IPN hydrogel was swollen immediately following the addi-
tion of free rabbit IgG into the buffer solution after its

Figure 36.17 Strategy for the preparation of an antigen-respon-
sive semi-IPN hydrogel. (From Ref. 79.)

swelling attained equilibrium in the buffer solution. In ad-
dition, the swelling ratio of the antigen–antibody semi-IPN
hydrogel was strongly dependent upon the antigen concen-
tration in the buffer solution. The antigen–antibody semi-
IPN hydrogel did not recognize goat IgG but only rabbit
IgG (Fig. 18). Because the presence of goat IgG did not
result in the dissociation of the complex between the poly-

Figure 36.18 Antigen recognition by the antigen–antibody
semi-IPN hydrogel. (From Ref. 79.)
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merized rabbit IgG and polymerized GAR IgG due to the
antigen recognition of the GAR IgG, the swelling ratio of
the antigen–antibody semi-IPN hydrogel did not change
by the addition of goat IgG. These mean that the antigen–
antibody semi-IPN hydrogel can recognize a specific anti-
gen and change its structure chemomechanically. Further-
more, the swelling changes in response to stepwise
changes in the antigen concentration were examined for
investigating the reversibility of the antigen-responsive
swelling changes. Figure 19 shows the swelling ratio
change of the antigen–antibody semi-IPN hydrogel as a
function of time when it was alternately immersed in
buffer solution with and without a free antigen. The anti-
gen–antibody semi-IPN hydrogel was swollen immedi-
ately in the presence of the free antigen and shrunken grad-
ually in its absence. In contrast, the antigen–antibody
entrapment hydrogel without a semi-IPN structure de-
scribed previously was also swollen in the buffer solution
with the free antigen but was not shrunken following im-
mersion in the buffer solution without the free antigen.
Therefore only antigen–antibody semi-IPN hydrogel un-
dergoes reversible changes in its swelling ratio in response
to stepwise changes in the antigen concentration. This re-

Figure 36.19 Reversible swelling changes and antigen-respon-
sive permeation profiles of hemoglobin through the PAAm semi-
IPN hydrogel (�) and the antigen–antibody semi-IPN hydrogel
(�) in response to stepwise changes in the antigen concentration
between 0 and 4 mg/mL. (From Ref. 79.)

veals that the semi-IPN structure plays an important role
in the reversibility of the antigen-responsive swelling
changes. In the semi-IPN hydrogel, the polymerized GAR
IgG is trapped in a network containing grafted rabbit IgG,
and so the hydrogel can shrink reversibly because the
cross-links between polymerized GAR IgG and grafted
rabbit IgG reform in buffer solution without the free an-
tigen.

Stimulus-responsive swelling changes of smart hy-
drogels can control the permeability of solutes such as
drugs, and such stimulus-responsive hydrogels are promis-
ing candidates of intelligent devices for novel drug deliv-
ery systems. Therefore to investigate the possibility of the
antigen-responsive hydrogel as the intelligent device, the
pulsatile permeation of a model protein drug in response
to stepwise changes in the antigen concentration was also
investigated with a membrane of the antigen–antibody
semi-IPN hydrogel (79). As a result, it became apparent
from the permeation profile in Fig. 19 that a model drug
is permeated through the antigen–antibody semi-IPN hy-
drogel membrane in the presence of free rabbit IgG, but
the drug permeation is stopped in its absence. That is, the
pulsatile permeation of a model drug in response to the
specific antigen concentration can be achieved by using
the antigen–antibody semi-IPN hydrogel. This means that
the antigen–antibody semi-IPN hydrogel is useful as an
intelligent device for a novel drug delivery system in
which a drug can be released in the presence of a specific
antigen and the drug release can be stopped in its absence.
For example, drug targeting to a cancer with a specific anti-
gen, in which an anticancer compound is released selec-
tively to a cancer in response to its antigen, can be achieved
by using such antigen-responsive hydrogels. Furthermore,
some findings in these studies imply that a specific bio-
chemical interaction, the binding between biomolecules,
can be converted into a mechanical force. Developing spe-
cific molecule-responsive hydrogels using the method will
contribute significantly to creating a novel intelligent sys-
tem in which specific interactions can be converted into
mechanical force.

V. OTHER STIMULUS-RESPONSIVE
HYDROGELS

A. Molecular Imprint Hydrogels

Some proteins such as enzymes and antibodies have a mo-
lecular recognition ability that is based on fitting guest
molecules into their molecular cavities. Molecular im-
printing is an attractive technique to synthesize polymers
having a molecular recognition function, and it has poten-
tial practical applications in separation science and tech-
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nology (80,81). In most of the recent studies, after the func-
tionalized monomer is prearranged around the print
molecule by noncovalent interactions such as electrostatic,
hydrophobic, and hydrogen bonding, it is polymerized by
interacting with a print molecule. Then the print molecule
is removed from the resultant polymer to form a molecular
cavity. The cavity formed by the removal of the print mole-
cule can recognize the guest molecule (print molecule) due
to a combination of reversible binding and shape comple-
mentarity. Watanabe et al. (82) showed that the molecular
imprinting is applicable to the preparation of the molecule-
responsive hydrogels that undergo a large swelling change
in accordance with the print molecules. They prepared
temperature-responsive copolymer hydrogels consisting of
NIPAAm and acrylic acid in the presence of guest mole-
cules as print molecules. The hydrogels were swollen at a
low temperature and collapsed at a high temperature. The
swelling ratio of the hydrogel swollen at a low temperature
was independent of the guest molecule concentration, but
that of the hydrogel collapsed at a high temperature in-
creased with increasing concentration. This suggests that
the hydrogel in the collapsed state can respond to the guest
molecule. It is noticeable that the guest molecule–respon-
siveness of the hydrogel prepared by the molecular im-
printing technique was strongly affected by the preparation
condition. The hydrogel prepared in 1,4-dioxane in the
presence of the guest molecule exhibited the specific vol-
ume change, but that prepared in water did not. Figure 20
shows the swelling ratio changes at 50°C of the tempera-
ture-responsive hydrogels prepared in the presence of nor-
ephedrine and adrenaline as guest molecules. The hydrogel
prepared in the presence of norephedrine was swollen with
increasing norephedrine concentration but was not
changed by increasing adrenaline, and vice versa for the
hydrogel prepared in the presence of adrenaline. As the
temperature-responsive hydrogels prepared in the presence
of a guest molecule memorize the guest molecule, the hy-
drogels show specific volume change in response to the
guest molecule owing to its specific adsorption into hy-
drogels.

B. Other Biomolecule-Responsive Hydrogels

Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA)
are composed of the nucleotides adenine, cytosine, gua-
nine, thymine, and uracil and form double or triple strands
with its complementary base pairs by hydrogen bonding
and stacking of its bases. Aoki et al. (83) focused on uracil
in the nucleic acid bases and synthesized poly(6-(acryloy-
loxymethyl)uracil) (PAU) having uracil moieties as side
chains. PAU was insoluble in water due to the polymer
complexes between uracil moieties at lower temperatures

Figure 36.20 Equilibrium swelling ratios at 50°C as a function
of concentration of either norephedrine (�) or adrenaline (�)
for molecular recognition hydrogels prepared in the presence of
norphedrine (A) and adrenaline (B). (From Ref. 82.)

and became water soluble above a characteristic transition
temperature, showing an upper critical solution tempera-
ture (UCST). UCST of PAU was shifted to a lower temper-
ature by the presence of adenosine in aqueous solutions
because the uracil moieties form complexes with comple-
mentary adenosine. Furthermore, additions of adenosin
and guanosine had different effects on the phase transition
changes due to the different interaction of uracil moieties
with adenosin and guanosin. This means that PAU changes
its phase transition temperature in response to species of
the additive nucleic acid bases. These results imply that
hydrogels prepared from PAU must recognize species of
the nucleic acid bases, and that they may undergo swelling
ratio changes in response to the concentration of the nu-
cleic acid bases.

In addition, Aoki et al. (84) synthesized a temperature-
responsive copolymer composed of N-(S)-sec-butylacryl-
amide ((S)-sec-BAAm) and NIPAAm that exhibits hy-
dration change in response to foreign optically active
compounds as external stimuli. The resultant poly((S)-sec-
BAAm-co-NIPAAm) with a (S)-sec-BAAm content of 50
mol% has LCST at 23.1°C. The presence of l-tryptophan
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Figure 36.21 Change in LCST of (S) BP-50 in water as a func-
tion of Trp concentration. LCST is defined as the temperature at
50% optical transmittance. (■) l-Trp; (�) d-Trp; (�) PNIPAAm
� l-Trp. (From Ref. 84.)

(l-Trp) resulted in a remarkable shift in LCST to 34.5°C,
but that of d-Trp did so to 28.7°C (Fig. 21). On the other
hand, a racemic (R,S)-sec-BAAm–containing copolymer
showed the same phase transition temperatures in the pres-
ence of d- and l-Trp. Therefore, the remarkable shift in
LCST of poly((S)-sec-BAAm-co-NIPAAm) is attributable
to the stereospecifical interaction between the optically ac-
tive (S)-sec-BAAm in the copolymer and l-Trp. Further-
more, the LCSTs of the copolymers were strongly depen-
dent upon the l-Trp concentration. Therefore these results
revealed that the temperature-responsive copolymer with
optically active moieties can respond to the enantiomers.
Based on its concept, Aoki et al. (85) prepared tempera-
ture-responsive poly((S)-sec-BAAm-co-NIPAAm) hy-
drogel and poly(N-(l)-(1-hydroxymethyl) propylmeth-
acrylamide) (PHMPMA) hydrogel with optically active
moieties that undergo phase transitions. The temperature
dependence of the swelling ratio of their hydrogels was
remarkably influenced by the addition of l-Trp. Therefore
their hydrogels can recognize the difference between l-
and d-Trp and can be called amino acid–responsive hy-
drogels.
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Biocompatible Polymers in Liver-Targeted Gene
Delivery Systems

Edwin C. Ouyang, George Y. Wu, and Catherine H. Wu
University of Connecticut Health Center, Farmington, Connecticut

I. POLYCATIONS AS DNA
BINDING COMPONENTS

A. Polylysine

Poly-l-lysine is a polymer of varying numbers of lysine
residues. Poly-l-lysine with its positive surface charge has
been utilized to improve cell adhesion to solid substrates
and can also be used for nucleic acid delivery to cells by
noncovalently linking to negatively charged DNA phos-
phate backbones.

B. Polyethylenimine

Polyethylenimine (PEI) is another useful polycation ap-
plied in DNA-binding delivery systems. It also has positive
charges on the surface with sizes from 6,000 to 60,000
daltons.

Poly-l-lysine can compact the size of DNA complexes
to make it more accessible for internalization and provide
protective effects to the complexes against degradation by
serum nucleases. Without coupling to polymer–ligand,
DNA alone is usually degraded completely within 15 min-
utes in serum, or 60 minutes in culture medium plus 10%
fetal bovine serum, whereas 90% of DNA complexed with
poly-l-lysine–ligand remained full length after 1.5 h or 3
h in serum or medium with 10% serum, respectively (1).

975

The stabilization of the DNA complexes is dependent
on the length of poly-l-lysine. At least twenty residues of
poly-l-lysine is required to maintain the proper complex-
ation with DNA fragments. Poly-l-lysine–DNA com-
plexes were found to be about 25–80 nm in diameter and
increased to 50–90 nm when conjugated with ligand. At-
taching of asialoglycoprotein (ASGP) was found to de-
crease the aggregation of poly-l-lysine–DNA complexes
in saline (2).

The efficiency of delivery is also dependent on the
length of the poly-l-lysine and the ratio of galactose resi-
dues conjugated to the polymer (3). Complexes that have
longer polymers (MW 13,000–29,000) with more galac-
tose residues (13 to 26) are more efficient in gene transfer
than shorter polymers (MW 1,800) with fewer galactose
residues (only 5).

Galactosylated poly-l-lysine (MW 13,000) was com-
plexed with plasmid DNA encoding a CAT gene at weight
ratio of 1:0.6. The size of the complex was measured to
be 180 nm with a weakly negative charge (zeta potential of
�20 mV) (4). Radioisotope-labeled DNA/galactosylated
poly-l-lysine was rapidly eliminated from serum and taken
up by hepatocytes, which were abolished by an excess of
free galactosylated bovine serum albumin.

Chemically modified poly-l-lysine can be used to
achieve liver-selective delivery. Galactose-modified poly-
l-lysine can be delivered specifically into mouse hepato-
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cytes via tail vein injection (5). The complex was shown
to accumulate in the liver, and the uptake was inhibited by
treating with an excess of galactose-modified bovine serum
albumin. Artificial galactose-modified ligand has been ap-
plied in DNA–poly-l-lysine complex to target to hepato-
cytes (6). A ligand carrying tetra-antennary branches with
terminal galactose residues was conjugated to poly-l-
lysine. The complex was then coupled with a plasmid
DNA encoding a reporter gene (luciferase) to target human
and murine hepatocyte cell lines, HepG2, BNL CL2, re-
spectively.

II. LIVER TARGETING BY
RECEPTOR-MEDIATED DNA
DELIVERY SYSTEMS

Liver-directed gene therapy can theoretically be applied
to many liver diseases (congenital deficiencies of hepatic
enzymes, viral infections, liver tumors, etc.) to deliver
genes of interest into hepatocytes directly. It has the poten-
tial to result in efficient and persistent expression with
fewer toxic side effects than with conventional medical
therapy. One of the best-studied liver-selective delivery
systems utilizes polymers conjugated to asialoglycoprot-
eins to target genes of interest to ASGP receptors located
selectively on the surface of mammalian hepatocytes.

A. ASGP-Mediated Liver-Specific
Delivery Systems

1. The ASGP Receptor

a. Expression and Distribution of ASGP Receptor.

ASGP receptors are located selectively on the plasma
membrane of hepatocytes, mostly on the basolateral side
(sinusoidal side). They bind specifically to desialylated
serum proteins containing galactose (Gal) or N-acetyl-
galactosamine (GalNAc) at the nonreducing termini of oli-
gosaccharide chains (7). Detailed aspects of ASGP recep-
tor functions have been reviewed elsewhere (7–11). The
human ASGP receptor is a 46 kD transmembrane protein
consisting of approximately 300 amino acids, including an
N-terminal 40 amino acid on the cytoplasmic side, a 20
amino acid hydrophobic transmembrane domain, and a
long 220 amino acid C-terminal extracellular domain. A
second ASGP receptor has been identified with a molecu-
lar weight of 50 kD as the minor form with very low ex-
pression in human liver (12,13). High homology has been
identified among ASGP receptors across different species.
For example, rat and human ASGP receptors show 70 to
80% homology in essential amino acid sequences. The

ASGP receptor itself is a glycoprotein with the C-terminal
domain containing three glycosylation sites. However, car-
bohydrate side chains do not seem to play an important
role in ligand binding ability (14–16).

b. Physiological Function of the ASGP receptor.

The expression of the ASGP receptor may change at differ-
ent stages of differentiation and in the presence of certain
diseases. For example, after partial hepatectomy, the num-
ber of ASGP receptors decreases (8,17). A decreased num-
ber and binding ability of ASGP receptors can also be de-
tected in various carcinogen-induced rat hepatocellular
carcinoma models (18,19). In a diabetes mellitus rat model,
the binding ability for ASGP receptors was found to be
decreased during early stages and dramatically reduced in
later or severe stages (20,21).

2. The Ligand for the ASGP Receptor

The ASGP receptor may recognize and bind to natural pro-
teins with terminal Gal/GalNAc residues, including asia-
loorosomucoid, asialofetuin, etc., as well as synthetic ga-
lactose-modified materials.

a. Asialoorosomucoid (ASOR).

A commonly used ASGP in liver-targeted gene therapy
is the desialylated form of orosomucoid (OR, alphal-acid
glycoprotein). OR consists of 180 amino acids with a mo-
lecular weight of 46 kD (22). Glycosylation of OR de-
creases during liver diseases (23), while it increases in the
presence of certain cancers (24).

b. Other Natural ASGPs.

Many serum glycoproteins can be desialylated to expose
terminal Gal/GalNAc residues and can be internalized into
hepatocytes through the binding with ASGP receptors. The
binding affinities of these ASGPs differ greatly, largely
depending on the density of terminal Gal residues on sac-
charide chains. Among these, ASOR with 15 exposed clus-
ters of Gal residues has the strongest binding affinity, while
asialotransferrin (ASTF) with only 4 Gal residues, has the
weakest (25).

c. Galactose-Modified Materials.

Synthetic di-, tri- or tetra-branched oligosaccharides with
Gal/GalNAc can be coupled to nongalactose bearing pro-
teins enabling binding to ASGP receptor on hepatocytes,
although the binding affinities are much lower than those
of natural desialylated glycoproteins. Clustering of Gal
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residues can enhance the binding affinity. The correct ori-
entation of these Gal residues is critical (25).

3. Endocytosis and Recycling Pathway
of Ligand–Receptor Complexes

Natural desialylated glycoproteins, such as asialoorosomu-
coid (ASOR), bind to the ASGP receptor through galactose
residues on termini of ASOR. Then, the ligand–receptor
complex is internalized by hepatocytes in clathrin-coated
pits (26–28). Next, coated pits are pinched off from the
plasma membrane and form coated vesicles in cytoplasm,
which is further decoated to become smooth vesicles. Then
the ligand–receptor complex is delivered into CURL
(compartment of uncoupling receptor and ligand) in which
a low pH environment dissociates the complex. Ligands
are transferred to endosome-lysosome compartments and
degraded. Meanwhile, unoccupied ASGP receptors are re-
cycled back to plasma membrane through an alternative
pathway (10,29). The entire endocytosis-recycling process
happens rapidly, being completed within eight minutes,
and is ATP- and Ca2�-dependent (30).

B. Low-Density Lipoprotein Receptor (LDL-
R)–mediated Liver Delivery Systems

Another liver-targeting system utilizes LDL receptors to
deliver genes of interest into hepatocytes. LDL receptors
are expressed on hepatocytes as well as other cells such as
spleen, adrenal, and certain tumor cells. An apoE liposome
carrying a lipophilic derivative of daunorubicin (LAD) was
administered to B16 melanoma bearing mice (31,32). The
binding affinity of apoE liposome to LDL receptor was 15
to 50-fold stronger than that of LDL ligand alone or lipo-
some alone, respectively. LAD were detected mainly in
LDL-receptor expressing tissues such as liver or spleen,
with the highest uptake in tumor cells.

C. Other Targeting Systems Using Polymers

Transferrin receptor has been used as a ligand linked to
poly-l-lysine for liver-directed delivery systems. A com-
plex consisting of maleimidotransferrin coupled with poly-
l-lysine was constructed and had significantly enhanced
transfection efficiency compared with conventional trans-
fection methods including electroporation, lipofection, and
CaPO4 precipitation (33). The efficiency was correlated to
the length of the lysine polymer, the concentration of the
transferrin–poly-l-lysine complexes, the ratio of poly-l-
lysine to DNA, and the treatment of target cells with chlo-

roquine. This method was efficient and had low cytotox-
icity.

III. APPLICATIONS OF POLY-l-LYSINE–
ASGP CONJUGATES

To deliver genes to hepatocytes, a DNA–poly-l-lysine–
ASGP carrier was constructed by conjugation of ASGP to
polylysine, subsequently forming DNA complexes
through noncovalent interaction between negatively
charged DNA strands and positively charged polylysine.
Orosomucoid from human donor blood was desialylated
by neuraminidase. ASOR was chemically coupled to poly-
l-lysine and then bound to DNA to form a complex. The
DNA–poly-l-lysine–ASOR complex provided specific
targeting to hepatocytes through the binding between
ASOR on the complex and ASGP receptor on the surface
of parenchymal liver cells.

Studies conducted in cell lines and animal models
showed that ASGP–poly-l-lysine–DNA system can spe-
cifically deliver genes of interest to hepatocytes. For exam-
ple, 10 minutes after intravenous administration of 32P-
labeled ASOR–poly-l-lysine–DNA complexes into rats,
85% of the radioactivity was detected in the liver and only
15% remained in serum, whereas in control groups with
32P-labeled DNA alone, only 17% of the radioactivity was
measured in the liver and 55% still remained in serum.
Microscopy studies demonstrated that most of the targeted
cells were parenchymal cells (hepatocytes) with few Kupf-
fer cells involved (34). The uptake was shown to be exclu-
sively through ASGP receptors on hepatocytes (35).

A. Delivery of Medications

Side effects are frequent in the medical treatment of dis-
eases. Specific delivery of medication, for example, to he-
patocytes could significantly decrease the concentration of
the drug in extrahepatic tissues, reducing the cytotoxic ef-
fects while increasing the concentration of the drug in liver
cells to enhance the pharmaceutical effects. The ASGP–
poly-l-lysine system has been utilized specifically to de-
liver certain drugs, such as cytotoxic agents or prodrugs,
into hepatocytes.

Antiviral drugs have been delivered into hepatocytes of
HBV-infected patients by receptor-mediated systems (36).
Adenine arabinoside monophosphate (ara-AMP) modified
with lactosaminated human albumin was administered into
chronic HBV patients for 28 days, exerting similar antivi-
ral efficiency to free drug groups without any clinical side
effects. Recent attempts have been made to deliver drugs
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by conjugating the drug with lactosaminated poly-l-lysine.
This modified poly-l-lysine can be easily prepared by
chemical synthesis, permitting high drug loading, and can
be administered via intramuscular injection (37).

B. Delivery of Genes of Interest

ASGP–poly-l-lysine as a DNA delivery system for ther-
apeutic purposes was first tested by directing a normal al-
bumin gene into analbuminemic rats (38). Nagase anal-
buminemic rats underwent partial hepatectomy, and
ASOR–poly-l-lysine complexed with a plasmid carrying
a normal human albumin gene was administered subse-
quently by tail vein injection. The plasmid was taken up by
rat hepatocytes through ASGP receptor. Two weeks after
treatment, the expression of human albumin in serum was
detected as high as 34 µg/mL and was stable four weeks
thereafter. Other studies also showed that an ASGP deliv-
ery system could successfully transfer LDL receptor gene
into Watanabe rabbits via intravenous injection (39) and a
bilirubin-uridine diphosphoglucuronate (UDP)-glucurono-
syltransferase-1 gene into Gunn rats (40). The gene of in-
terest was expressed in sufficient amounts to correct the
endogenous deficiency in these animal models.

C. Delivery of Antisense Oligonucleotides

Antisense oligodeoxynucleotides (ODN) are attractive nu-
cleic acids to deliver to cells because they can match corre-
sponding RNA sequences and block translation or induce
enzymatic digestion of the RNA–DNA hybrid by RNase
H. For example, the ASGP-receptor-mediated system has
been used to deliver antisense oligonucleotides into hepa-
tocytes to block viral expression (41). A 21-mer antisense
ODN against the HBV polyA signal sequence (nt 1903 to
1923) was synthesized and complexed with ASOR–poly-
l-lysine carrier. The complex was administered to HepG2
2.2.15 cell lines possessing ASGP receptors and stable
HBV viral expression and infectious particle formation.
Twenty four h later, HBV DNA replication and HBsAg
expression was found to be suppressed by 80%, and the
effect persisted for up to 6 days thereafter. To investigate
further whether treating cells with antisense ODN may ac-
tually protect cells from HBV infection, a phosphorothio-
ate-modified 21-mer antisense ODN complementary to the
HBV polyA signal and 5′-upstream sequence was prepared
(42). The 21-mer was delivered to Huh7 cells [ASGP re-
ceptor (�) and HBV viral expression (�)] after forming
a complex with ASGP–poly-l-lysine carrier. Subsequent
transfection of these cells with HBV-encoding plasmids
(6.5 � 105 copies per cell) showed strong suppression of
HBV replicaton and gene expression. Compared with con-
trol groups treated with antisense ODN alone, in cells pre-

treated with antisense ODN delivered by the ASOR–poly-
l-lysine system, HBV viral DNA was undetectable (less
than 0.1 pg as determined by quantitative PCR), HBV viral
transcription was suppressed by 60%, and HBsAg expres-
sion was decreased by 97%. Similar results were also dem-
onstrated by Madon and Blum (43). In this case, an anti-
sense ODN complementary to the HBV encapsidation
signal was synthesized and coupled to N-acetyl-glucosam-
inated albumin–poly-l-lysine conjugates, which was co-
transfected with an HBV-encoding plasmid into a chicken
hepatoma cell line LMH. Viral replication was decreased
significantly.

To study antiviral effects in animals, Bartholomew et al.
administered antisense ODN (complementary to the polyA
signal and adjacent upstream sequences of woodchuck
hepatitis virus, WHV) complexed with ASOR–poly-l-ly-
sine conjugates intravenously to infected woodchucks for
five consecutive days. This significantly suppressed WHV
viremia, detected as a 10-fold decrease in circulating viral
DNA on day 25, and was persistent for at least 2 weeks
(44).

IV. RECENT IMPROVEMENTS
IN POLY-l-LYSINE CONJUGATED
RECEPTOR-MEDIATED SYSTEMS

A. Coupling of Fusogenic Proteins

A major obstacle in applying ASGP receptor and other re-
ceptor-mediated systems has been the degradation of inter-
nalized DNA in lysosomes. Several attempts have been
made to overcome this problem by adding viral fusogenic
proteins or coinfecting with viruses that can fuse and dis-
rupt endosome-lysosome vesicles. Influenza hemaggluti-
nin (HA) protein (45,46) and vesicular stomatitis virus
(VSV) G protein (47) were used to improve the gene deliv-
ery in targeting cells. Bongartz et al. (45) chemically con-
jugated HA protein to phosphorothioate-modified anti-
sense oligodeoxynucleotides (anti-TAT) and cultured the
DNA–protein complex with HIV-infected lymphocytes.
The anti-HIV activity of the antisense ODN was enhanced
up to 10-fold. Coupling of HA2 protein to poly-l-lysine–
transferrin–DNA complex increased expression of re-
porter genes in targeted cells. Also, replication-defective
adenoviral particles were conjugated with poly-l-lysine–
ASOR–DNA complexes to deliver a canine factor IX gene
into murine primary hepatocytes, resulting in significant
expression of canine factor IX in culture medium (48).
Wild-type adenovirus (type 5) or replication-defective ade-
noviral particles were conjugated to the ASOR–poly-l-
lysine–DNA system. The number of infected cells in-
creased by 200-fold, and expression of the targeting gene,
HBsAg, was enhanced dramatically 13- to 30-fold.
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B. Modification of Polymers

Novel vectors have been prepared by covering DNA–poly-
l-lysine complexes with protective hydrophilic polymers,
such as polyethylene glycol (PEG), dextran or poly[N-(2-
hydroxypropyl)methacrylamide] (pHPMA). These modi-
fied polymers resulted in self-assembly of DNA, shielded
surface charge, increased solubility, and enhanced trans-
fection efficiency (49,50).

PEG also has protective effects to DNA–poly-l-lysine
complexes. Results showed that coating poly-l-lysine–
DNA complex with PEG significantly enhanced the resis-
tance to nucleases in vitro. The shielding effect was corre-
lated to the length of the polymer (51).

C. Application of Other Polymers

Polyethyleneimine (PEI) has been applied in receptor-
mediated systems recently. PEI was conjugated with 5%
galactose and coupled with plasmid DNA encoding a re-
porter gene (luciferase or beta galactosidase). This com-
plex was then used to transfect a human hepatoblastoma
cell line HepG2 with 50% efficiency. The transfection was
galactose-residue-dependent and ASGP-receptor-depen-
dent, as it was abolished in the presence of an excess of
asialofetuin (52). In addition, galactocerebroside-incorpo-
rated liposomes were used to transfer PEI-coupled DNA
complexes to the human hepatoma cell line Huh7 and to
isolated rat hepatocytes (53). Recently, Bandyopadhyay et
al. applied galactocerebroside-modified liposomes to trans-
fer a lactosylated PEI-complexed chimeric RNA/DNA oli-
gonucleotide carrying an A/C conversion at Ser365 of rat
factor IX gene into isolated rat hepatocytes (54). Transfec-
tion efficiency was 100%, and the conversion rate was 19–
24%.
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I. FOREWORD

The biohybrid artificial pancreas (BAP) represents one of
the most challenging, complex, and promising applications
of a relatively new science: tissue engineering. Tissue en-
gineering has been defined as ‘‘an interdisciplinary field
which applies the principles of engineering and life sci-
ences towards the development of biological substitutes
that aim to maintain, restore or improve tissue function’’
(1). Sometimes, even excellent artificial devices must com-
ply with restrictions and specific requirements associated
with the biological counterpart, in order to secure optimal
functional performance.

In general, every organ that can be broken apart into
single cells or cell clusters with no disruption of the original
function is usually suitable for generating a bioartificial or-
gan. However, it may be hard to preserve the functional
identity of cellular units placed in environmental conditions
that usually are quite different from their native site. Fur-
thermore, only selected materials enable creation of a
tissue/material interface that is harmless to both the em-
bodied cells and the host’s tissue. Specific issues associated
with natural or engineered tissues that are entrusted with
prevalently mechanical tasks, such as skin, bone or carti-
lage, significantly differ from those involving sophisticated
cell systems that govern complex metabolic functions, like
endocrine and liver cells. Nevertheless, common pathways
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should be explored regardless of the specific feature that
is incorporated by a certain cellular system. In particular,
special care must be taken not only to assess the material’s
physicochemical properties and biocompatibility but also
to select the tissue’s sources, in compliance with physio-
logical competence and safety principles. Finally, the over-
all suitability of the newly developed biohybrid devices for
clinical application must be also carefully assessed.

A. Field of Application of the BAP

The BAP, composed of intact and viable insulin-producing
cells that are protected from the host’s immune reaction by
highly biocompatible, selective permeable and chemically
stable artificial membranes, would ideally apply to the po-
tential cure of insulin-dependent (type I or type II) diabetes
mellitus (DM) by transplantation. In fact, a BAP that con-
tains insulin-producing cells would provide for continuous
insulin delivery, under strict regulation by the extracellular
glucose levels. The goal of such a ‘‘totally automatic treat-
ment’’ (Table 1) for DM could be also theoretically accom-
plished by creating an ‘‘artificial pancreas.’’ In this in-
stance, a glucose sensor (1) implanted subcutaneously
would continuously record extracellular glucose levels and
convert the chemical information into an electronic signal
by a minicomputerized system. This would regulate in turn
the release of prestored insulin by a minipump in order to
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Table 38.1 Automatic Treatment of IDDM

1. Transplant of the Endocrine Pancreas
Whole organs
Isolated islets of Langerhans

2. Artificial Glucose Sensor

maintain normoglycemia. This machinery, while able to
reverse hyperglycemia, has been preliminarily proven to
function, so far, for only very limited periods of time, due
to still pending technical problems.

II. DM: EPIDEMIOLOGY, PATHOGENESIS,
AND CLINICAL FEATURES

DM is the most common endocrine disorder, hallmarked
by metabolic abnormalities such as elevated blood glucose
levels and their biochemical consequences, that may pro-
voke acute illness or result, during the course of the dis-
ease, in secondary chronic complications (2). These mainly
affect eyes, kidney, nerves and blood vessels. It is not an
immediately life-threatening disease anymore, in the ma-
jority of instances, provided that the patients are promptly
and adequately treated, but DM still represents a poten-
tially lethal and certainly highly disabling disease. It is esti-
mated that over 100 million people in the world actually
suffer from either type I or type II DM, the difference be-
tween these two forms depending upon ethiopathogenesis
(Table 2). The prevalence of cumulative type I and type
II DM in 1995 in Europe and the Americas was 32.8 and
30.7/1000 population, respectively, but these figures are
expected to rise to 47.5 and 63.5/1000, respectively, in
2025 (3). At the clinical onset of type I insulin-dependent
DM that affects mainly, but not exclusively, adolescent/
young individuals, the majority of islet β-cells have been
completely destroyed by autoimmunity. On the basis of a
quite clear genetic susceptibility that can be identified in
patients at risk of developing type I DM in the form of
defined gene haplotypes, the disease process is triggered

Table 38.2 Classification of Diabetes Mellitus

Primary Secondary

Autoimmune (Type I) Pancreatic disorders
Insulin dependent Endocrine abnormalities
Non-insulin-dependent Toxic agents, drugs

Insulin receptor abnormalities
Nonautoimmune Genetic syndromes

Insulin-dependent Miscellaneous agents
Non-insulin-dependent
‘‘Maturity onset’’ (MODY)

by only partially known environmental, infectious (i.e., vi-
ruses), or chemical toxic agents. Environmental agents in-
deed play a major role in triggering the onset of overt DM,
which is confirmed by observations in haploidentical
twins. In fact, if type I DM were a pure genetic disorder,
it would affect not 50%, as it actually does, but rather
100% of identical twins. Upon intervention of these agents,
the autoimmune attack will begin, although this process is
clinically silent, while the pancreatic islets are progres-
sively being infiltrated with mononuclear cells (i.e., macro-
phages, monocytes) and activated cytotoxic T lymphocytes
(‘‘insulitis’’). At this time, in the serum of the affected
individuals, several autoantibody fractions, specifically
targeting selected β-cell antigens, are detectable (i.e., anti-
insulin, antityrosin phosphatase, antiglutammic-decarbox-
ylase acid, etc.). The condition where autoimminity is ac-
tive, but the patients still look healthy, is defined the
‘‘prediabetes.’’ This stage of the disease may last for vari-
able periods of time, even years, but it abruptly ends when
over 90% of the original β-cell mass has been destroyed.
At this point, the residual endogenous insulin production
is no more able to counteract elevations in blood glucose
levels. The patients will develop hyperglycemia, polyuria,
polydipsia, ketonuria, and body weight loss and will un-
dergo severe derangements of fluid and electrolyte bal-
ance, culminating with ketoacidotic coma. If not promptly
treated this condition may lead to ketotic coma and death.

Since type I DM patients will require lifelong, multiple
daily insulin injections, they unfortunately represent a
heavy burden to society. In fact, if these individuals have
seen their life expectancy gradually improve from the in-
troduction of insulin therapy, their increased longevity has
not resulted in elimination of the risk of developing
chronic, often very serious complications of the disease,
such as premature blindness, terminal renal insufficiency,
vascular disease, and disabling neuropathy. These compli-
cations may occur in spite of the selected insulin therapy
regimens because it is very difficult to mimic performance
of the glucose sensing apparatus incorporated in normal
β-cells. Consequently, the physiological stimulus-coupled
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insulin secretory response is far from being reproduced by
subcutaneous exogenous insulin injections.

III. DM: INSULIN THERAPY REGIMENS

The most actual and effective way to prevent the onset of
secondary complications in patients with type I, insulin-
dependent DM (T1DM) is based on strict blood glucose
control, especially in coincidence with meals, so as to
avoid hyper-/hypoglycemia. This goal may be achieved by
injecting either short- or long-acting insulin molecules, as
frequently as four times a day, according to the indications
of the Diabetes Control Complications Trial (DCCT)
Study Group (4,5). An important mirror of the ability to
keep T1DM patients under good blood glucose control is
represented by concentration of the glycosylated hemoglo-
bin (HbA1c): the higher this parameter (reflecting % of
glucose-bound hemoglobin), the worse the degree of meta-
bolic control. Insulin administration, according to inten-
sive, multiple daily-dose regimen protocols, as suggested
by DCCT, actually represents the most effective tool to
treat T1DM. Unfortunately, this therapeutic option is asso-
ciated with at least two major pitfalls: (1) patients are ex-
posed to a high risk of developing severe hypoglycemia,
and (2) the risk of developing secondary complications of
the disease is attenuated, but not eliminated. Finally, pa-
tients’ compliance with intensive insulin therapy may be
quite poor, because of both strict blood glucose monitoring
that involves multiple finger pricks, and insulin injections.
The imperfect blood glucose control achieved by subcuta-
neously injected exogenous insulin is a fundamental pitfall
consisting of the physical distance between the insulin in-
jection site and the liver, that represents the first physiolog-
ical site of insulin action.

IV. T1DM: ‘‘AUTOMATIC TREATMENT’’

In light of the above-reviewed concerns, the ‘‘T1DM prob-
lem’’ could be solved only if the original physiological
model, namely viable and functional insulin producing β-
cells, was fully reconstituted. Such a goal might be accom-
plished by transplanting the endocrine pancreas as a whole
organ or as isolated human/nonhuman, primary or engi-
neered islet cells (6) (Table 3). BAP could offer the oppor-
tunity to graft the islet cells within artificial membranes so
as to prevent immune destruction of the transplanted tissue
with no recipient’s general immunosuppression.

A. Whole Pancreas Transplantation

Whole pancreatic transplantation would apparently look
closer than islets to short-term or mid-term clinical appli-

Table 38.3 Potential Alternate Tissue as a Resource for
Donor Islets in Humans

1. Nonhuman, nonengineered islets
Porcine (adult, neonatal)
Bovine

2. Human/nonhuman engineered islets
Transfected cell lines
β-cell origin
non-β-cell origin

cability. Combined (simultaneous or temporally deferred)
pancreas � kidney (PK) transplant in T1DM patients that
are also affected by terminal renal insufficiency, and are
in a waiting list for renal transplant, represents a relatively
safe and viable procedure, as compared to kidney trans-
plant alone, in terms of both patient and graft survival (7).
However, this approach, in the best conditions, could only
apply to patients with T1DM who require a simultaneous
kidney graft, thereby inevitably cutting off younger pa-
tients, who are specifically eligible for pancreas transplant
alone (PTA). Furthermore, PTA has been associated with
significantly lower clinical success and higher morbidity
in comparison with PK. The invariable need for life-long
pharmacologic immunosuppression, based on still poorly
selective agents, makes this approach ethically acceptable
only to those patients with T1DM that either need PK or
alternatively, suffer from brittle diabetes, and are not ade-
quately responsive to conventional insulin therapy. These
concepts have been included in the recommendations of
the American Diabetes Association (8). It is worth men-
tioning that although much improved, the morbidity and
mortality associated with whole pancreatic graft continue
to be relevant. Consequently, whether to apply the whole-
pancreas transplant to selected T1DM patient cohorts
remains difficult. Hopefully, the introduction of more
specific immunosuppressive agents will broaden the appli-
cability spectrum of this therapeutic option in the not too
distant future.

B. Islet Cell Transplantation

Isolated islet transplantation would be incomparably less
invasive, in comparison with a whole pancreatic graft,
since the islets, which represent only 1–2% of the total
pancreatic mass, are usually injected through percutaneous
cannulation of the porta vein, directly into the liver, under
local anesthesia. However, in spite of the potential advan-
tages associated with islets over whole organs (Table 4),
the immune problems involved are similar, while clinical
results, as reported by the last International Islet Transplant
Registry Newsletter (9) look even poorer. According to the
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Table 38.4 Islets over Whole Pancreatic Grafts—Potential
Advantages

1. Lower graft mass (1–2% of the whole pancreas)
2. Minor surgery
3. In vitro immunomanipulation
4. Cryogenic storage
5. Immunoisolation in artificial membranes

Islet Registry, as of June 1999 only about 8% of the pa-
tients with T1DM, receiving islet allografts (islets sepa-
rated and purified from cadaveric human donor pancreata)
have achieved full insulin-independence at 1 year post-
transplant. The vast majority of these patients were af-
fected by terminal renal insufficiency, and they either re-
quired a simultaneous or already carried a stable kidney
graft. On the contrary, about 40% of totally pancreatecto-
mized patients (usually undergoing upper abdominal exen-
teration for malignancy), receiving intrahepatic islet allo-
grafts, under general immunosuppression, have been
reported to enjoy insulin independence at the same clinical
follow-up time period (PIDM-Allo). The 1-yr remission
percentage was raised to 50 when autologous islets were
injected into patients that had undergone total pancreatec-
tomy subsequent to chronic pancreatitis (PIDM-Auto)
(Fig. 1). A major variable associated with these clinical
trials was the host’s immune competence, which obviously
was more stringent for patients with T1DM than for those
with pancreatectomy-induced diabetes, where no autoim-
munity would ever occur. Autoimmunity has been clearly
reported to recur in whole pancreatic grafts, and it has been
deemed to play a major role in islet graft-directed immune
destruction as well (10).

In summary, both immune rejection and recurrent auto-
immunity have severely hampered the progress of islet
transplantation into clinical trials, also in terms of the total

Figure 38.1 Islet transplant registry: outcome of human islet
transplantation, August 1999. (Only well-documented patients.)

number of patients (close to 500) that have undergone, so
far, this procedure, according to the Registry. The reasons
for this limitation are multiple, beginning with restrictions
for recruiting the potential candidates to graft. Only a major
or life-saving organ graft could, in fact, justify general im-
munosuppression with its life-threatening side effects.
Therefore only a few patients with T1DM have been thus
far enrolled into clinical trials. Furthermore, the islets are
not a solid organ, and while problems of islet yield and
purity are gradually being overcome, in many instances it
may be still difficult to separate an islet mass, from a single
pancreas, that is adequate for grafting a single T1DM recip-
ient. As far as immunity is concerned, very recent attempts
to perform human islet allografts alone, using putatively
safer and more selective immunosuppressants (Table 5) are
in progress. It is too early to anticipate the outcome of these
trials. However, even in the best case, where the stable re-
versal of hyperglycemia and the absence of severe immu-
nosuppression-related side effects were achieved, a major
issue would still be the restricted availability of cadaveric
human donor organs. Finally, prevention of allograft-di-
rected immune destruction, by use of old or newly devel-
oped immunosuppressive agents, may not equally succeed
in obviating the autoimmune recurrence of T1DM.

A potential solution could be to use alternate islet
sources to both avoid tissue shortage, while preventing re-
current autoimmunity, and in parallel develop alternate
strategies to protect islet grafts from the immune destruc-
tion, with no recipient’s general immunosuppression. It is
current opinion that either adult (11) or neonatal (12,13)
porcine islets might successfully replace human donor tis-
sue, provided that they were properly immunoprotected.
On one hand, pork insulin would be acceptable to humans,
and on the other hand, it would be possible to create spe-
cific pathogen free (SPF) pig breeding stocks that comply
with standard safety requirements.

With regard to alternatives to general immunosuppres-
sion, two main strategies seem to be feasible at this junc-
ture (Table 6). Creation of properly assembled physical
immunobarriers will be the subject of this review on the
actual perspectives associated with the BAP. The possibil-
ity of inducing a state of donor’s immune unrespon-
siveness continues to be appealing and controversial at the
same time. Recent reports seem to speak in favor of using
novel approaches to modulate the host’s immune response.
These would consist of employing new agents in conjunc-
tion with the induction of microchimerism, the latter being
obtained by grafting homologous bone marrow cells, be-
fore islets. While this approach preliminarily looks encour-
aging (14), caution should be used in assessing whether
such manipulation of the host’s immune system may satis-
factorily fulfill safety criteria that would apply even to pilot
clinical trials.
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Table 38.5 General Immunosuppression

Old agents New agents

Cyclosporin Tacrolimus
Anti-lymphocyte globulin (ALG) Sirolimus
Azathioprine Anti-Tc monoclonal antibodies
Corticosteroids

V. THE BAP: GENERAL FEATURES

The basic principles that development of a safe and reliable
prototype of a BAP should conform to are the following:
(1) unlimited access to islet tissue sources, whether they
are primary or engineered human/nonhuman islet cells, in
strict compliance with recommendations of regulatory
agencies and ethical committees; (2) availability of artifi-
cial materials that are properly engineered, so as to avoid
any harmful effects on both the transplanted tissue and the
host; (3) elimination of any kind of recipient’s general im-
munosuppression. Simply, a BAP is a hybrid device that
embodies viable and functional islet cells within selective
permeable and highly biocompatible artificial membranes.

The biological component, the islets, should be able to
survive in a possibly hostile and certainly new microenvi-
ronment, while retaining the ability to secrete insulin, ac-
cording to physiological algorithms, in order to avoid de-
lays of insulin action.

The artificial component should fulfill specific criteria,
such as membrane physicochemical properties that are
compatible with a membrane’s selective porosity, filtra-
tion, and permeability. In fact, it is mandatory that the em-
bodied islets receive adequate nutrient supply, in order to
permit biochemical exchange, with special regard to oxy-
gen and macro- and microsolutes, glucose, and insulin in-
cluded. Nonetheless, on the other hand, the membrane’s
selective cutoff properties should strictly interdict access
to cellular as well as humoral mediators of the islet graft-
directed immune destruction.

The ambitious goal of generating a biohybrid device
that is fully able to substitute the human endocrine pan-

Table 38.6 Alternatives to General Immunosuppression

1. Induction of immune tolerance
a. In vitro b. In vivo

Culture conditions Microchimerism
Irradiation Pharmacologic agents (i.e.,
Cyogenic storage tacrolimus, etc.)

Antibodies (i.e., anti-CD40L, etc.)
2. Immunoisolation in artificial membranes

creas has been relentlessly pursued for decades (15). No
clear and ultimate success has been so far achieved, al-
though there are initial promising results and novel re-
search hints. What had initially appeared as quite a feasible
task has been proven to represent one of the most difficult
challenges in medicine. In fact, the islets cells constitute
a highly differentiated cellular system, equipped with a so-
phisticated glucose sensing apparatus that is very difficult
to reproduce. Moreover, adult islet β-cells do not replicate
(mitotic rate 1–2%) (16), and there is consequently no
hope that any eventual loss in the transplanted islet mass
may be replaced by islet cell proliferation. Although some
mitotic figures have been detected within microencapsu-
lated islets (17), these are totally insufficient to secure suf-
ficient islet β-cell turnover. As a further complication, the
islets contained in any type of BAP, differently from naked
islets, cannot be revascularized or reinnervated upon trans-
plant, and their nourishment will solely depend upon gas/
metabolite passive diffusion. With regard to this matter, a
pivotal role seems to be played by the graft site, in strict
relation to the device’s geometry. Some sites, such as the
subcutaneous tissue, would provide O2 gradients that
seemingly are insufficient for the islet cell metabolic re-
quirements. Progressively relevant, over time, also is the
issue of device morphology and configuration that is
strictly associated with both immunoisolation capacity and
provision for adequate nutrient supply. The window be-
tween the membrane’s molecular weight cutoff that per-
mits ingress of indispensable molecules, while providing
for immunoisolation, is very narrow, and it continues to
represent the Holy Grail for the entire field of BAP clinical
application to the therapy of T1DM.
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VI. BAP: PHYSICAL CONFIGURATION

Different prototypes of a BAP have been designed and de-
veloped over the past few decades (Fig. 2) (18). In general,
the classification is still valid that keeps macrodevices and
microcapsules as distinct entities, although many of the old
notions in the field have become obsolete, in light of the
latest accomplishments.

The greater attention devoted to microcapsules than to
macrodevices in this chapter does not necessarily reflect
the formers’ better performance but rather outlines the
wider body of information that has been achieved by mi-
croencapsulation. Nevertheless, the potential impact of
newer macrodevice strategies on BAP development is well
acknowledged.

A. Macrodevices

A wide range of biomaterials have been considered suit-
able for the fabrication of devices that would allow for islet
graft immunoisolation. The most common of them (Table
7) are still in use, with special regard to PAN-PVC, al-
though many once innovative concepts are progressively
fading away. In particular, the macrodevice geometry (Fig.

Figure 38.2 Types of immunoisolation devices for islet transplant: (1) vascular chamber containing matrix-embedded islets (23); (2)
vascular prosthesis containing AG/PLO encapsulated islets (24); (3) hollow fiber containing matrix embedded islets (19, 27); (4) Laminar
AG thin sheet containing monolayered islets (Hanuman Medical, personal communication); (5) AG-based microcapsules of different
size (CSM, MSM, CM) (25, 69, 40, 33, 57, 64, 61).

Table 38.7 Biomaterials for Fabrication of Macrodevices

1. Polyacrylonitrile-polyvinylchloride (PAN-PVC)
2. Acrylates
3. Cellulose acetate
4. Cellulose mixed esters
5. Polytetrafluoroethylene (PTFE)
6. Alginates
7. Polyethylene glycol (PEG)

2) includes a few types, some of which hold mere historical
value, at this juncture, although they have been associated
with remarkable results in experimental islet transplanta-
tion trials in the past. In particular, hollow fibers have been
extensively employed for subcutaneous (19) or intraperito-
neal (20) islet grafts. The fibers were made of a selective
permeable macromembrane (molecular weight cutoff—
MWCO—50–70 kD) that while impeding ingress to im-
mune cells and antibodies was supposed to be highly bio-
compatible and allow for biochemical exchange. While
successful in a few rodent trials, these devices have shown
to correct diabetes in higher mammalians only sporadi-
cally. Major limitations derive from the low islet survival
rate inside the chambers, possibly due to restricted nutrient
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supply. The latter likely depended on the graft site but also
on the physicochemical properties of the employed materi-
als. A major, often erratically solved problem, was fibro-
blast overgrowth of the chambers that resulted in mem-
branes’ pore clogging, thereby further limiting O2/nutrient
supply.

It was commonly observed that when loaded ‘‘plain’’
in the device, the islets were associated with quite a limited
survival rate. This specific problem was overcome using
a gel matrix to embed the islets prior to the fiber’s loading
process. The matrix, usually an alginate gel, greatly im-
proved the islet viability. Unfortunately, the trade-off was
that the matrix-embedded islet loading capacity was very
low, thereby imposing the use of larger-size devices to ob-
tain sufficient metabolic results in the grafted diabetic ani-
mal models (21). It is likely that if this order of magnitude
were to be applied to a high mammal transplant setting,
every patient would require several ‘‘meters’’ of fibers
filled with matrix-embedded islets.

As far as the fibrotic overgrowth, and in particular the
fiber environmental conditions for islet bedding, are con-
cerned, significant progress has been made in an attempt
to provide the embodied islets with sufficient O2 nutrient
supply: the idea of prevascularizing the device, prior to
the islet entrapment, has resulted in interesting preliminary
results in rodents (22). Whether these findings will foster
renewed efforts in this specific research field will be the
subject of future assessment.

Another possible strategy to use macrodevices for islet
transplantation has consisted of seeding the islets in a spe-
cial compartment chamber, directly anastomosed to blood
vessels, usually as arterio-vein shunts. In this way, the is-
lets were continuously perfused by blood ultrafiltrate,
which seemingly facilitated biochemical exchange. The
membrane, at contact with the bloodstream, was associated
with an appropriate MWCO (commonly below 100 kD)
so as to prevent immune cells or antibodies from crossing
the islet containing chamber’s wall. The vascular ap-
proach, while brilliant in principle, and preliminarily asso-
ciated with results that were convincingly positive in dia-
betic dogs (23), although not in humans, where only partial
and transient remission of hyperglycemia was achieved
(24) (in this setting the islets had been microencapsulated
prior to loading in the vascular prosthesis), has left open
many issues. In particular, the risk for the devices’
clotting/breakage, with subsequent need for intense antico-
agulation of the recipients, has never permitted thorough
assessment of the procedure’s safety.

Recently, ultrathin immunoisolatory sheets, made of
highly biocompatible alginate, where the islets are homo-
geneously monolayered, seem to be particularly appealing.
The alginate sheet represents a very versatile macrodevice

that couples safety requirements such as (1) retrievability;
(2) biocompatibility (one of the most studied biomaterials,
Na alginate, is employed); (3) physical configuration (O2/
nutrient supply is facilitated by the minimal diffusion dis-
tance) to reduce trauma. The sheet may be virtually im-
planted anywhere in the mesenteric area. Preliminary data
with this new generation of macrodevices in pilot diabetic
canine graft trials look encouraging, although it is pre-
mature to make any forecast on the future impact of this
technology on islet transplantation (personal communica-
tion, Hanuman Medical, San Francisco, CA, USA, March
2000). In summary, while the past generation of macrode-
vices was associated with a number of disadvantages, the
latest developed prototypes hold promises for broader ap-
plication in diabetic higher mammalians.

B. Microcapsules

1. Technical Procedures

Microcapsules fabricated with alginic acid derivatives,
chemically linked to polyaminoacids, have represented the
most widely known and studied kind of microimmunobar-
rier for islet cell transplantation. According to the original
Lim and Sun recipe (25), microcapsules were fabricated
by suspending the islets in sodium alginate (AG), a poly-
saccharide seaweed derivative, and subsequently by ex-
truding the alginate–islet mixture through a microdroplet
generator (Fig. 3). The islet containing microdroplets were
collected on a calcium chloride bath, which immediately
turned them into gel microspheres. The calcium alginate
gel microbeads were then subsequently coated with
aminoacidic polycations, such as poly-l-lysine (PLL), or
uniquely in our laboratory, poly-l-ornithine (PLO). The
outer coat was comprised of highly purified sodium algi-
nate that provided the multilayered selective permeable
membrane with additional biocompatibility (Figs. 4 and 5).
These ‘‘conventional-size microcapsules’’ (CSM), measur-
ing an average of 700–800 µm in equatorial diameter, have

Figure 38.3 Microdroplet generator for microcapsule fabrica-
tion. (From Univ. of Perugia.)
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Figure 38.4 Freshly prepared AG/PLO microcapsules con-
taining human islets (staining with Dithizone, 25�); morphologi-
cal integrity is evident. (From Univ. of Perugia.)

undergone several adjustments, including scale-up proto-
cols, in our and a few other laboratories (26,27).

Other procedures, still involving the use of alginate, al-
though by different chemistries or consisting of chemically
different reagents, will be discussed later. In general, re-
gardless of more or less pronounced differences in the fab-
ricative procedure, a limited number of experimental trials
has been reported on the use of these alginate alternatives
for microencapsulation in diabetic animal graft trials.

2. Achieved Results

Most either allogeneic or xenogeneic islets containing AG-
PLL/PLO microcapsules have been usually implanted in

Figure 38.5 Scanning electron microscopy examination of AG/
PLO microcapsules: intactness and smoothness of the coating
membranes are evident (20 kV). (From Univ. of Perugia.)

the peritoneal cavity, into diabetic hosts that were not gen-
erally immunosuppressed. Unfortunately, the lack of stan-
dardized materials and procedures has hampered impartial
assessment of the results communicated by different labo-
ratories. In general, rodent studies were associated with
greater and more consistent success, in terms of full remis-
sion of hyperglycemia, following microencapsulated islet
TX, as compared to higher mammal trials (28). Neverthe-
less, the transplanted rodents carrying spontaneous autoim-
mune diabetes (NOD mice, BB rats) have shown lower
remission rates than mice and rats, where diabetes had
been artificially induced by streptozotocin (29,30). Briefly,
the most experienced laboratories provided convincing ev-
idence that the microencapsulated islet system may work
satisfactorily in small-size animals. On the contrary, very
few reports documented the reversal of hyperglycemia
with the discontinuation of exogenous insulin injections in
dogs with spontaneous or pancreatectomy-induced diabe-
tes, receiving intraperitoneal microencapsulated canine or
porcine islet grafts (Table 8). In this high mammal animal
model, full reversal of hyperglycemia was partially accom-
plished when the encapsulated islets had been embodied in
a special vascular chamber, directly anastomosed to blood
vessels (31). The canine background permitted us to initi-
ate pilot human clinical trials in our laboratory, that were
associated with only partial and transient metabolic results.
Preliminary success has been reported in dogs (32) and
T1DM patients (33) receiving intraperitoneal canine or hu-
man islet allografts, respectively, but only when the recipi-
ents underwent a course of general immunosuppression
with cyclosporin. An important exception to this uncertain
trend was represented by a successful trial of AG-PLL en-
capsulated porcine islet xenograft into spontaneously dia-
betic, nonimmunosuppressed monkeys. In these animals,
full remission of hyperglycemia and exogenous insulin
withdrawal were achieved in all recipients, and sustained
in some of them for extraordinary long periods of time,
throughout 3 years of post-TX follow-up (34). This strik-
ing, so far unique result, indeed proves the principle that
under the best conditions, microcapsules may constitute
an effective, biocompatible, and immunoselective physical
barrier that enables immunoprotection of islet xenografts
with no general immunosuppression of the host.

3. Pitfalls

The trials of encapsulated islet cell allo- or xenografts in
nonimmunosuppressed diabetic recipients have shown,
with anecdotal exceptions, that the encapsulation system
still needs to surmount unsolved problems. In particular,
it has not yet determined whether AG-PPL/PLO represents
the best chemical formulation to prepare highly biocom-
patible and selective permeable microcapsules. For this
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Table 38.8 tx of Allo/xenogeneic Islet Containing STD
Microcapsules tx in Diabetic High Mammalians

RX TX site Success Reference

Primates: peritoneum Substantial (34)
Canines: peritoneum *Partial (32)

vascular prosth. Partial (31)
Humans: peritoneum *Partial (33)

vascular prosth. Partial (24)

* Recipients underwent general immunosuppression.

purpose, studies focusing on generation of new biopoly-
mers for microcapsulation should be highly pursued. It re-
mains unclear whether the actual microcapsule design
should be modified or implemented, in order both to im-
prove the functional, possibly long-term performance of
these membranes and better to regulate the enveloped islet
mass (35). Moreover, the potential role of immune cells
that may be part of the islet cell populations, within micro-
capsules, should also be studied (36).

VII. GENERAL ISSUES RELATED TO
IMMUNOISOLATED ISLET GRAFTS

There are issues, in the development of BAP that require
special attention.

A. Mechanisms of Islet Graft Destruction

1. Immunomediated

a. Allograft

Naked islet transplantation. Allogeneic and discordant/
nondiscordant xenogeneic islet transplants have been stud-
ied in either patients or animal models of diabetes. From
extensive observations, even if many aspects of the islet
graft-directed immune destruction remain unknown, there
are few doubts that two conditions need to be examined,
Immune rejection, and the Recurrence of autoimmune dia-
betes.

Role of cellular immunity. According to Gill (37), T
lymphocytes (Tc) detect foreign antigens as peptides that
are presented in association with major histocompatibility
complex (MHC) molecules. In particular, CD8 Tc recog-
nize antigens presented in association with class I MHC
molecules, whereas CD4 Tc generally recognize antigens
presented with class II MHC. However, two signals are
required for Tc activation: signal 1 is provided by Tc
receptor/antigen binding; signal 2, ‘‘costimulator,’’ is
provided by non-antigen-specific signals from an antigen
presenting cell (APC) (ie, macrophage, dendritic cell,
etc.). The process defined as costimulation comprises a

complex cell surface receptor–ligand interactions net-
work, which has been partly clarified in recent years (Fig.
6). Typical participants in such interactions are CD80/
CD86 molecules, expressed by APC which bind CD28
coreceptor molecules on Tc; interactions between CD40
on APC with CD40L on Tc also result in important costi-
mulatory signals. The role played by costimulatory mole-
cules in inducing islet allograft rejection is shown by ob-
servations where blocking CD40/CD40L interactions in
vivo could result in indefinite islet allograft survival (38).
Gill (39) has elegantly explained that two antigen presen-
tation forms can fulfill this two-signal requirement for Tc
activation:

Direct (or donor MCH-restricted) antigen presentation,
in which Tc engage native MHC molecules directly
on the surface of donor-derived APC

Indirect (or host MHC-restricted) antigen presentation,
in which donor-derived antigens are captured by re-
cipient APC, processed, and re-presented in associa-
tion with recipient MHC molecules.

Exogenous antigens are usually processed and presented
by class II MHC molecules and so are associated with pre-
dominant CD4 response.

Figure 38.6 Pathways of β-cell-directed cellular immune at-
tack.
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Autoimmunity. A relevant issue that needs to be prop-
erly examined in islet cell transplantation in type I DM
regards autoimmune recurrence of the disease on the trans-
planted tissue. Recurring disease has been shown to de-
stroy transplanted islet tissue in either animal models of
autoimmune diabetes or in man. Evidence can be now mar-
shaled about the fact that Tc-dependent autoimmune islet
injuries behave similarly to the xenograft-mediated re-
sponse, in that islet damage can be triggered by autoreac-
tive CD4 Tc, which are specific for islet-associated anti-
gens, processed and presented by APC, similar to the
indirect pathway immune response process. Although CD8
Tc may contribute to developing islet graft-directed auto-
immune destruction, the latter clearly appears to be a CD4
Tc-mediated event.

Overall strategies so far employed to prevent islet allo-
graft-directed immunity have included both general immu-
nosuppressive agents, as mentioned elsewhere, and molec-
ular mechanisms to block the costimulator pathway, such
as blocking CD40-CD40L and B7/B28 interactions. The
former have been usually applied to human islet allografts,
by using different pharmacological agent cocktails. The
latter have been preliminarily studied in lower and higher
mammal animal models of diabetes (40).

b. Xenograft

When dealing with xenogeneic islet transplantation, both
cellular and humoral immunity play a major role in induc-
ing rapid destruction of the foreign tissue.

Role of humoral immunity. Hyperacute rejection will
rapidly destroy xenogeneic discordant organ/tissue vascu-
larized transplants by intervention of naturally occurring
xenoreactive antibodies present in the host. These antibod-
ies bind to antigens located on the surface of endothelial
cells within the xenograft, an event that in turn activates
complement with subsequent graft destruction (41). The
most important target of these antibodies is represented by
the terminal carbohydrate galactose α(1,3)-galactose. The
presence of α-Gal in high levels, in all adult porcine endo-
thelial cells, accounts for the immediate activation of a het-
erologous host’s immune system. α-Gal expression seems
to be lower in neonatal pig islets, which should confer
them a relatively higher extent of protection when im-
planted in xenogeneic hosts (41). Among several possible
strategies that now are available for immunoprotection of
xenogeneic discordant grafts, with special regard to poten-
tial use of pig tissue in humans, a recent one includes gen-
eration of transgenic pigs that express human complement-
regulatory proteins (41). These proteins, CD 55 (DAF, de-
cay accelerating factor), CD 46 (MCP-1, membrane cofac-
tor protein), and CD 59 (protectin), do not impede anti-
αGal antibody binding to endothelial cells, and thereby

complement activation. These factors, however, inhibit
subsequent steps of the complement cascade and finally
prevent cell lysis. Results so far achieved with transgeni-
cally modified organs, and particularly with islet cells sep-
arated from the pancreata obtained from these animals, are
still premature to interpret and seemingly warrant further
investigation.

Role of cellular immunity. Islet xenograft rejection is
less dependent on donor APC than allograft. In fact, deple-
tion of passenger leukocytes is not associated with the ben-
eficial effects described for allografts. Xenograft rejection
may occur in the absence of CD 8 Tc, while CD 4 Tc
are predominantly involved with the immune destruction
process, which reflects the steps already described for the
indirect pathway (Gill).

In conclusion, islet xenograft rejection is an extremely
rapid and devastating process, that involves both the hu-
moral and cellular loops of the host’s immune response
system and is very difficult to contrast with conventionally
available strategies. Potential progress in this field could
be represented by the availability of transgenically modi-
fied pigs, that should turn a ‘‘xenogeneic discordant’’ into
an ‘‘allogeneic’’ islet graft system. Use of biohybrid de-
vice strategies could dramatically impact this particular is-
let graft setting.

c. Immunoisolated Islet Transplantation

Allograft immunity. Since the above mentioned immune
mechanisms mainly consist of direct engagement of Tc
subpopulations (ie, CD 8 Tc) with donor cells, physical
isolation of the islet graft within a BAP device should re-
sult, by preventing direct cell-to-cell contact between graft
and the host’s immune system, in much easier biologic
acceptance.

Xenograft immunity. If BAP may effectively prevent in-
gress of both various antibody (including xenogeneic natu-
rally occurring antibodies) and complement fractions, ow-
ing to its membrane’s cutoff exclusion properties, it cannot
fully eliminate the risk for activation of CD 4–driven cellu-
lar reactivity. Small-size molecules (‘‘shed antigens’’ such
as proteins, enzymes, etc.) might cross the BAP mem-
branes due to their small size, ranging on a few kD. These
molecules could be incorporated, processed, and presented
on a host’s APC, thereby triggering CD 4–driven signifi-
cant inflammatory reaction. Either small cytokines, or ni-
tric oxide, or free oxygen radicals, released by the in-
flammatory cells, individually or collectively, could easily
result in the final destruction of the immunoisolated islets.
For this purpose, Gill has proposed that ‘‘immunoisolat-
ing’’ membranes should be simply defined as ‘‘isolating’’
(39).

Autoimmune recurrence of disease. As said above this
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type of immune reactivity may be assimilated to xenograft
immunity as far as the involved cellular mechanisms are
concerned. It may eventually affect the extent of cellular
inflammatory response that is elicited in the immediate vi-
cinity of BAP subsequent to graft into a diabetic recipient
(Gill).

However, these putative immune mechanisms of immu-
noisolated islet graft destruction are in contrast with sev-
eral reports documenting long-term protection of the en-
capsulated islets from the host’s immune response in either
low or high diabetic mammalians both in vivo and in vitro
(42). For instance, we had made an original observation,
in our laboratory, where in a static incubation system, ei-
ther free or AG-PLO encapsulated rat islets had been ex-
posed to 17 kD, β-recombinant human interleukin 1 (IL-
1). Theoretically, such a small molecule should have easily
crossed the capsular barrier, and provoked effects similar
to those observed in unencapsulated islets that, upon IL-1
exposure, underwent loss of both cellular architecture
(Figs. 7ab and 8ab) and functional competence (Fig. 9).
On the contrary, the encapsulated islets were intact and
retained their insulin secretion capacity. It probably was
just a matter of physical distance, since in that experiment
we had employed CSM, although a stereochemical mole-
cule binding process might not be excluded. Therefore fur-
ther study is required of the limits and pitfalls of immunoi-
solation strategies to prevent the islet graft-directed
immune phenomena, as specifically reported below.

2. Not Immunomediated

Many potential pathways that do not include immune
events may theoretically lead to restricted survival and
functional performance of immunoisolated islet grafts. The
BAP’s (whether it be composed of macrodevices or micro-
capsules) overgrowth with fibroblasts is a common cause
for graft failure. As said elsewhere, this phenomenon may
depend on the material biocompatibility but also on the
islet cell capacity to adapt to new environmental condi-
tions. These obviously are quite distant from those of the
native endocrine pancreas. For this purpose, a major prob-
lem, strictly correlated with the implant site, is represented
by O2 supply (43,44). In fact, necrosis of the central islet
cell core has been extensively documented in support of
this assumption. Preliminary documented attempts have
been made, as elsewhere mentioned, to connect somehow
the naked or encapsulated islet containing immunoisola-
tory devices directly to the blood stream, or prevascularize
them so as to overcome this specific problem, although
other reports focusing on the same topic remain question-
able (45). In general, while selected studies have proven
to be on the right path, the overall results so far obtained

(a)

(b)

Figure 38.7 In vitro (a) free and (b) AG/PLO microencapsu-
lated rat islets prior to incubation with IL-1 (25�). (From Univ.
of Perugia.)

are still too limited and poorly quantifiable to allow for
systematic evaluation.

Another major problem lies on the adult islet β-cell low
mitotic rate (1–2%) (16). Although the islet cells have
been shown to be able to replicate (46), even within artifi-
cial membranes, the islet death rate overtook the islet cell
proliferation rate. Therefore any islet mass loss occurring
in the posttransplant period, as a consequence of either im-
mune- or not immunomediated events, virtually is not re-
placeable by the newly generated β-cells. Islet cell regener-
ation within the neoimplanted tissue would be greatly
facilitated by physical communication with the native pan-
creatic matrix. Increasing evidence, for this purpose, seems
to demonstrate that the pancreatic ductal network may play
an important role in inducing islet β-cell replication by vir-
tue of the release of selective growth factors (ie, IGF II)
(47). This being the case, reconstruction of the original
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(a)

(b)

Figure 38.8 In vitro exposure of (a) free and (b) AG/PLO mi-
croencapsulated rat islets to 17 kD β-recombinant human IL-1
(100 mU/mL); profound derangements (a) or normality (b) of the
islet architecture are observed (25�). (From Univ. of Perugia.)

Figure 38.9 In vitro exposure of free and AG/PLO microen-
capsulated rat islets to 17 kD β-recombinant human IL-1 (100
mU/mL); insulin secretory patterns are compromised for free but
not for encapsulated islets (p � 0.01). (From Univ. of Perugia).

pancreatic milieu inside a BAP might greatly help to pro-
long survival of the enveloped islets.

It is finally worth mentioning the possible occurrence
of apoptotic phenomena. These could account for loss of
the originally implanted islet cells mass, not otherwise ex-
plainable by the occurrence of other β-cell targeting nox-
ious events. However, the impact of apoptosis inducing
decline in the original transplanted islet cell mass will re-
quire further study (48). Finally, a problem that seems to
pertain closely to macrodevices, rather than microcapsules,
is the fibroblasts’ growth within the islet graft. Obviously,
these opportunistic cells will thrive at the expense of the
islet tissue, with additional subtraction of O2 nutrient
supply.

B. Biocompatibility and Specific Aspects
of Membrane Configuration

Any artificial material that is introduced into the body is
‘‘foreign’’ and may therefore elicit some kind of response.
Whether such a response is of a ‘‘benign’’ nature, self-
limiting and composed of humoral/cellular elements that
are relatively harmless to both the recipient and the im-
planted tissue, will depend upon either the nature of the
constituent biomaterials or that of the graft site or finally
the transplant procedure. On both the macrodevice’s and
the microcapsule’s side, and increasing number of biopoly-
mers, associated with more or less specified physicochemi-
cal properties, have been introduced in the past few years.
Not always, however, have the improved membranes’
technical features coincided with improvements of their
biological acceptance. Neither has compliance with safety
requirements. The interactions between the membrane and
the embodied cells on the one hand, and the membrane and
the host’s tissue on the other hand, both the graft functional
performance, and the host’s reactivity being equally criti-
cal, represent the most important issues, regardless of the
device’s size and physical configuration. The ideal end-
point would be that the biohybrid organ is not simply toler-
ated by the host but rather becomes part of it. Following
this principle, the artificial membrane, separating the
grafted tissue from the host, would not represent something
foreign that is simply in charge of regulating transmem-
brane nutrient/metabolite fluxes, while interdicting access
to mediators of the immune system. Rather, the membrane
should be fully integrated in a hybrid entity that incorpo-
rates the implanted cells and the host’s tissue, within a sys-
tem that finely adjusts its functional and immunological
properties to physiological requirements of the hosting
counterpart. If such an integrated system were in effect,
many of the still open issues could possibly be overcome.
There is no question that the device’s size and geometry,
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other than its bare chemical composition, deeply influence
either the extent of the device-directed host’s reactivity or
its survival or finally the functional performance of the de-
vice-embodied live cells.

Size is very important. In fact, the bigger the grafted
tissue volume, the more frequent are the unfavorable side
effects observed in the recipient. Newly developed proto-
types of the BAP aim to decrease the overall graft size.
However, problems differ between macrodevices and mi-
crocapsules. In the former, the main issue is to couple an
ideal tissue cell distribution, in compliance with the opti-
mal biochemical/metabolic exchange, to the smallest pos-
sible appropriate size. In this regard, a possible innovation,
as already mentioned, is the thin double-layer alginate
sheet. The particular flat, and minimally invasive configu-
ration of this macrodevice type seems to be suitable for
islet grafting purposes.

As far as microcapsules are concerned, special care is
now being taken in optimizing already established poly-
mers, such as the alginates, by either improving the basic
chemical formulations or creating new chemical blends to
coat alginate gel microbeads. In particular, alginate-based
microcapsules, associated with the possibility of dynami-
cally altering the outer coating thickness so as to regulate
the membrane’s permeability/porosity, are in progress
(49,50).

Practically, only a few attempts to use alternate poly-
mers for islet microencapsulation in high mammalians
have been made. Many different polymers and materials
belonging to different chemical categories have been pro-
posed along the past 4 or 5 years, but none has proven
able, at this juncture, to replace alginates effectively (see
below). Whether it reflects insufficient examination of new
chemistries, or the achievement of no tangible improve-
ments, remains unclear. Microcapsules, because of their
typical spherical shape, hold the important advantage of
coupling ideal cell distribution to favorable diffusion prop-
erties. However, major efforts have been made, in few
world laboratories, including ours, to reduce the original
CSM size (600–800 µm) (51). CSM were, in fact, origi-
nally tailored for rodent graft trials, where they have in-
deed performed satisfactorily, and proved to reverse hyper-
glycemia in mice and rats with either spontaneous
autoimmune or artificially induced diabetes. Unfortu-
nately, in larger animals, the islet mass putatively able to
reverse hyperglycemia coincided with a final encapsulated
islet volume that was overwhelmingly big (ie, 80/100 mL
per recipient dog), thereby resulting in mechanical and in-
flammatory reaction at the level of the peritoneal cavity.
Obviously, the latter represented the only possible graft
site for these capsules. To try to address this issue, atten-
tion was turned to develop smaller capsule prototypes,

measuring 300–400 µm, all the way through ‘‘conformal’’
coatings that enveloped each individual islet within a skin-
like hydrogel cast. This advanced capsule prototype virtu-
ally coincided with the islet’s size itself. However, it is
not demonstrated that conformal coatings, ideally fulfilling
volume requirements, are also advantageous in terms of
either metabolic performance of, or immunobarrier com-
petence for, the embodied islets. We now believe that
medium-size microcapsules, measuring an average 300 to
400 µm in diameter, represent, as mentioned elsewhere, a
good compromise between volume and functional/immu-
noisolation performance.

C. Specific Issues and Pitfalls Associated
with the BAP

1. Macrodevices vs. Microcapsules

a. Pros and Cons

The search for an optimal device that couples the least in-
vasive transplant procedure to the best functional perfor-
mance is not over yet; it rather continues relentlessly. On
the basis of the features that are associated with macrode-
vices and microcapsules, the advantages and disadvantages
of each immunoisolation system can initially be recog-
nized (Table 9).

As progress in validating refinements of previously de-
veloped devices or in generating newly configured devices,
whether they are macromembranes or microcapsules, is
gradually being established, some of the pro’s and con’s
associated with either membrane’s type likely require reg-
ular updates. Furthermore, new device engineering may
introduce substantial changes in some principles previ-
ously indicated as sine qua non conditions. Some macro-
membranes are now able to fulfill the need for size restric-
tions that make them suitable for intraperitoneal or
subcutaneous islet grafting in high mammalians with no
significant adverse side effects. Likewise, a wide spectrum
of variably sized microcapsules is gradually being made
available in order to fulfill multiple tasks (Fig. 10). One
of these relates to the implant site that should not necessar-
ily be restricted to the large peritoneal cavity, as it was for
CSM. Furthermore, the smallest microcapsules could also
eventually be deposited in bigger devices, so as to generate
a multicompartment entity that incorporates cells and other
agents within a common immunoisolatory shield. This
could represent an advanced version of the BAP.

2. Chemistries

While, as elsewhere mentioned, AG-PLL/PLO continues
to represent the most widely studied chemistry for the fab-
rication of islet containing microcapsules, alternate chemi-
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Table 38.9 Microcapsules vs. Macrodevices

Pros Cons

Microcapsules Easier fabrication Suitable chemistry
Favorable size/distribution Different retrievability
Individual islet immunoprotection Quality control of each capsule
Minimal fibroblast growth Assessment of long-term durability
Easier in vitro culture Tissue loading restrictions

Macrodevices Uniform intact endocrine tissue Size inadequacy for TX
distribution Fibroblast growth

Easy retrievability Traumatic TX procedure
Thrombogenicity (vasc. dev.)

Figure 38.10 Schematic representation of variably sized micro-
capsules with respective final graft volumes. (From Univ. of Per-
ugia).

cal formulations have been described that may enable the
formation of microcapsules.

a. Uncoated Ca-Alginate Microcapsules

Because of the very well known ability of the alginates to
form highly biocompatible hydrogels, whether these are
prevalently composed of guluronic or mannuronic acid de-
rivatives, some groups have prepared alginate beads that
were uncoated with poly-l-lysine or other polyaminoacids
(52). Usually big Ca-AG microcapsules, measuring up to
3 mm in diameter, were fabricated and employed success-
fully to immunoprotect either allo- (53) or xenogeneic islet
grafts in diabetic dogs or rodents, respectively (54). Al-
though the capsules were proven to protect the islet allo-
grafts from acute rejection, a treatment course with general
immunosuppressants was scheduled for the recipients in
order to achieve sustained remission of hyperglycemia.
The uncoated AG beads have posed a special problem that
still remains open. In fact, MWCO associated with un-
coated AG capsules should amount to several hundred kD,
thereby virtually allowing for either immunoglobulins or
large-size complement fractions to cross the membrane.

Why such events did not result in acute destruction of the
capsules–embodied tissue remains unclear. The authors
postulated AG negative surface charges that would prevent
intracapsular access to similarly charged molecules. More-
over, prevention of cell-to-cell contact may play a role in
circumventing the xenograft-directed immune destruction.
While the immunoprotection capacity of these microcap-
sules warrants further investigation, their large size consti-
tutes a problem per se, for the reasons reviewed above.
Moreover, disposal of such a great amount of Ca-AG could
be a problem per se, since biodegradation of this polymer
is only partially known. Finally, need for using immuno-
suppressive agents in conjunction with the AG microcap-
sules would limit the impact of this microcapsule’s type
on islet graft immunoisolation technology.

b. Barium Alginate

Based on the principle that AG can be complexed with
divalent cations to form hydrogels, some authors have em-
ployed Ba ions to generate Ba-AG microbeads. This is a
one-step procedure, because Ba covalently binds to AG
and it does not require additional coating (55). Although
the simplicity of the method is attractive, and further re-
finements have permitted the authors to initiate the study
of smaller microcapsules (56), there are two major issues
with this microencapsulation procedure: (1) toxicity asso-
ciated with Ba ions (Ba is toxic to live cells), since the Ba
ion complexation rate cannot be precisely quantified; (2)
questionable ‘‘immunoisolation’’ properties of the micro-
capsules that have been only partially elucidated. In partic-
ular, Ba-AG microcapsules do not seem able to provide
the islet xenografts with sufficient immunoprotection (57).

c. Agarose

Agarose, like alginate, is a gelling agent extracted from
seaweeds, and it is composed of repeating units of alternat-
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ing β-d-galactopyranosyl and 3,6-anhydro-α-l-galacto-
pyranosyl. Depending upon temperature conditions, agar-
ose forms thermally reversible gels, with gelling occurring
at temperatures that are far below the gel fusion point (58).
Iwata and Ikada have developed several technical proce-
dures to form agarose microcapsules to immunoprotect
transplanted islets from the host’s immune attack. Typi-
cally these authors have employed 5% agarose gel solu-
tions to formulate their capsules, with no major problems
adversely affecting the enveloped islet cell viability as as-
sessed by in vitro studies. However, a potential technical
problem occurred with the capsules’ polydispersity, with
variable amounts of empty microspheres burdening the
overall graft volume. In terms of immunobarrier compe-
tence, agarose capsules have performed satisfactorily,
within an islet allograft system (typically mouse islets into
allogeneic mice with streptozotocin-induced diabetes)
upon intraperitoneal transplantation (59). Noticeably, ex-
tent of immunoprotection afforded by these microcapsules
seemed to decline when the recipients were NOD mice
with spontaneous, autoimmune diabetes, thus raising an
issue on the membrane’s immunoselectivity (59). Further
advances to cope with immune problems, specially associ-
ated with islet xenografts, have consisted of coating the
agarose microcapsule’s gel core with outer layers. These
were composed of sulfated polyanions, complement acti-
vators (ie, poly-styrene sulfonic acid–polybrene polyion),
and carboxymethylcellulose, the latter being added to im-
prove the capsule’s biocompatibility (59). Although these
specially engineered agarose microcapsules have appar-
ently prolonged the islet xenograft survival (hamster islets
into C57BL/6 diabetic mice), there is no compelling
evidence that blocking complement factors would per se
provide the final solution to the many problems posed by
encapsulated islet xenografts in nonimmunosuppressed di-
abetic recipients. Furthermore, no experience whatsoever
has been achieved in diabetic higher mammalians.

d. Polyethylene Glycol

The most appealing property of polyethylene glycol (PEG)
for fabrication of immunoprotective microcapsules is its
capability of forming a protein-repellent surface. In fact,
protein adhesion has been indicated to initiate the cell ag-
gregation process, on the capsule’s surface, which could
impair the membrane’s diffusion properties (60). PEG has
been used either to coat alginate-poly-l-lysine gel mi-
crobeads (61) or to create conformal coatings (62) that
tightly envelop each individual islet. The latter process
specifically addresses the capsular volume issue, already
indicated as a potential cause for encapsulated islet graft
failure. However, PEG has so far gained only limited con-

fidence as a basic material for microcapsule formulation.
Aside in vitro and in vivo biocompatibility studies, con-
ducted with empty PEG capsules, few data on grafts of
islet containing PEG microcapsules into diabetic recipients
have been so far reported. Furthermore, while chemically
elegant and sharp, the fabrication procedure of PEG micro-
capsules requires a laser-induced photopolymerization
process that is initiated by eosin. No sufficient data on pro-
cess safety have been provided to endorse this approach
as a potential substitute for alginates, agarose, and other
biomaterials. This being the state of the art with PEG mi-
crocapsules, in vivo studies, targeting both biocompatibil-
ity and immunobarrier competence of these membranes in
transplants in lower and higher animal models of diabetes,
are warranted.

e. Other Polymers

Chitosan has been proposed as a biomaterial that may be
suitable for the immobilization of cells that retain viability
and function, using a semiautomated process involving the
use of alginates within the microcapsule’s chemical formu-
lation (63). The multiple functional and therapeutic proper-
ties (ie, wound healing, etc.) of chitosan require further
investigation to assess whether the systematic use of this
polymer, either alone or in combination with other mole-
cules, would result in improving the microcapsules’ phys-
icochemical structure. This being the case, the environ-
mental conditions to which the islets are exposed would
consistently improve.

Hydroxyethyl-methacrylate-methyl-methacrylate (HEMA-
MMA) is a polyacrylate copolymer (64) prepared by solu-
tion polymerization after careful monomer purification.
Although the polymer is to some extent hydrophilic (25–
30% water uptake), it also associates with mechanical
strength, elasticity, and durability over time (Sefton). The
polymer has proven suitable to fabricate small capsules
that might represent the ultimate answer to the final graft
volume–related encapsulated islet problems. A possible
concern eventually lies in the use of potentially harmful
technical steps, during the capsule fabrication process,
such as exposure to shear forces and organic solvents that
might damage live cells. However, several cell types, such
as tumoral human and animal cell lines, and primary rat
hepatocytes and islets, have been successfully encapsu-
lated in HEMA-MMA, showing viability retention over
long periods of time. Engineered cell lines that produce
several factors have been also successfully encapsulated
in HEMA-MMA (65). While HEMA-MMA might provide
the enveloped cells with acceptable microenvironmental
conditions, owing to its suitability for incorporating addi-
tional factors, the specific usefulness of these membranes
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to encapsulate islet cells for transplantion in diabetic recip-
ients remains undetermined, and it certainly will require
further experimental study.

f. Miscellaneous Strategies

Many technical skills have been introduced by several
authors in an attempt either to upscale the microcapsule
fabrication process, and/or the individual microcapsule
physicochemical characteristics, or to implement the im-
munoprotection shield provided by these membranes. The
latter have been mainly addressed to treat diabetic NOD
mice, which indeed represent a precious animal model of
human type I diabetes, with molecules such as CTLAIg
that interfere with costimulatory immune pathways re-
sulting in the Tc system activation (Weber). These studies
(66) have been of great interest because they have induced
a significant prolongation of xenogeneic neonatal pig and
rabbit encapsulated islet graft survival in diabetic NOD
mice. This approach clearly addresses and aims to solve
the problem posed by the complex immune interactions
between an immunologically stringent host (NOD) and the
reactivity associated with immunologically distant islet
cells, as it happens in a xenogeneic islet transplant setting.
It is likely, as mentioned elsewhere, that the simple me-
chanical barrier provided by microcapsules, based on an
even refined polymer formulation, does not suffice for ade-
quate tissue protection, and could, on the contrary, require
the addition of other factors. Whether these should consist
of agents that induce either substantial general changes of
the host’s immune system or modifications of the mem-
brane formulations, including embodiment of molecules
that prevent and/or attenuate activation of the host’s im-
mune system, requires additional study.

g. Conformal Microcapsules (CM)

Several methods have been described to envelop the iso-
lated islets within conformal coatings. The rationale be-
hind this procedure is to create immunoisolatory mem-
branes that tightly envelop each individual islet, thereby
eliminating any idle dead space between the islet and the
outer capsule’s membrane. These volume-sparing micro-
capsules could still provide the grafted islets with immuno-
protection, although they would additionally be suitable
for transplant in sites that are alternative to the peritoneal
cavity. Among a few reported procedures to fabricate CM,
our own consists of suspending the islets in a two-phase
aqueous system comprising AG, dextran, and PEG that are
emulsified extemporaneously. The microemulsion droplets
engulf each islet, during brief incubation on a rocking
plate, prior to immediate gelling upon reaction on Ca-

Figure 38.11 Freshly prepared AG/PLO coherent microcap-
sules (25�). (From Univ. of Perugia.)

chloride. The gel microbeads are sequentially coated with
PLO, at particular molar ratios, in order to avoid any mem-
brane’s shrinkage, and finally with diluted AG (67) (Figs.
11 and 12). Alternatively to alginates, PEG can be used to
fabricate photopolymerized conformal coatings, as men-
tioned above.

h. MSM

In order to reduce the capsule’s size from 700–800 µm to
350–400 µm and thereby obtain smaller but not conformal
microcapsules, we have modified physicochemical vari-
ables of our original method for fabrication of CSM (67).
In particular, we have adjusted the following parameters:

Figure 38.12 Laser confocal microscopy micrograph of AG/
PLO microcapsules containing canine islets: membrane integrity
and viability of the islets are evident. (From Univ. of Perugia.)
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AG viscosity (increased)
AG/islet suspension extrusion flow rate (increased)
Air flow (increased)
Temperature of the suspension (decreased)

By making these technical modifications, we have been
able to obtain microcapsules that measured approximately
half the size of the original CSM (Fig. 13). The question
whether MSM might prevail over CM in immunoprotec-
tion of the enveloped islets while retaining a smaller size,
is still the subject of intense study in our laboratory. How-
ever, canine islet allografts, immunoprotected in MSM, in
two spontaneously diabetic, insulin-dependent dogs, was
associated with full reversal of hyperglycemia and discon-
tinuation of exogenous insulin that lasted in one animal
for as long as 600 days of transplantation (Fig. 14) in our
laboratory.

3. Microcapsules: Summary of Current Issues
and Outlook

Overall, the following issues related to islet microencapsu-
lation are now under scrutiny: (1) microcapsules’ size, con-
figuration, biomaterials, and membrane engineering; (2)
TX sites; (3) the use of xenogeneic islets; (4) protection
from both immune and not immune specific mediators of
the host’s reaction; (5) islets life span and functional sur-
vival within the special microenvironment of the capsules.

Some of these issues are closely related to each other.
(1) From what was said above TX of islet containing con-
ventional-size microcapsules (CSM) has consistently func-
tioned only in small diabetic recipients, like rodents,
thereby implying that new sizes and/or configurations need

Figure 38.13 AG/PLO ‘‘medium size’’ (400 µm in diameter)
microcapsules containing adult pig islets (25�). (From Univ. of
Perugia.)

Figure 38.14 Long-term remission of hyperglycemia and dis-
continuation of exogenous insulin administration in two dogs
with spontaneous insulin-dependent diabetes. (From Univ. of
Perugia.)

to be explored, in order to put the system to work in higher
mammalians. In our laboratory and a very few others, re-
search efforts for reducing the capsule size went even fur-
ther and finally resulted in the development of new confor-
mal microcapsules. In particular, a major advantage was
that, because of their minimal size, CM could be grafted
virtually everywhere, including in parenchymatous organs,
otherwise interdicted to bigger capsules. A general major
advantage of this encapsulation system has been that we
have employed the same chemical polymer formulation
(AG/PLO), although adjustments of the reagents’ concen-
trations, to fabricate our differently sized microcapsule
prototypes, were from time to time required. CM that would
occupy a final volume of a few mL/patient have been
shown to form highly biocompatible and immunoslective
biomembranes in our laboratory (68). We have preliminar-
ily documented that these membranes retain immunobar-
rier competence and protect allo- or xenogeneic islets, at
subtherapeutic doses, upon TX into adult pigs (Figs. 15,
16, and 17) (69). However, the afforded immunoprotection
lasted shorter for xenografts (ie, canine islets in CM) than
allografts (ie, porcine islets in CM) implanted in the adult
pig liver (unpublished data). In summary, CM and other
conformal microcapsules, while favorably impacting the
final TX volume, which would permit access to alternate
TX sites, could be more vulnerable, because of the extra-
thin nature of the coating membrane, in comparison with
CSM or MSM, to noxious environmental either immune
or not immune factors, that are part of the hosts’ reactivity
to the encapsulated islet TX. Just very recently we have
determined the extent of the immunoprotection afforded
to islets by differently sized microcapsules, namely CM
vs. MSM vs. CSM, with the latter prototype still showing
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Figure 38.15 Porcine islets contained in AG/PLO CM, im-
planted into the liver of adult normal pigs at 30 days post-TX:
full retention of islet cell viability and CM intactness (H&E
25�). (From Univ. of Perugia.)

better immunoisolation properties. In light of these find-
ings, microcapsule’s geometry certainly requires further
investigation. This looks like a priority together with fur-
ther implementation of the membrane’s functional compe-
tence in terms of improved immunoisolation capacity. As-
sessment of permselective properties associated with the
currently available AG/PLO/PLL microcapsules is in
progress and will likely be implemented in the near future.
(2) This issue is related to the former, since the TX site
has been virtually imposed so far by the final encapsulated
islet volume and therefore the individual microcapsules’
size. Obviously, CSM or MSM, because of their size, may

Figure 38.16 Porcine islets contained in AG/PLO CM, im-
planted into the omentum of adult normal pigs at 30 days post-
TX: full retention of islet cell viability and CM intactness (H&
E 25�). (From Univ. of Perugia.)

Figure 38.17 Canine islets contained in AG/PLO CM, im-
planted into the liver of adult normal pigs at 15 days post-TX:
full retention of islet cell viability and CM intactness (H&E
25�). (From Univ. of Perugia.)

be grafted only intraperitoneally, whereas CM or other
conformal capsules, as mentioned above, could be trans-
planted elsewhere, including, for instance, the mesenteric
leaflets or some parenchymatous organs. However, CM ap-
plication to a higher mammal TX system may be more
difficult than expected, as documented by early trials con-
ducted in large animals in our laboratory. Also, it is prema-
ture to assess which TX site for encapsulated islets could
better suit metabolic requirements of diabetic higher mam-
mals, although it is quite plausible that the closer the site
to the portal system, the better the TX functional perfor-
mance. Moreover, although microencapsulated islets are
not comparable to free islets, the lessons we have learned
from the latter, with special regard to certain TX settings,
as for instance, immunoprivileged conditions, like those
provided by testis-derived Sertoli’s cells (70), should be
highly regarded. Consequently, attempts to transfer the im-
munoprivilege associated with given organs/tissues into
the special capsules’ microenvironment should be closely
pursued. (3) Immunoisolation in microcapsules, differently
from any other islet TX immunoprotection strategies, at
this juncture, may offer the unique opportunity to employ
nonhuman tissue as a resource for donor islets. In the spe-
cific instance of T1DM patients, access to xenogeneic por-
cine islets could successfully overcome the problems of
the restricted procurement of human donor islets. Pig islets
would in fact secrete an insulin molecule that differs negli-
gibly from the human. Furthermore, pigs are omnivores
and their glucose metabolism is very close to human. Fi-
nally, pigs are attractive because they can be genetically
engineered, thus potentially providing for organs/tissues
that are closer to human. Methods for bulk retrieval of
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highly purified and intact islets, from selected donor pig
breeding stocks, have been made available by our labora-
tory and a few others upon generation of the many techni-
cal skills that were necessary to fulfill all the specifications
that are indispensable for the retrieval of viable and func-
tionally competent pig islet tissue (71). Since it is well
established that adult pig islets can easily lose their viabil-
ity upon culture maintenance and in vivo transplant, some
groups are now focusing their attention on neonatal pig
islets. These islets might survive and eventually expand
and mature, so as to acquire progressively their functional
competence (72). Finally, even if pig islets would be the
best candidates for xenogeneic functional islet tissue for
humans, within immunoisolatory microcapsules, still some
issues require additional and specific attention, prior to
even thinking to embark upon clinical TX. In particular,
the potential transmission of infectious agents, and in par-
ticular retroviruses, from pigs to humans has raised more
than scientific discussions (73). However, there are strong
reasons to believe that cellular transplants of such islet
cells are different from solid organ grafts, since the former
may enjoy immunoisolation in microcapsules or other arti-
ficial membranes, which makes a big difference, also under
regulatory restrictions. This point has been recently recog-
nized by international regulatory agencies and by groups,
including our own, that are working in this field (74). (4)
This issue is particularly difficult, because the immunoiso-
lation membrane, depending on its MWCO, can be crossed
by a very wide range of humoral substances and cell deriv-
atives, many of which may trigger an intense inflammatory
cell reaction. Although the microcapsule membrane’s
MWCO may be empirically tuned to the desired level,
there are several technical limits. It is difficult, in fact, to
determine the membrane’s porosity as well as filtration/
permeability which collectively represent a dynamic rather
than static property. It also is implicit that not only immune
specific mediators but also general cytotoxic agents such
as free oxygen radicals, nitric oxide, etc. may be harmful
to the encapsulated islet TX survival, and obviously there
are no physical barriers that could interdict access to gases
or very small molecules (75). An increasingly important
islet graft destruction mechanism is represented by β-cell
induced apoptosis. Cytokine-mediated expression of Fas
receptor on β-cells may represent a target for FasL express-
ing CD4 and CD8, not to mention that an additional β-
cell destruction mechanism could be represented by FasL
expressed by β-cells themselves (48). To try to obviate
these insidious mechanisms, major interventions are re-
quired on the capsules’ outer membrane formulation, in an
attempt to prevent the immediate impact of these mediators
on the encapsulated islet grafts. Moreover, a simple three-
dimensional monobarrier, like a sphere, may not suffice

for immunoprotection of highly immunogenic tissue such
as xenogeneic islets, and an additional intervention on the
membrane’s engineering may be necessary. Finally, as
mentioned below, an integrated physicochemical and bio-
logical immunodefense barrier is increasingly required to
obviate the islet TX directed, specific immune destruction.
Issue (5) is of critical importance for the encapsulated islet
TX longevity, which should be at least sufficient to provide
for substantial long-term reversal of hyperglycemia in the
transplanted recipients. An important point is the islet mass
that needs to be loaded into a single microcapsule or ma-
crodevice, since only balanced islet cell populations that
are sufficiently supplied with O2 and nutrients can result
in effective functional performance. Also, the islet life
span may be limited upon retrieval from the native pan-
creas by a number of variables, including hostile environ-
mental conditions associated with the TX site. If neonatal
islets were employed, they would even more require fac-
tors that implement their time-related maturation and ac-
quisition of functional competence. Some groups have
initially reported on the use of Sertoli’s cells, originally
situated in the testis, as a biological and immunological
support to islets in transplant trials into diabetic rodents
(76). These or other ‘‘ancillary’’ cells could greatly help
the rearrangement of the special microenvironment that
may mimic, although under completely different condi-
tions, the biological hallmarks of the original pancreatic
matrix. It is possible that the addition of growth factors
may play a key role in enhancing the survival potential
not only of fetal/neonatal (77) but also of adult islets (78).
Comicroencapsulation of islets and purified Sertoli’s cells
has been preliminarily shown to improve islet cell viability
and function (Fig. 18). The role of cotransplantating islets
with other cells producing substances, like hormones, that

Figure 38.18 AG/PLO microcapsules containing rat islets �
prepubertal Sertoli’s cells (12�). (From Univ. of Perugia.)
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may consistently improve islet viability and functional per-
formance is being increasingly recognized (79). Finally, as
mentioned, it is necessary to counteract apoptosis mecha-
nisms that may increase β-cell destruction. With respect
to this specific matter, some cotransplanted cells, such as
Sertoli’s cells, may express FasL or release FasL as a solu-
ble product that might help divert CD4-CD8 islet cell–
directed immune attacks. As an actual ancillary strategy,
which may be proved or disproved in the not too far future,
artificial β-cell lines, compatible with higher mammal met-
abolic requirements, could be developed so as to provide
for a virtually-inexhaustible islet tissue source (80). This
could be another application for microcapsules, since the
artificial β-cells could also be of nonhuman origin.

VIII. FUTURE TRENDS

The BAP seems to offer the practical opportunity to trans-
plant either human or nonhuman islets without general im-
munosuppression in the recipient. While the former is
clearly limited by the restricted availability of cadaveric
human donor pancreata, the latter could rely on the im-
proved performance of methods for separation and purifi-
cation of adult or neonatal islets from selected SPF pig
breeding stocks. Should the problem of potential transmis-
sion of adventitious microbial agents be overcome, pig is-
lets could represent an ideal tissue resource for human
transplants, for all the above-mentioned reasons. Two al-
ternatives are possibly ready to take over the pig islet
source in the more or less far future: (1) engineered insulin
producing cells; (2) in vitro regenerated islet cells. (1)
could rely on methods that are more and more refined for
generating cellular systems that are genetically engineered
not only to secrete insulin but lately also to reproduce the
glucose sensing apparatus that is uniquely associated with
β-cells (81). Regulation of insulin secretion appears to be
an indispensable feature of any insulin-producing tissue.
Caution is still required prior to endorsing the use of this
artificial tissue that is derived from tumor cells lines, for
transplanting diabetes patients. Much additional study in
this area is warranted for the years to come, although this
cell source seems to be the most appealing solution to ful-
fill not only islet mass problems but also immune identity
problems. Immune determinants of the artificial β-cells
could be, in fact, engineered to that the cells would not be
recognized by the immune system (81). Recently, methods
to engineer endogenous cells that would be ‘‘educated’’
to synthesize and release insulin upon pharmacologic stim-
ulation have been described (82). If successful, this ap-
proach could even obviate the need for transplantation.
This ingenious strategy has been validated, at the moment
and very preliminarily, only in rodents and requires further
safety and efficacy studies, but it remains a very interesting

potential strategy for the final cure of T1DM. (2) is closely
linked to (1). Recently attempts to regenerate islets from
pancreatic duct stem cells has preliminarily suceeded (83).
This procedure could make a virtually unlimited beta-cell
mass available in vitro, to fulfill the demand for cell trans-
plants in diabetes. The system’s performance, which seems
to require long-term in-vitro islet cell growing protocols,
as well as safety restrictions, needs to be further elucidated
in the near future. An important common feature of these
new engineered cell strategies is that with a few excep-
tions, all of them will require an immunoprotection, and
most likely an immunoisolation membrane. Therefore the
BAP likely represents the best approach to put the engi-
neered or otherwise artificially generated insulin-produc-
ing cells to work.

IX. CONCLUSION

Multiple-competence strategies, incorporating diversified
research fields, are now in progress to develop a cure for
T1DM. Cell/tissue engineering gene therapy, or artificial
device engineering might individually or synergistically
fulfill the task of definitely restoring normal blood glucose
levels in diabetic patients. Achievement of this goal would
mean prevention of both acute and chronic complications
of the disease. Among the available strategies, the BAP
seems to be closest to human application. In fact, variably
sized microcapsules, associated with increasingly refined
immunoisolation and biocompatibility properties, are now
available for islet graft immunoprotection with no need to
treat the host with general immunosuppressants. More-
over, as problems of neonatal or adult porcine islet mass
and purity are gradually being surmounted, the opportunity
to employ nonhuman tissue as a resource for donor islets
has come into sharper focus. Access to both immunoselec-
tive membranes and functionally competent cell tissue has
greatly enhanced the BAP’s potential. Toward this goal,
artificial cells that are genetically engineered to synthesize
and secrete insulin, contingent upon extracellular glucose
levels, will also be available in the not too far future for
application to in vivo trials. Conceivably, artificial cells,
entrusted with the highly specialized task of replacing the
normal islet β-cell function, are likely to take over human
and animal tissue sources for transplant of patients with
T1DM. Obviously, safety issues will require thorough
scrutiny and specific solutions prior to enrolling the artifi-
cial cells into clinical use.

The ideal microcapsule should be versatile, in terms of
long-term material stability, size, and immutable mem-
brane selective properties (filtration/permeability/poros-
ity), in order to access multiple and diversified implant
sites. Suitability for replenishment would represent an ad-
ditional useful feature. The ideal insulin producing cell/
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tissue should be able to survive and thrive under likely
difficult environmental conditions, regardless of the im-
mune or not immune nature of adverse TX setting-related
factors. To accomplish this objective, additional tissue and
membrane engineering may be necessary. Multicompart-
ment microcapsules, where the primary or engineered in-
sulin-producing cells require the support of ‘‘nursing’’ cell
systems, or rather pharmacological agents that may sub-
stantially improve their longevity and functional perfor-
mance, could represent the final version of the BAP, suit-
able for second-level clinical trials.

Advances of the above reviewed research lines, in com-
pliance with standard international safety and efficacy cri-
teria, will unfold which prototype of BAP is readily avail-
able to begin human studies within the next few years to
come.
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I. SKIN ANATOMY

Skin, the largest body organ, covers a surface area of ap-
proximately 2m2 and receives about one-third of the blood
circulating through the body (1). It maintains the integrity
and function of the internal organs by restricting the pas-
sage of chemicals into and out of the body and stabilizes
body temperature and blood pressure.

Histologically, the skin can be divided into two layers,
the outer epidermis and the inner dermis with a total thick-
ness of 2–3 mm, as illustrated in Fig. 1 (2–3). The epider-
mis is approximately 100 µm thick and can be further sub-
divided into several layers of cells (4). These cells
originate in the stratum germinativum (the basal layer of
the epidermis) and undergo differentiation as they move
up through the stratum spinosum, granulosum, and lu-
cidum. The uppermost layer, the stratum corneum, is con-
sidered to be the rate-limiting barrier to the permeation of
drugs (5–7). It consists of corneocytes, which are nonnu-
cleated, flattened cells approximately 40 µm long and 0.5
µm in diameter, surrounded by an intercellular lipid-rich
matrix. Elias described the stratum corneum in terms of a
two-compartment model containing bricks (corneocytes)
and mortar (intercellular lipid) (8,9).
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The corneocytes have lost their cellular organelles and
cytoplasm during the process of cornification. They are
composed of keratin filaments that are stabilized by the
formation of disulfide bridges and surrounded by cellular
envelopes that consist of cross-linked proteins and cova-
lently bound lipid. The corneocytes are also interconnected
by polar structures termed the corneodesmosomes (10,11).

The intercellular spaces of the stratum corneum appear
to be completely filled with intercellular lipids that are gen-
erated from the exocytosis of lamellar bodies during the
differentiation of keratinocytes and to a lesser extent from
sebaceous secretions (12–14). One of the most notable dif-
ferences between the stratum corneum intercellular lipids
and all other biological membranes is that these lipids are
almost devoid of phospholipids. Instead, they are selec-
tively enriched in ceramides, fatty acids, sterols, lesser
quantities of glycolipids, sterol esters, triglycerides, cho-
lesterol sulfate, and hydrocarbons (15,16). The lipid com-
positions of pig and human stratum corneum are shown in
Table 1. The layer between the epidermis and the inner
dermis is referred to as the epidermal–dermal junction,
also known as the basement membrane (17). Beneath the
basement membrane lies the dermis, which consists essen-
tially of a matrix of fibroelastic connective tissue woven
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Figure 39.1 A cross-sectional illustration of human skin structure. 1. Hair. 2. Stratum corneum. 3. Stratum lucidum. 4. Stratum granulo-
sum. 5. Stratum spinosum. 6. Stratum germinativum. 7. Papillary dermis. 8. Apocrine sweat gland. 9. Arrector pili muscle. 10. Eccrine
sweat gland. 11. Adipocyte. 12. Hair cuticle. 13. Inner root sheath. 14. Outer root sheath. 15. Hair bulb. 16. Follicular papilla. 17.
Cortex. 18. Medulla. 19. Sebaceous gland.

from collagen fibers, elastic fibers, and an interfibrillar gel
of glycosaminoglycans (18). The dermis can be further di-
vided into two main layers: the papillary dermis and the
reticular dermis (19). The papillary dermis consists of rela-
tively loose connective tissue that contains smaller colla-
gen and elastic fibers. It is also interspersed by the circula-
tory, lymphatic, and nervous system of the skin. In
addition, it contains glycosaminoglycans and adhesive pro-
teins known as fibronectins that attach fibroblasts to the
collagen. The reticular dermis contains dense collagenous
and elastic connective tissue and unlike the papillary der-
mis does not enclose many cells and blood vessels or gly-
cosaminoglycans. It spreads over the subcutaneous fat,
which functions as a heat insulator and reservoir for extra
caloric intake.

The skin is breached by appendages such as sweat

glands, hair follicles, and associated sebaceous glands.
These appendages extend through the epidermis and der-
mis to the subcutaneous tissue but occupy only about 0.1%
of the total human skin surface (20).

II. PERCUTANEOUS ABSORPTION
PATHWAYS

Chemicals can permeate the skin through one of three
possible routes: appendageal, transcellular, and intercellu-
lar (Fig. 2). The overall flux across the skin is the sum
of the individual fluxes through each pathway that itself
depends upon their number per surface area and path
length as well as the compound diffusivity and physico-
chemical properties such as compound solubility. These
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Table 39.1 Composition of Human and Pig Stratum
Corneum Lipids (wt%)

Species (site)

Human Human Human Pig
Constituent (abdominal) (planar) (?) (?)

Ceramides 18 35 41 39
Ceramide 1 14 3.2 6
Ceramide 2 4.3 8.9 13
Ceramide 3 4.9 5.2
Ceramide 4 6.1 4.1
Ceramide 5 5.7 3.5
Ceramide 6 12 7.2

Glycosylceramides Trace 0 0.7
Fatty acids 19 19 9.1 11

Stearic acid 1.9
Palmitic acid 7
Myristic acid 0.7
Oleic acid 6.3
Linoleic acid 2.4
Palmitoleic acid 0.7
Others �0.1

Cholesterol 14 29 27 28
Cholesterol Sulfate 1.5 1.8 1.9 2
Sterol/wax esters 5.4 6.5 10 15
Di- and triglycerides 25 3.5 0 1.3
Squalene 4.8 0.2
n-Alkanes 6.1 1.7
Phospholipids 4.9 3.2 0

Source: Refs. 188–193.

pathways should not be treated as mutually exclusive
(21).

A. The Appendageal Pathways

The lower ducts of hair follicles and sweat glands are sites
of physical discontinuity in the stratum corneum and as
such serve as penetration pathways. The available diffu-
sional area of the appendageal route is approximately 0.1%
of the total skin area and only 0.01–0.1% of the total skin
volume (22–24). The possibility that appendages form a
pathway for percutaneous absorption has been demon-
strated using fluorescence microscopy (25). These findings
were consistent with previous investigations using autora-
diography, which showed penetration of hair follicles by
several substances such as adapalene, pyridostigmine, and
8-arginine vasopressin (25–27). Scheuplein et al. evalu-
ated the percutaneous permeation of small nonelectrolytes
through the appendageal and intercellular pathways. They
found that appendageal pathways provide a poor barrier to

Figure 39.2 Model of transcellular and intracellular pathways.
(a) Penetration occurs via appendages that exhibit a reduced bar-
rier to diffusion but occupy a relatively small surface area. (b)
Permeation through the stratum corneum (transcorneal perme-
ation) may be considered to occur through the intercellular lipid
domain or through the corneocytes (transcellular route). (Repro-
duced with permission from Schaefer et al. (187).)

the diffusion of nonelectrolytes relative to the intercellular
pathways. However, the relative surface area of the follicu-
lar pathways is relatively small (24). In view of these facts,
the follicular pathway is predicted to be quantitatively
more important at the transition (non-steady-state) phase
of percutaneous absorption (22–24,28,29). On the con-
trary, the diffusivity through the intercellular lipid domain
is relatively low, and as a result there is a corresponding
longer lag time. The comparatively large surface area of
this pathway contributes to a maximum flux for com-
pounds with the appropriate physicochemical characteris-
tics.

B. Transcellular vs. Intercellular Pathways

The transcellular and intercellular pathways are considered
the two major pathways for chemical penetration in the
stratum corneum. The transcellular pathway involves the
penetration of the substances through the inner lumen of
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the stratum corneum corneocytes. The intercellular path-
way involves the diffusion of the penetrants via the tortu-
ous but continuous intercellular lipid pathway (30). The
pathway through which the penetration occurs is largely
determined by the physicochemical characteristics of the
penetrants. It has been shown that a very important rela-
tionship exists between the hydrophobicity of the com-
pounds and their permeability coefficients (31). This may
suggest that the rate-limiting step for penetration through
the skin involves a hydrophobic barrier, i.e., intercellular
lipid. However, small polar compounds such as urea pro-
duced higher permeability coefficients than expected on
the basis of their octanol/water partition coefficient. This
may suggest that compounds penetrating the skin must
pass through the intercellular lipid. However, that does not
exclude that compounds can also pass through the inner
lumen of the stratum corneum corneocytes.

III. PRINCIPLES OF DRUG DIFFUSION
ACROSS SKIN

Percutaneous absorption of most drugs takes place by a
passive diffusion process that can be described by Fick’s
first law of diffusion (32). This principle is illustrated
mathematically in Eq. (1), which shows that the amount
of drug transported through a unit area of skin per unit
time (flux, J ) is the product of the diffusion coefficient of
the drug in the skin (D), the concentration of the diffusing
drug (C ), and the space coordinate measured normal to the
skin, which is actually the path length of diffusion from
the skin surface (x). The negative sign in the equation indi-
cates that the flux occurs in the direction of lowest concen-
tration.

J � �
DδC

δx
(1)

Fick’s first law is compounded by certain factors when
used to describe the drug permeation across the skin. It is
generally applied to steady-state flux from an infinite dose
along a unidirectional path through a homogenous mem-
brane. Furthermore, Fick’s first law assumes that only
the drug molecules diffuse through the stratum corneum,
the vehicle neither diffuses nor evaporates significantly,
the components from the skin do not alter the properties
of the donor solution, and the drug concentration remains
constant in the vehicle during the experiment. The stratum
corneum is not homogeneous by nature but it is composed
of lipid and protein domains. Therefore diffusion is not
constant over all dimensions, as demonstrated by the first
law. In addition, changes in the composition of the vehicle
can occur during the permeation experiments, affecting the

solubility of the drug and hence the calculated flux. To
examine the rate of change of drug concentration at a point
in the system, Fick’s second law is used. Prior to steady
state, the second law relates the rate of change of concen-
tration at a point to the spatial variation of the concentra-
tion at that point, and this can be described as

δC �
Dδ2C

δ2x
(2)

In in vitro diffusion studies, the concentration differential
is present during the experiment when sink conditions are
maintained. This can be achieved by using saturated drug
suspensions in the donor compartment and the maintaince
of low receptor concentrations (sink conditions). It is ex-
pressed mathematically by Eq. 3:

M �
ADKCO

x(t � x2/6D)
(3)

M is the cumulative amount of drug diffusing through the
membrane of area A, of thickness x, in time t. C0 is the
concentration at time � 0 and is assumed to be constant.
D is the diffusion coefficient. K is the partition coefficient.
This equation describes the diffusion process at steady
state. Differentiation of this equation with respect to time
gives the steady-state permeation rate as

dM

dt
�

ADKCO

x
(4)

or in terms of steady-state flux (J ) as

J �
DKCO

h
(5)

Flux is the slope of the graph of M vs. t after steady state
is reached. If the steady state line is extrapolated back to
the time axis, the intercept gives the lag time. Lag time
(tlag) is used to determine the time that is needed to establish
steady state across the membrane. This value can also be
used to estimate the diffusion coefficient, provided that the
thickness of the stratum corneum is known (x) as shown
in Eq. (6):

D �
X2

6tlag

(6)

IV. TRANSDERMAL THERAPEUTIC
SYSTEMS

The transdermal route offers distinct advantages over other
routes for the systemic delivery of drugs. For example,
drug administration through the skin eliminates variables
that influence gut absorption, such as changes in pH along
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the gastrointestinal tract, food and fluid intake, stomach
emptying time, intestinal motility, and transit time. Once
absorbed, the first pass effect of the liver is eliminated, thus
avoiding another profound site of potential metabolism and
improving drug bioavailability (33). In addition, the trans-
dermal route reduces the dose frequency by providing a
continuous controlled zero-order absorption through the
stratum corneum into the systemic circulation, which is
somewhat similar to that provided by an I.V. infusion.
However, unlike, an I.V. infusion, delivery is noninvasive,
and no hospitalization is required. The uniform drug
plasma levels reduce the side effects associated with oral
dosage forms, permit the use of drugs with short half-lives,
and improve patient compliance. Furthermore, the trans-
dermal route can use drugs with a low therapeutic index.

The systemic delivery of drugs through the skin, i.e.,
transdermal delivery, was first introduced in 1981 when
Transderm V (now called Transderm Scop) was mar-
keted for motion sickness. Since then more than 25 differ-
ent transdermal drug delivery systems (TDS) have been
commercialized for the systemic treatment of a variety of
diseases such as scopolamine (34), nitroglycerin, isosor-
bide dinitrite, clonidine, fentanyl (35), estradiol, (36,37),
testosterone (38,39), timolol (40–42), triprolidine (43),
and nicotine (44–46).

A. Drug Candidate Selection

The selection of a potential candidate for the development
of a TDS has been extensively reviewed (34,47). Table
2 summarizes the major physicochemical properties and
pharmacokinetic characteristics of drugs incorporated in

Table 39.2 Physicochemical Properties and Pharmacokinetics of Drugs Transdermal Therapeutic System Products

Effective
Max. 24 Oral Plasma

M.W. M.P. log P Perm. coeff. h dose bioavail. level
Drug (Daltons) pKa (°C) (o/w) (cm/h⋅103) Cl (L/h) Vd (L) t1/2 (h) (mg) (%) (ng/mL)

Clonidine 230 8.2 140 0.83 35 13 147 6–20 0.3 95 0.2–2
Cytisine 190 — 155 �0.94 12.9 — — — 12 — —
Estradiol 272 — 176 2.49 5.2 615–790 4.8 0.05 0.1 — 0.04–6
Fentanyl 337 84 83 2.93 10 25–75 280 3–12 2.4 — 1.0
Isosorbide 236 — 70 1.55 — 204 100–300 0.5–1.0 20 20 2–4

dinitrate
Nicotine 162 6.2/11 	80 — 3 78 182 2 22 30 10–30
Nitroglycerin 227 — 13.5 2.05 20 966 231 0.04 15 �1 1.2–11
Norethindrone 340 — 161 — — — — — 0.25 — 0.5–1.0

acetate
Scopolamine 303 7.8 59 1.24 0.5 67.2 98 2.9 0.17 27 0.04
Testosterone 288 — 153 3.31 400 — — — 6.0 �1 10–100

Source: Refs. 194–196.

TDSs. It can be speculated that drug candidates with low
molecular weights permeate the skin at greater rates than
compounds with higher molecular weights. Generally,
they should have appropriate lipid solubility, i.e., log
[octanol/water partition coefficient] between �1 and 2,
since compound with log[octanol/water partition coeffi-
cient] lower than �1 will have difficulty in distributing
from the TDS into the stratum corneum. Moreover, com-
pounds with log[octanol/water partition coefficient] of less
than 2 may have problems in achieving steady plasma con-
centrations in reasonable time spans because the drug is
delayed in the stratum corneum where a reservoir may be
established (47). Drug crystallinity or melting point influ-
ences drug skin permeability. In general, the lower the drug
melting point, the higher its permeability through the skin.
In addition, drug candidates should have short half-lies,
and this was suggested by the observation that a longer
biological half-life increases the steady state concentration
of the compound. Simultaneously, the time needed to reach
steady state is significantly increased under these condi-
tions (it takes five half-lives to reach steady state), which
may be overly long as compared to the duration of patch
use. The drug candidate should not exhibit any skin irrita-
tion, toxicity, or allergy. The drug should also be potent,
and the therapeutic response should be obtained by the sys-
temic delivery of no more than 25 mg/day. The equation
used to determine the flux required to maintain a therapeu-
tic concentration of a drug in the plasma is

Jskin � CLSS � CLT (7)

where Jskin is the flux (µg/cm2/h) required to obtain a thera-
peutic drug concentration, CLss is the unchanged drug
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plasma concentration (ng/mL), and CLT is the drug clear-
ance rate (L/h).

B. Design of Transdermal Delivery Systems

Transdermal drug delivery systems are pharmaceutical
dosage forms that can deliver therapeutically safe and ef-
fective concentrations of drug molecules from polymeric
patches applied on the human skin over extended periods
of time. These systems can be classified into four main
categories as shown in Fig. 3.

1. Membrane-Moderated Transdermal Drug
Delivery Systems (MMT)

It is generally recognized that the membrane-moderated
transdermal delivery systems (MMT) consist of a drug res-

Figure 39.3 Cross-sectional illustration of the four main mar-
keted transdermal system designs. (Reproduced with permission
from 3M.)

ervoir compartment that lies between an uppermost imper-
meable flexible backing layer that prevents the drug per-
meation from the top and a semipermeable rate-controlling
membrane with an adhesive layer that resides below the
drug reservoir (2). The lowermost layer is a release linear
that protects the system during storage.

In the drug reservoir, the drug is either completely solu-
bilized or suspended in a liquid phase (e.g., Carbomer gel)
(48). The drug diffuses passively through the rate-control-
ling membrane toward the skin. In a suspension formula-
tion, the drug release follows zero-order kinetics. These
release kinetics are considered the one of the primary ad-
vantages of this delivery system (40,48–50).

The semipermeable rate-controlling membrane must
demonstrate preferential permeability of the drug over the
reservoir media. The membrane can be either microporous
or a nonporous continuous film. The microporous mem-
branes contain interconnected pores that are made of poly-
ethylene or polypropylene. These pores are filled with liq-
uid such as mineral oil or ethanol. The drug is transported
through the interconnected pores by diffusion through the
liquid phase. The nonporous continuous membranes are
made of polyethylene, polydimethylsiloxane, polypropyl-
ene, or ethylene vinyl acetate copolymer. The drug trans-
port mechanism involves partitioning of the drug in the
upper side of the membrane and then diffusion through the
polymer film (51).

A thin layer of drug–skin compatible adhesive lines the
external surface of the rate-controlling membrane. These
adhesives are composed of polymers that can adhere to the
skin when slight pressure is applied. Adhesives are a criti-
cal component in MMT. In addition to their usual require-
ments of functional adhesive properties, they must demon-
strate good biocompatibility with the skin, chemical
compatibility with the drug, various components of the for-
mulation, and provide controlled and consistent transder-
mal delivery of the drug with several years of shelf stabil-
ity. Furthermore, they should be easy to remove when
desired, without causing trauma to the skin. Adhesives
should maintain their functional properties of tack, release,
adhesion, and cohesive strength in the presence of drugs
and excipients. Appropriate selection of the adhesive is re-
quired for a consistent and predictable delivery of drug
to systemic circulation. Most of the adhesives utilized are
within one of the following general classes: silicone, poly-
isobutylenes, or acrylate (52–55). Silicone polymers are
inert and compatible with many drugs and excipients.
However, they have a high tendency to react with basic
amine functional groups in compounds that may compro-
mise their shelf stability by reducing their tack and skin
adhesion properties or increasing the force required to re-
move the release liner. To increase their compatibility, the
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Figure 39.4 The chemical structure of polyisobutylene.

reactive hydroxy-functional groups can be eliminated by
an end-capping process. Polyisobutylenes are homopoly-
mers of isobutylene and are composed of a long straight
hydrocarbon backbone with an unsaturated terminal
(Fig. 4).

Polyisobutylenes are relatively nontoxic, odorless and
inert and are used when prolonged skin contact is desired,
since they are less likely to cause skin irritation than other
adhesives (56). However, Fang et al. evaluated skin adhe-
sion properties of polyisobutylenes and compared them
with these provided by silicone adhesive. They found that
the adhesion properties of silicone adhesive were higher
than the polyisobutylenes adhesive. To improve polyisobu-
tylene adhesion properties, tackifiers such as polyisoprene
and secondary tackifiers (terpene polymer; Px 1150) were
incorporated into the formulation (57). Acrylate-based ad-
hesives are extensively used for a variety of medical appli-
cations, since they are highly resistant to oxidation and do
not require the addition of stabilizers. In addition, they are
less irritant than silicone adhesives and are available in
porous grades that are air and water vapor permeable. They
are produced by copolymerizing acrylic esters with other
comonomers (Fig. 5).

The flow chart in Fig. 6 outlines the manufacturing pro-
cess and equipment for the production of MMT patches.

2. Matrix Diffusion-Controlled Transdermal Drug
Delivery Systems (MDC)

The matrix diffusion-controlled transdermal delivery sys-
tem (MDC) has the simplest design of the four TDS cate-

Figure 39.5 The chemical structure of polyacrylate.

Figure 39.6 Flow chart of the process and equipment involved
in the production of the Transderm-Nitro system, a membrane
moderated transdermal therapeutic system. (Reproduced with
permission from Chien (2).)

gories. Its components are similar to those found in MMT
(Fig. 3). Unlike MMT, the drug reservoir contains a homo-
geneously dispersed drug in a semisolid hydrophilic or li-
pophilic matrix. The adhesive layer is spread on the cir-
cumference of the drug reservoir disc. This may eliminate
all possible drug/excipients adhesive interactions. Further-
more, the drug reservoir is not lined by a rate controlling
membrane layer. As a result, the rate of drug delivery is
regulated by the stratum corneum (56). Consequently, the
rate of drug delivery across the skin can be modified by
the incorporation of excipients that may alter the stratum
corneum barrier properties such as transdermal enhancers
(see below).

The flow chart in Fig. 7 shows the process and equip-
ment involved in the production of MDC patches.

3. Adhesive Dispersion-Type Transdermal Drug
Delivery Systems (ADT)

Adhesive dispersion-type transdermal drug delivery sys-
tems (ADT) technology is based on suspending the drug
and excipients in the skin adhesive polymer (e.g., polyiso-
butylenes or polyacrylate). The adhesive layer must pro-
vide skin contact for a specified period of time. Simulta-
neously, the drug must be released from the adhesive layer
in a consistent and reproducible manner. So as to fulfill
these two requirements, ADT formulation is considered to
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Figure 39.7 Flow chart of the process and equipment involved
in the production of the Nitro-Dur system, a matrix-diffusion-
controlled type transdermal drug delivery system. (Reproduced
with permission from Chien (2).)

be the most complex to formulate within the four basic
TDS.

Unlike MMT, the drug release rate from ADT patches
follows first-order kinetics. The drug release rate will
decline as the drug concentration in the adhesive layer
decreases due to drug release. To overcome first-order ki-
netics, a reservoir of suspended drug particles may be in-
corporated in the adhesive formulation, or a multilaminate
concept may be used.

Figure 39.8 Flow chart of the process and equipment involved in the production of an adhesive dispersion-type transdermal drug
delivery system. [Reproduced with permission from Chien (Ref. 2).]

The flow chart in Fig. 8 shows the process and equip-
ment involved in the production of ADT patches.

4. Microreservoir Dissolution-Controlled
Transdermal Drug Delivery Systems (MDCT)

Microsealed transdermal drug delivery systems combine
the properties of the membrane moderated and matrix
diffusion-controlled transdermal delivery systems (Fig. 3)
(58,59). The system is made of two basic components, a
biologically compatible polymer container and an inner bi-
ologically compatible silicone polymer matrix with micro-
sealed compartments. The microsealed compartment con-
tains the drug such as nitroglycerin in a hydrophilic solvent
system, in which the ratio of the partition coefficient of
the drug between the hydrophilic solvent system and the
inner biologically compatible silicone polymer matrix is
between 1 and 10�4 mL/µm. The biologically compatible
polymer container should be biologically and pharmaceuti-
cally acceptable. They must also be nonallergenic and non-
irritating. Furthermore, the polymer should not be soluble,
because both dissolution and/or erosion of the system may
affect the release rate of the drug. The polymer container
should have a glass transition temperature below room
temperature. Examples of the polymer container compo-
nents include polyethylene, polypropylene, ethylene/
propylene copolymer, ethylene/ethylacrylate copolymers,
ethylene/vinyl acetate copolymers, silicone rubbers, espe-
cially medical grade polydimethyl siloxane, neoprene rub-
ber, vinyl chloride copolymer with vinyl acetate, poly-
methacrylate polymer, vinylidene chloride, ethylene
and propylene, polyethylene terephthalate, butyl rubber,
epichlorohydrin rubbers, ethylene/vinyl alcohol copoly-
mer, ethylene/vinyloxyethanol copolymer, and the like.
The pharmaceutical delivery device is in an aqueous envi-
ronment that is composed of a hydrophilic solvent system
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Figure 39.9 Flow chart of the process and equipment involved
in the production of the Nitrodisc system, a microsealed trans-
dermal drug delivery system. (Reproduced with permission from
Chien (2).)

that is inserted with a hydrophobic solvent system into the
silicone matrix. The hydrophilic solvent is mostly com-
posed of 10–30% polyethylene glycol 400 in distilled wa-
ter. The hydrophobic solvent system is made of about 5 to
15% w/w of a product chosen from isopropyl palmitate,
mineral oil, cholesterol, or a triglyceride of a saturated co-
conut oil, or a mixture thereof. The flow chart in Fig. 9
shows the process and equipment involved in the produc-
tion of MDCT patches.

V. ENHANCEMENT OF SKIN
PERMEATION

The transdermal route offers several advantages over other
routes for the delivery of drugs with systemic activity.
These advantages are well documented and are discussed
in Section IV. However, the use of this route is often hin-
dered by the poor permeability of the skin, primarily attrib-
uted to the outermost layer, the stratum corneum (SC). A
number of approaches, chemical and physical, have been
used that reversibly alter the barrier layer of the skin and
allow the delivery of drugs into the systemic circulation.

This section focuses on the various approaches, that
have been developed to reduce the skin barrier properties
and promote drug permeation.

A. Chemical Penetration Enhancers

Chemical penetration enhancement using accelerants or
sorption promoters is the most widely utilized technique
to increase drug permeation across the skin (60). These
compounds alter the permeability characteristics of the
stratum corneum, allowing an increased rate of percutane-
ous absorption of coadministered drugs. Ideally, an en-
hancer should have the following properties (34,61,62):

1. Be nonirritant, nonallergenic, nonphototoxic, and
noncomedogenic.

2. Be colorless, tasteless, odorless,and cosmetically
acceptable, with a suitable skin ‘‘feel.’’

3. Be compatible with all formulation components.
4. Be chemically and physically stable and pharmaco-

logically inert.
5. Be potent, with an immediate, predictable, and re-

versible effect on the skin barrier properties.
6. Have a solubility parameter close to that of skin

(i.e., 10 (cal/cm3)1/2 (63).

Williams and Barry have published extensively on the
mode of action of chemical enhancers on the skin barrier
properties (64). They proposed that enhancers may act by
one or a combination of the following mechanisms: inter-
action with the highly ordered intercellular lipids to impart
disorganization, thus increasing the paracellular diffusivity
through the membrane; interaction with the intracellular
proteins to promote the transcellular permeation through
the corneocytes; and/or increasing the partitioning of the
drug into the SC.

1. Water

Water alters the barrier properties of the SC and is a safe
and natural penetration enhancer. Normally, the SC is par-
tially hydrated, containing 5–15% water, and when fully
hydrated, the SC can hold as much as 50% water. Barry
et al. reported a 10-fold increase in the rate of permeation
of the fully hydrated SC relative to its value when it is
perfectly dry (65).

Hydration increases the permeation of both polar and
nonpolar substances, and Barry attributed this to the water
effect on the lipid fluidity and keratin of the SC (66). Water
increases the lipid fluidity by reducing the intermolecular
forces via hydrogen bonding with lipid polar head groups.
This loosens the lipid packing and increases the perme-
ation of drugs paracellularly. The dry SC is a dense struc-
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ture with a significant constraint on the rearrangement and
folding of the intercellular protein molecules. As skin wa-
ter content increases, restrictions on protein re-
arrangements lessen and the intermolecular hydrogen
bonding between protein molecules is reduced. This is
thought to increase drug permeation transcellularly.

2. Sulfoxides

Dimethylsulfoxide (DMSO) was one of the first com-
pounds to be tested for its penetration enhancing activity
(Fig. 10). There have been several publications in which
the enhancing activity of DMSO was evaluated using a
variety of drugs including steroids (67), flufenamic acid
(68), acyclovir (69,70), vidarabine (71), and salicylates
(72). Several theories were advanced regarding the mecha-
nism of enhancement of DMSO. Among these are the dis-
placement of water from the lipid head groups and loosen-
ing of the dense polymeric structure of the protein
molecules within the corneocytes (73). The second theory
suggests that DMSO extracts stratum corneum lipids, lipo-
proteins, and nucleoproteins, altering the barrier function
and increasing drug permeability (74,75). The third theory
proposes that DMSO may promote the drug permeation
by osmotically delaminating the SC, thus disrupting the
structure of the SC and increasing drug permeability (76).

DMSO use as a penetration enhancer was precluded by
primary disadvantages. DMSO penetration enhancing
activity is concentration dependent where high concen-
trations, greater than 60%, are required to produce en-
hancement activity (71). Unfortunately, at these high con-
centrations, DMSO was found to produce irreversible skin
damage (77) and to cause side effects such as erythema
(78,79) and wheals (80). Furthermore, unpleasant taste and
mouth odor were reported to follow the topical application
of DMSO due to dimethylsulfide, a metabolite of DMSO
(81).

Sekura and Scala investigated several alkyl homologues
of methyl sulfoxide (Fig. 10) with respect to their absorp-
tion enhancement and transdermal permeation of sodium
nicotinate and thiourea across guinea pig skin in vitro (82).
In the series (C2-C14), the best enhancement activity for the

(a) (b)

Figure 39.10 The chemical structures of (a) DMSO and (b) al-
kyl-DMSO.

permeation of both sodium nicotinate and thiourea across
guinea pig skin was provided by C10 analog, decyl methyl
sulfoxide (DCMS). DMCS provided 4.6 times greater pen-
etration than DMSO. Later, the effect of DCMS on the skin
permeation of a number of drug molecules was extensively
studied. DCMS enhanced the permeation of progesterone
(82,83), 5-fluorouracil (84), phenyl propanolamine, prop-
ranolol, acyclovir, and hydrocortisone (74,85). The experi-
mental findings suggested that DCMS is an effective en-
hancer for hydrophilic compounds rather than lipophilic
molecules. The major advantages of DCMS over DMSO
are that DCMS was reported to be a more potent enhancer,
and it can be used at concentrations as low as 0.1%. Unlike
DMSO, it has a reversible action on the skin (86).

3. Amides

N, N-dimethylacetamide (DMAC) and N, N-dimethylform-
amide (DMF) are short chain amides (Fig. 11). Like
DMSO, they are aprotic solvents that were reported to en-
hance the permeation of lidocaine (87), griseofulvin (88),
caffeine (89), and hydrocortisone (90) in vitro. The mode
of action of DMAC and DMF is similar to that of DMSO
(73). However, they are less effective than DMSO (91).

Michniak et al. prepared several clofibric acid amide
analogues and showed their effectiveness as penetration
enhancers using male athymic nude mouse skin as a model
membrane (92). Using hydrocortisone 21-acetate and beta-
methasone 17-valerate as permeants, they found that
clofibric acid octyl amide demonstrated the highest en-
hancement activity; coadministration increased the cumu-
lative amount of hydrocortisone 21-acetate after 24 h 51.6-
fold and that of betamethasone 17-valerate 10.3-fold. In
another study, Michniak et al. screened a series of acyclic
alkyl amide using hairless mouse skin in vitro and hydro-
cortisone 21-acetate as a model drug. These authors dem-
onstrated that some compounds provided higher enhancing
activity than Azone (increasing the flux up to 35.2-fold
over control with no enhancer) (93).

Ogiso and coworkers studied the effect of N, N-diethyl-

Figure 39.11 Chemical structures of DMAC and DMF.
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Figure 39.12 Chemical structure of N,N-diethyl-m-toluamide.

m-toluamide (DEET) (Fig. 12) and other transdermal en-
hancers such as N-octyl-β-D-thioglucoside, DMSO, N-
methyl-2-pyrrolidone, n-octanol, Azone, isopropyl my-
ristate, sodium oleate, oleic acid, monoolein, oleyl oleate,
cineole, and limonene on the permeation of indomethacin
and urea using male hairless rat skin in vitro (94). Aqueous
ethanol solution (40% ethanol) was used as control. They
found that DEET enhanced the permeation of indometha-
cin and urea relative to the control. In addition, DEET in-
creased the partitioning of indomethacin in the skin and
enhanced the thermodynamic activity of drug in the vehi-
cle. In previous research reported by Windheuser et al.,
DEET was evaluated against a variety of drugs including
hydrocortisone, hydrocortisone acetate, hydrocortisone 17-
butyrate, hydrocortisone 17-valerate, dibucaine, benzo-
caine, indomethacin, erythromycin, tetracycline hydro-
chloride, grisefulvin, myco-21-phenolic acid, and methyl-
salicylate using hairless mouse skin in vitro (95). DEET
provided significant increase in the permeation of all drugs
tested. The investigators attributed this to the DEET sol-
vent effect on the skin.

In summary, several amides show promise as potential
penetration enhancers. However, further studies need to be
performed to evaluate their toxicities, appropriate enhancer
concentrations, and model drugs that can be used with
these enhancers.

4. Amines

Several amines, namely diphenhydramine base, chlorphe-
niramine, and nicotine-were evaluated for their enhancing
activities using procaterol base and hairless mouse skin in
vitro. The mode of action of these compounds is still nu-
clear. The highest flux and permeability coefficient was
provided by nicotine � chlorpheniramine � diphenhydra-
mine base (96).

In a study on the enhancing activity of 12 long chain
amine enhancers with secondary and tertiary structures us-
ing hairless mouse skin in vitro and hydrocortisone as a
model drug, Michniak et al. found that the cyclic tertiary

and secondary acyclic amines are less active for increasing
hydrocortisone flux than tertiary acyclic amines (97). Fur-
thermore, alkyl amines were poorer flux enhancers than
their corresponding amides. In general, both cyclic and
acyclic amines were weak transdermal penetration en-
hancers.

5. Urea and Analogs

Urea (NH2CONH2) is a natural substance that is commonly
used in the treatment of scaling conditions such as ichthyo-
sis and psoriasis (98,99). Several investigators evaluated
urea as a potential enhancer of drug permeation. Feldman
and Maibach were the first to investigate the enhancing
effect of urea on the permeation of hydrocortisone acetate
from a cream formulation across the skin of volunteers in
vivo (100). They found a twofold increase in the perme-
ation of the drug when 10% urea in a cream formulation
was applied. A similar study by other groups concluded
that 10% urea can enhance the efficacy of the coadminis-
tered steroid (101,102).

It is worth noting the the activity of urea is largely de-
pendent on the vehicle as well as the concentration of urea.
Kim et al. evaluated the efect of vehicle composition on
the urea enhancing activity of ketoprofen permeation using
rat skin in vitro (103). Ketoprofen permeability was not
enhanced when urea in PG or PG/ethanol/water mixtures
was used. However, its permeation was slightly enhanced
when skin was pretreated with a 20% aqueous urea solu-
tion. Naito and Tsai evaluated the effect of urea concentra-
tions in an ointment base on the percutaneous absorption
of indomethacin using rabbit skin in vivo. A marked in-
crease in the drug absorption was provided with 0.5% urea
in the formulation. However, a decrease in the drug absorp-
tion was reported when urea concentration was increased
to 2.5 or 5%. This was attributed to the high pH of the
aqueous phase of the ointment, which may have reduced
the partition of the drug into the skin (104).

Using a series of urea analogues, Williams and Barry
evaluated the transdermal permeation of a model drug 5-
fluorouracil in human epidermal membranes in vitro (105).
They also correlated the effect of vehicle composition with
the activity of the tested urea analogues. The series include
1-dodecylurea, 1,3-didodecylurea, and 1,3-diphenyl urea.
The vehicles tested were light liquid paraffin, dimethyliso-
sorbide, and propylene glycol (PG). The chemical struc-
tures of the urea analogues are illustrated in Figure 13.

When light liquid paraffin was used as a vehicle, urea
analogues did not have significant permeation enhance-
ment activity relative to the liquid paraffin. However, when
other vehicles were used, a pronounced effect on the en-
hancing activity of the urea analogues was noticed. The
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Figure 39.13 The chemical structures of the urea analogues.

permeation of 5-fluorouracil from saturated solutions from
PG was higher than drug saturated solutions in dimethyli-
sosorbide and light liquid paraffin. In addition, no correla-
tion was established between the log partition coefficient
(octanol/water) and the enhancement ratios of the urea
analogues. Wong et al. prepared a series of cyclic, un-
saturated, biodegradable analogs of urea penetration
enhancers. Their investigations were designed to produce
penetration enhancers that maintained their excellent pene-
tration effect and possessed low toxicity. The enhancer
consisted of two parts: a highly polar parent moiety that
is an unsaturated cyclic urea (1-alkyl-4-imidazolin-2-one)
and a long chain alkyl ester group (106). They evaluated
the penetration enhancing activity of these enhancers on
the transport of indomethacin in petrolatum ointment
through shed skin of the black rat snake and reported a
penetration enhancement of indomethacin with three of
these analogues to be comparable to or better than that of
Azone (107).

6. Pyrrolidone Derivatives

N-methyl-2-pyrrolidone (NMP) is a hygroscopic and
aprotic solvent used for pesticides, chemicals, and poly-
mers. Recently, pyrrolidone and its derivatives were inten-
sively evaluated for their potential penetration enhancing
activity.

Sasaki et al. prepared a series of alkyl-substituted pyr-
rolidones and evaluated their effects on the transdermal

permeation and skin accumulation of phenosulfonphthal-
ein (phenol red) using rat skin in vivo and in vitro (108).
A relationship was established between the partition coef-
ficients of the pyrrolidone derivatives and the flux of phe-
nol red. This suggested that high enhancer lipophilicity is
crucial for enhancing the penetration of the hydrophilic
compound. The skin accumulation of the enhancers and
phenol red were reported to be concentration dependent
(109). In a later study, NMP was reported to promote
the permeation and to develop a reservoir of drug in SC
with 5-fluorouracil, triamcinolone acetonide, indometha-
cin, flurbiprofen, aminopyrine, tetracycline, betametha-
sone 17-benzoate, ibuprofen, and sulfaguanidine (108–
114.)

Yano et al. demonstrated that N-[2-(decylthio)ethyl]-2-
pyrrolidone (HPE-101) showed similar enhancing activity
relative to Azone (115,116). In another study, the same
group of investigators reported a synergistic effect for the
enhancing activity of prostaglandin E1 percutaneous per-
meation by NMP when glycols, glycerin, water, or trietha-
nolamine were used as vehicles. However, NMP enhance-
ment activity was lost when isopropylmyristate, alcohols,
peppermint oil, or hexylene glycol were used (117,118).
Like DMSO, the widespread clinical use of pyrrolidone
derivatives was limited because of their damaging effects
on the skin especially at high concentrations (81).

7. Azone and Its Analogues

Azone (1-dodecylazacycloheptan-2-one or laurocapram)
is the most extensively studied penetration enhancer since
being patented in 1976 (119). It is a chemical combination
of cyclic amide (pyrrolidone) and alkyl sulfoxide (DCMS).
Azone is a highly lipophilic structure with a log[octanol/
water partition coefficient] of 6.4. The chemical structure
of Azone is thought to relate directly to its mode of ac-
tion and imparts both hydrophilic and lipophilic character-
istics to the molecule. Molecular modeling studies sug-
gested that Azone assumes a spoon-shape configuration
which allows it to insert into the lipids of the stratum cor-
neum and interact with the hydrophilic domains, thereby
disrupting their packing and increasing drug penetration
(120). When compared with other transdermal enhancers,
Azone provides many advantages. It is not irritating or
allergenic when applied to human skin, it is absorbed der-
mally, but minimally absorbed into the systemic circula-
tion. In addition, it has been incorporated into various topi-
cal formulations such as creams, ointments, suspensions,
and patches and has promoted drug permeation at low con-
centrations (1–5%). The enhancing activity of Azone
was investigated using drugs with different lipophilicities
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including 9-desglycinamide-8-arginine vasopressin, hepa-
rin, indomethacin, nitroglycerin, propranolol, timolol, and
acyclovir (26,42,121–124). Barry and Bennett speculated
that Azone may be more effective in promoting the per-
meation of hydrophilic compounds than for enhancing the
permeation of hydrophobic compounds (125).

Due to the permeation enhancing activities of Azone,
several investigators developed new Azone analogs and
tested their penetration enhancing activities. Mirejovsky
and Takruri developed a series of hexamethylene lau-
ramide (pyrrolidine, piperidine, and hexahydro-1H-azep-
ine) with alkyl chain (seven, eleven, and fifteen carbons)
derivatives using hairless mouse skin in vitro and in vivo
(126). Three model drugs were investigated: hydrocorti-
sone, griseofulvin, and erythromycin, and the effect of pre-
treatment time with enhancer on the permeation of hydro-
cortisone was also evaluated. The results suggested that
hexamethylene lauramide had a broad spectrum of en-
hancer activity. Furthermore, the longer the pretreatment,
the lower the amount of hydrocortisone permeated. The in
vitro results also suggested that the permeation of hydro-
cortisone through hairless mouse skin in vitro was slower
than the penetration through living skin in vivo.

Okamoto et al. evaluated the enhancing effect of a se-
ries of azacycloalkanone analogues using guinea pig skin
in vitro and 6-mercaptopurine and 5-fluorouracil as model
drugs (127). Two parameters were determined, drug diffu-
sivity and partitioning into the skin using aqueous and eth-
anolic systems. In the aqueous system, the partitioning of
the drugs into the skin was enhanced by pretreatment with
enhancers, which also increased drug accumulation in the
skin. However, drug diffusivities were little affected. In
the ethanolic system, the enhancement was less than that
provided by the aqueous system. In another study by the
same group, Okamoto et al. showed that the enhancement
effect of various azacycloalkan-2-one derivatives was re-
lated parabolically to model drug lipophilicity (128).

Michniak et al. evaluated a series of Azone analogues
for their enhancing activities by substituting various sized
rings, new heteroatoms such as sulfur or nitrogen, and in-
corporating changes in the chain structure of the alkyl resi-
due using hairless mouse skin in vitro and hydrocortisone
as a model drug. They reported that most of the derivatives
were not as effective as Azone in delivering the hydro-
cortisone across the hairless mouse skin. In addition, thioa-
mide enhancers were less effective than their oxygen-
containing counterparts (129,130).

In summary, Azone has been shown to be an effective
penetration enhancer for a variety of drugs and is often
used as a standard for comparison when newer agents are
being evaluated.

8. Iminosulfuranes

Kim et al. and Strekowski et al. evaluated the penetration
enhancing activity of three novel series of iminosulfuranes
using hydrocortisone as a model drug and hairless mouse
skin in vitro (131,132). All enhancers tested were applied
to the skin as saturated suspensions in propylene glycol to
ensure their maximum thermodynamic activity. From the
evaluated series, S,S-dimethyl-N-(4-bromobenzoyl)imino-
sulfurane, S,S-dimethyl-N-(5-nitro-2-pyridyl)iminosulfur-
ane, and S,S-dimethyl-N-(4-phenylazaphenyl) iminosulf-
urane provided significantly higher flux over 24 h rela-
tive to the control (propylene glycol without enhancer).
However, S,S-dimethyl-N-(benzenesulfonyl)iminosulfur-
ane, S,S-dimethyl-N-(2-methoxycarbonyl benzenesulfo-
nyl)iminosulfurane, and S,S-dimethyl-N-(4-chloroben-
zenesulfonyl)imino sulfurane all decreased the permeation
of hydrocortisone significantly relative to the control. The
authors suggested that these three compounds could func-
tion as skin drug permeation retardants.

9. Surfactants

Surfactants are extensively used in topical and dermatolog-
ical formulations to increase product stability and to pro-
mote drug permeation through the skin. Surfactants can be
generally classified based on the charge of their hydro-
philic head at physiological pH into cationic, anionic, non-
ionic, and zwitterionic. It is generally accepted that the use
of nonionic surfactants results in less skin irritation com-
pared to other surfactant groups, yet they provide lower
transdermal enhancing activity. Ashton et al. investigated
the transdermal enhancement activity of a cationic (dode-
cyltrimethylammonium bromide ‘‘DTAB’’), anionic (so-
dium dodecyl sulfate ‘‘SDS’’), and nonionic (Brij 36T)
surfactants (133). By evaluating the flux of the model drug
methyl nicotinamide using human cadaver skin in vitro
they reported that Brij 36T showed the lowest enhancing
activity compared to the other two surfactants. Further-
more, Brij 36T provided the shortest lag time, which sug-
gested that nonionic surfactant penetrates the membrane
more rapidly but binds less with the skin components. Sim-
ilar findings were demonstrated by Gershbein, who evalu-
ated the skin irritation induced by the application of cetyl-
trimethyl ammonium bromide and sodium lauryl sulfate
(SLS) and correlated it with their transdermal promoting
activity (134). He reported that the two enhancers damaged
the skin,leading to a significant increase in transdermal
drug permeation.

In view of the damaging effects of cationic and anionic
surfactants, Rhein et al. investigated the effect of ampho-
teric surfactants on the swelling of isolated human stratum
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corneum secondary to sodium lauryl sulfate (SLS) (135).
They found that the swelling was significantly reduced
when 1% alkyl ethoxy sulfate was coadministered with 1%
SLS. They attributed the lowering of stratum corneum
swelling to either a competition between the two surfac-
tants for binding sites in the stratum corneum or mixed
micelle formation that may reduce the number of SLS mo-
nomers available to interact with the stratum corneum.
Borras-Blasco et al. investigated the enhancing activity of
SLS on compounds with different lipophilicity using rat
skin in vitro (136). They concluded that the enhancing ac-
tivity of SLS was more significant on compounds with
lower lipophilicity, i.e., log[octanol/water partition coef-
ficient] � 3.

Kushla evaluated the effect of alkyl chain length of
three classes of cationic surfactants: alkyl dimethylbenzyl
ammonium halides, alkyl trimethyl ammonium halides,
and alkyl pyridinium halides, on the percutaneous perme-
ation of lidocaine and water through human epidermis in
vitro (137). Lidocaine was applied to the skin in the form
of a suspension in propylene glycol : water mixtures con-
taining cationic surfactants of varying alkyl chain lengths
from the three classes given above. Increasing the concen-
tration of surfactant was associated with higher enhance-
ment ratios of both penetrants relative to control. In sum-
mary, alkyl chain lengths of 12 or 14 carbons provided the
highest enhancement activity.

10. Alcohols

Small alcohols such as methanol and ethanol have been
commonly used in topical formulations as transdermal
penetration enhancers and solvents. Bommannan et al.
evaluated the mechanism of action of these compounds
(138). Alcohols exert their action by extracting the stratum
corneum polar lipids, hence the increase in drug perme-
ation is lower than that observed with Azone. Ethanol
was shown to be an effective enhancer for a variety of
drugs including estradiol (139), nitroglycerin (140,141),
buprenorphine (142), diclofenac (143,144), alclofenac,
and ibuprofen (145). It is important to note that the en-
hancing activity of ethanol is concentration dependent.
For example, at an ethanol volume fraction of 0.7 or
below, nitroglycerin flux was improved, whereas at higher
alcohol concentrations the drug permeation was hindered
(141).

The enhancement activity of alcohols is a function of
their alkyl chain length. Friend et al. evaluated the effect
of alkyl chain length using levonorgestrel as a model
drug (146). The enhancement activity of alkanols was re-

duced as the alkyl chain length was increased beyond 4
carbons.

11. Cyclodextrins

Cyclodextrins (CDs) are naturally occurring biocompatible
substances that are made of six, seven, or eight glucopyra-
nose units: α, β, and γ CDs, respectively with a hydrophilic
outer surface and a lipophilic cavity in the center. De-
pending on the drug and treatment protocol, these agents
can act as enhancer, or mild dermal retardants. They are
known to increase lipophilic drug solubility by forming
inclusion complexes. Williams et al. evaluated the perme-
ation enhancement activity of β and 2-hydroxypropyl-β-
CDs alone and complexed with other penetration en-
hancers for the model drugs 5-fluorouracil and estradiol
using human cadaver skin in vitro (147). They demon-
strated that CDs did not enhance the permeation of either
drug. Furthermore, complexation of lipophilic terpene with
the CDs reduced enhancer efficacy. They concluded that
CDs do not act as penetration enhancers. In addition, some
CDs can be incorporated into topical formulations to retard
the absorption of toxic materials. These findings conflict
with data published by Vollmer et al. (148). They evalu-
ated the enhancement activity of different concentrations
of 2-hydroxypropyl-β-CDs and 2,6-dimethyl-β-cyclodex-
trin using liarozole (cytochrome P450 inhibitor) and a rat
model in vivo. At 20% aqueous solution of 2-hydroxypro-
pyl-β-CDs, the absorption of liarozole was increased three-
fold. However, a 20% aqueous solution of 2,6-dimethyl-
β-cyclodextrin retarded the percutaneous absorption of
liarozole in blood by a factor of 0.6. It is interesting to
note that pretreatment with 2,6-dimethyl-β-cyclodextrin
(20%, 4 h) promoted the transdermal absorption 9.4-fold.
Differential scanning calorimetery (DSC) studies sug-
gested that 2,6-dimethyl-β-cyclodextrin enhanced the per-
meation of liarozole by interacting with protein and lipid
fraction, whereas 2-hydroxypropyl-β-CDs enhanced the
drug permeation by affecting the drug partitioning into the
skin.

12. Terpenes

Terpenes are naturally occurring hydrocarbon constituents
of essential oils that are not aromatic in character. They
have been found to be promising penetration enhancers
with low cutaneous irritancy and good toxicological pro-
files at low concentrations (1–5%) (149). Terpene en-
hancers were reported to increase the percutaneous ab-
sorption of lipophilic as well as hydrophilic compounds
(150–153). In their study on the effect of terpene en-
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hancers on the percutaneous absorption of indomethacin
in rats in vivo, Nagai et al. found that limonene was as
effective a penetration enhancer as Azone at a concentra-
tion of 1% in an indomethacin gel ointment (154). In addi-
tion, limonene was reported not to affect the partitioning
of indomethacin into the skin, and it was suggested that it
enhanced indomethacin permeation mainly by affecting
the highly ordered structure of the stratum corneum lipid.
Oxygen-containing terpenes in this study did not increase
the permeability of indomethacin, a nonpolar drug. How-
ever, the oxygen-containing terpenes carvone, α-terpineol,
and 1,8-cineole did enhance the transdermal delivery of
the polar drug 5-fluorouracil across human cadaver skin
in vitro (155). Williams and Barry conducted differential
scanning calorimetry and Fourier transform infrared stud-
ies to evaluate the mechanism of action of terpene en-
hancers (156). These studies supported the theory that ter-
penes increase the drug percutaneous permeation mainly
by interrupting the highly ordered intercellular packing of
the SC lipids. The same authors evaluated the reversibility
of terpene enhancing effects using 5-fluorouracil as a model
drug and human epidermal sheets in vitro. They demon-
strated that 5- fluorouracil flux in terpene-treated skins de-
creased with time after washing out of the terpenes from
the skin surface (64). Unlike Azone, terpene enhancers
were reported to produce lower skin irritation (149).

13. Fatty Acids and Fatty Alcohols

A parabolic relationship has been established between en-
hancement of drug permeation across the skin and the
chain lengths of saturated fatty acids and fatty alcohols.
Aungst evaluated the enhancement activity of naloxone
penetration across human skin using saturated fatty acids
(C7-C18) and fatty alcohols (C8-C18) (157). From the two
series the C12 alkyl chain lengths demonstrated the highest
flux of naloxone. In addition, they reported that C18 unsatu-
rated acids and alcohols provided more enhancement for
naloxone permeation relative to the saturated compounds.
Ogiso and Shintani reported in another study the parabolic
relationship between the chain length of the saturated fatty
acids (C6-C18) and the flux of propranolol across rabbit skin
(158). Since the C10 and C12 alkyl chain lengths are similar
to the alkyl chain length of cholesterol, it has been pro-
posed that these fatty acids and fatty alcohols disrupt cera-
mide–cholestrol and/or cholesterol–cholesterol interac-
tions in the SC. Aungst evaluated the effect of branched
and substituted fatty acids using human cadaver skin in
vitro and naloxone (157). He did not report any difference
between branched and linear fatty acids of the various
chain lengths studied except for the C18 compounds. Isos-

tearic acid provided more penetration enhancement for nal-
oxone than stearic acid.

14. Polymeric Enhancers

Aoyagi et al. investigated the use of polymers made of
benzalkonium chloride surfactants as percutaneous perme-
ation enhancers using 5-fluorouracil as a model drug and
rabbit skin in vitro (159). In this study, p-vinylbenzyldi-
methylalkylammonium chloride having a long alkyl chain
was polymerized to variable average molecular weights
ranging from 3,000 to 32,000. This enhancer increased the
permeability of 5-fluorouracil significantly relative to the
control with no enhancer. In addition, an inverse relation-
ship was established between the molecular weight of the
polymer and the permeation enhancement. Furthermore,
these polymers demonstrated lower skin irritation, which
was attributed to their low skin permeability due to their
large molecular weight, as suggested by DSC studies. The
polymeric enhancer approach offers many significant ad-
vantages such as low skin permeability of enhancers and
the chance to modify the structure of these compounds to
generate molecules of different lipophilicity and different
charge distribution characteristics (which have a major im-
pact on their interaction with the skin, donor vehicle, and
drug molecules).

Polydimethylsiloxane (PDMS) has been used exten-
sively in the medical and pharmaceutical fields. It has
many favorable physicochemical properties such as high
flexibility, hydrophobicity, good biocompatability, and
physiologic inertness (160). Recent studies on polymeric
enhancers have focused on using PDMS-based polymers.
In general, most of the evaluated polymeric enhancers pos-
sess polar and nonpolar groups. Such a combination pro-
vides the polymeric enhancers with different physicochem-
ical properties that enable them to interact with both the
skin and the drug. In another study by the same group,
Aoyagi et al. prepared PDMS enhancers with different po-
lar substituents at one chain end, such as N-methylpyri-
dinio, quaternary amino, phosphoramid, carboxyl, and 1-
alkyl-2-pyrrolidon-3-yl. These polymeric enhancers with
polar end groups were effective surface active agents and
penetration enhancers. They were also nonirritating due to
their low skin penetration and the physiologic inertness of
the PDMS backbone (161). These early PDMS polymers
were shown to be effective only for lipophilic drugs. This
was attributed to the mechanism of action of these poly-
mers, primarily interacting with the surface of the skin,
resulting in a change of the partitioning of the drug into
the skin. As a consequence, the same research group devel-
oped a new class of polymeric enhancers containing a
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hydrophilic segment such as polyethyleneglycol (PEG).
These copolymers containing a quaternary ammonium
moiety at one end of the chain were shown to be effective
in enhancing the permeability of both hydrophilic and lipo-
philic drugs (146). The effect of polymeric enhancer mo-
lecular weights on the percutaneous parameters of evalu-
ated drugs depended on the type of polymeric enhancer
used. Studies with diethyl phosphoramidate or carboxy ter-
minated dimethylsiloxane and benzalkonium chloride–
based polymers demonstrated a decrease in the activity of
the polymer with an increase in the degree of polymeriza-
tion. On the other hand, ammonio or pyridinio terminated
polydimethylsiloxane showed an increase in the enhancing
activity with an increase in molecular weight (159–162).
The end chain group had a major effect on the penetration
enhancing activity of the polymeric enhancers. Cationic
groups such as the ammonio or pyridinio groups precluded
the permeation of coadministered anionic drugs (indo-
methacin). However, pretreating the skin with cationic en-
hancer resulted in an increase in the amount of the anionic
drug permeated through the skin. Several mechanisms
were advanced to explain to explain this behavior. DSC
studies and curve fitting analysis revealed that these poly-
mers did not have an effect on the stratum corneum lipids,
as shown by the absence of changes in the transition tem-
peratures obtained. However, these polymers are known
to increase the partition coefficient of the drug into the
skin. These data support the idea that these polymers are
adsorbed onto the surface of the skin and consequently cre-
ate a new layer into which the drug can partition (163).

B. Physical Approaches

Although the chemical penetration enhancer method has
been widely studied, not many enhancers have been ap-
proved for use in marketed products. This is mainly due
to the unresolved question concerning the reversibility of
their actions as well as their safety. Recently, physical ap-
proaches that include phonophoresis, iontophoresis, and
electroporation have been extensively evaluated for their
ability to enhance drug permeation across the skin.

1. Phonophoresis

Phonophoresis, also known as sonophoresis or ultrasono-
phoresis, is defined as permeation of drug molecules with
a coupling/contact agent across the skin under the influ-
ence of ultrasonic perturbation (164–170). Phonophoresis
has been used in medicine for many years, and its use as
an aid for delivering medication transdermally is gaining
increasing recognition. The mechanism of ultrasound in-
duced skin permeation enhancement is not completely un-

derstood, but a combination of thermal, mechanical, or
cavitational effects are involved in this process (165).

Levy et al. evaluated the effect of ultrasound on skin
permeation of D-mannitol, insulin, and physostigmine in
rats and guinea pigs (164). They found that ultrasound al-
tered the permeability of skin temporarily and reversibly
and it nearly eliminated the long lag time usually associ-
ated with the delivery of drugs across the skin. Further-
more, the transdermal permeation of insulin and mannitol
in rats was increased by 5–20-fold relative to control
within 1–2 h after ultrasound treatment. Ultrasound also
substantially promoted the inhibition of cholinesterase
after the first hour following its application in both physo-
stigmine-treated rats and guinea pigs (p � 0.05). The in
vivo ultrasound-treated guinea pig group had a 15 � 5%
decline in the blood cholinesterase activity following 1 h
ultrasound application. However, in the control guinea
pigs, no significant inhibition of cholinesterase was re-
corded after the 2 h application of physostigmine. In rats,
cholinesterase level inhibition following 1 h ultrasound ap-
plication was 53 � 5% in the ultrasound-treated group and
35 � 5% in the control group. The authors suggested that
mixing and cavitation effects could be involved in the dif-
fusion phenomenon through the membranes both in vitro
and in vivo.

Mitragotri et al. evaluated the role of various ultra-
sound-related phenomena, including cavitation, thermal
effects, generation of convective velocities, and mechani-
cal effects, in the ultrasonic enhancement of drug delivery
across the skin (165). The results suggested that cavitation
appeared to play a profound role in the enhancement of
drug permeation across the skin following ultrasonic appli-
cation. Furthermore, confocal microscopy results indicated
that cavitation occurs in the keratinocytes of the stratum
corneum upon ultrasound exposure. The authors also hy-
pothesized that oscillations of the cavitation bubbles in-
duce disorder in the stratum corneum lipid bilayers, lead-
ing to enhancement in drug permeation across the skin.

There are a number of factors that must be considered
prior to the use of phonophoresis, including the frequency
and intensity of applied ultrasonic energy, the media be-
tween the ultrasonic applicator and the skin, and the length
of exposure time.

Frequencies ranging from 20 kHz to 10 MHz are com-
monly used in phonophoresis. Mitrogotri et al. used low
frequency ultrasound to enhance insulin permeation across
skin. This study was based that on the hypothesis that if
cavitation plays the major role in ultrasound enhanced skin
permeation and since the cavitation threshold increases
rapidly with an increase of ultrasound frequency, lower
frequency may lead to more cavitation, and as a result
higher drug delivery across the skin may be expected
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(167). They found that the increase in the ultrasound inten-
sity was associated with an exponential increase in the in-
sulin permeation. This may suggest that there is a nonlinear
dependence of cavitation on ultrasound intensity. They
also investigated the efficacy of ultrasound in promoting
the insulin flux in an in vivo hairless rat model. An inten-
sity dependent decrease in the blood glucose concentration
was observed upon the application of ultrasound. They
concluded that low-frequency ultrasound can be an effec-
tive tool in delivering insulin across hairless rat skin in an
intensity-dependent model. On the contrary, Bommannan
et al. used high ultrasound frequency to increase drug per-
meation across the skin. They referred this to the hypothe-
sis that higher ultrasound frequency would localize the
acoustic energy more within the stratum corneum and this
may significantly alter the skin barrier layer and promote
drug permeation (166). They evaluated this hypothesis us-
ing salicylic acid and hairless rat skin in vivo. Salicylic
acid permeation across hairless rat skin in vivo was more
significant when 10 MHz ultrasound was used compared
to that provided by 16 MHz. However, 16 MHz was more
effective in enhancing salicylic acid relative to 2 MHz.

The intensity used for sonophoresis typically ranges
from 0.1 to 3 W/cm2. Several research groups have inde-
pendently evaluated the effect of ultrasound intensity on
phonophoresis enhancement activity (164,166,168,169).
Miyazaki et al. investigated the relation between the
plasma concentration of indomethacin permeated across
hairless mouse skin and ultrasound intensity (171). The
plasma level of indomethacin increased threefold relative
to control after 3 h of phonophoresis (0.25 W/cm2). Further
increase in the intensity to 0.75 W/cm2 increased the indo-
methacin level 33-fold. The contact agents that are widely
used in phonophoresis are ultrasonic gels and propylene
glycol–water mixtures (170), and contact times of 5 min
are usually reported for most phonophoresis studies
(166,170).

2. Iontophoresis

Iontophoresis can be defined as the enhanced transport of
charged molecules across the skin under an externally ap-
plied constant small amount of physiologically acceptable
electric current (� 1.0 mA) (172–174). This technique has
been extensively used for decades to deliver drugs topi-
cally. Lately, the use of iontophoresis for the delivery of
drugs across skin has gained much attention, since this
method of delivery is particularly promising for the deliv-
ery of large macromolecules such as peptide and protein
drugs across the skin (175).

During passive application, the nonionized species pen-
etrates the skin much more readily than the ionized coun-

terparts. However, following iontophoresis, a large con-
centration of ionized species is found at the regions of
lower diffusional resistance, including sweat glands and
hair follicles. This data was supported by studies per-
formed by different research groups (172,173,176–178).
It should be emphasized that the pore pathways do not just
include appendages; the ultimate pathway is still the inter-
cellular space between the hair follicles and epidermal
cells (179).

Different parameters affect the systemic iontophoretic
delivery of drugs across the skin including formulation pH
(180) and ionic strength, applied current strength (181),
drug concentration (182), and molecular size (183).

It is postulated that the morphology and permeability of
the skin are only temporarily changed during iontophoresis
(184). This change could be due to a localized heating
within the pores as the current passes through the skin.

3. Electroporation

Electroporation involves the application of high-intensity
electric field pulses (equivalent to several hundreds of volts
for micro or milliseconds) to the cell membrane so as to
create transient aqueous pathways in the cell membrane
lipid bilayer. As a result, the permeation of the exogenous
materials from the surrounding media to the inside of the
cells will be significantly increased. Recently, this tech-
nique has been recognized as a powerful one for delivering
macromolecules such as oligonucleotides and proteins or
even smaller molecules across the skin for systemic activ-
ity (172–174,185).

The mechanism of drug permeation enhancement
across lipid membranes using electroporation has been ex-
tensively investigated. Briefly, when an electric field is ap-
plied on a lipid membrane, it forces water to enter the lipid
structure. Newly created aqueous pores will be formed
when the water molecules from both sides of the lipid
membrane meet. The pore size may increase as long as the
electric field is applied. However, pores will collapse once
the electric field is stopped.

Prausnitz et al. evaluated the reversibility of the action
of electric voltage range on the flux of calcein across hu-
man epidermal membrane in vitro. The electric voltage
was applied every 5 seconds for 1 h and ranged from 0 to
500 volts. The authors found that full reversibility of calc-
ein flux was seen over the 0–100 volt range. Above 100
volts the reversibility of calcein flux was significant yet
not full, suggesting permanent changes in the skin structure
had occured.

Vanbever et al. compared the effects of short (approxi-
mately 1 ms, high-voltage (approximately 100 volt) and
long (approximately 100 ms), medium-voltage (�30 volt)
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pulses on the skin electrical properties and the transdermal
permeation of sulforhodamine in vitro. They reported that
long pulses of medium-range voltage were more efficient
in enhancing the permeation of sulforhodamine across
skin. However, skin resistance was reduced threefold (with
short pulses) and twofold (with long pulses) followed by
incomplete recovery in both situations (186).

In another study by Prausnitz et al., the effect of high-
voltage pulses on the permeation of a highly charged mac-
romolecule (heparin) was investigated using human skin
in vitro. The flux of heparin occurred at therapeutic rates
(100–500 mg/cm2h) that were reported to induce systemic
anticoagulation. It is interesting to note that the heparin
that was permeated across the human skin was biologically
active, but it retained one eighth the anticoagulant activity
of heparin in the donor compartment. This was attributed
to the preferential transport of small (less active) heparin
molecules (185).
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I. INTRODUCTION

The route of drug delivery for a particular drug is of great
importance for its onset, intensity, and duration of pharma-
cological action. Although direct placement into the blood-
stream by intravenous injection can give the fastest onset,
and control over intensity and duration, it is clearly not
convenient nor usually desirable from a patient point of
view; thus alternative routes of drug delivery become at-
tractive. Historically, the most common alternative route
of drug delivery is the oral route, presumably because of
its convenience to the patient. However, this is a relatively
hostile portal of entry for a drug. In addition, collecting
intestinal blood vessels go directly to the liver and not to
the general circulation, and thus orally absorbed drugs are
subject to first-pass metabolism. For these and other rea-
sons there has been increasing interest in other nonin-
jectable routes of drug delivery including nasal, pulmo-
nary, buccal, sublingual, transdermal, rectal, and vaginal.
All of these portals of entry into the body, with the excep-
tion of transdermal and vaginal, are referred to as mucosal
routes of delivery and are characterized by tissue with high
blood flow and possessing numerous barriers to drug ab-
sorption (Fig. 1).

To design a drug delivery system properly for these mu-
cosal routes of drug delivery, it is necessary to:

1. Have an understanding of the anatomy and physiol-
ogy of these routes
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2. Have a good knowledge of the barriers to drug ab-
sorption and strategies to deal with these barriers

3. Be able to integrate a drug into a delivery system
that is user-friendly while permitting an optimum
performance of the drug

This chapter will first describe the characteristics and
permeability properties of selected mucous membranes
and then review the relevant anatomy and physiology of
certain routes of drug delivery. This will be followed by
examples of drug delivery systems for these mucosal
routes.

II. CHARACTERISTICS OF MUCOUS
MEMBRANE (1,2)

Surface epithelium and its underlying connective tissue are
regarded as a functional unit called a ‘‘membrane.’’ There
are two kinds of epithelial membranes, serous and mucous,
present in the body. These membranes are kept moist by
secretions from specialized epithelial cells and fluid ex-
truded from underlying capillaries. Mucous membranes,
also called mucosae, line the cavities of most organs that
open to the outside of the body, namely, the alimentary
canal, the respiratory tract, and the genitourinary tract. The
multiple functions of mucosa are absorption, secretion, lu-
brication, entrapment, and antibacterial. This tissue can be
highly specialized, i.e., the absorptive structures, lining the
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Figure 40.1 Drug delivery via mucosal routes.

digestive tract, or secretory. The secretions produced may
be of a rather watery consistency, with an abundance of
active enzymes, as in serous cells, or more viscous, where
lubrication is the principal function, as in mucous cells. In
the respiratory system, mucus traps foreign particles from
inspired air and may also have bacteriocidal properties.
In the stomach and intestines, the enzyme-rich diges-
tive juices of the mucosae aid in the breakdown of food
into simple nutrients available to the cells. A typical mu-
cosa consists of four layers, namely, surface epithelium,
basement membrane, lamina propria, and muscularis mu-
cosa.

A. Surface Epithelium

The surface epithelium is a moist inner layer, which may
be formed by many types of epithelium. These cells vary
in morphology and function depending on their location.
For example, the mucosa of the respiratory system has
many ciliated cells but sparse microvilli. In contrast, inter-
spersed among the simple columnar cells lining the diges-
tive tract are many globlet cells whose mucoid secretion
protects the intestinal lining cells and aids in movement
of the intestinal contents. Also the apical ends of the
columnar cells are completely covered by closely packed

microvilli that greatly increase the absorptive area of the
gut.

Classification of the various epithelia of the body is
based on the arrangement and shape of the cells. Thus the
terminology is related to structure and not function. Epithe-
lium can be described as simple, consisting of one cell
layer, or stratified, consisting of two or more cell layers.
The individual cell may be described as squamous, where
the width and depth of the cell are greater than its height;
cuboidal, where the width, depth, and height are approxi-
mately the same; or columnar, where the height of the cell
appreciably exceeds the width and depth. Two special cate-
gories are typically included in this classification, i.e.,
pseudostratified and transitional epithelium. A pseudostra-
tified epithelium is actually a simple epithelium because
all of the cells rest on the basement membrane. However,
some of the cells do not reach the free surface at the lumen
site, so the appearance of this epithelium looks similar to
stratified. Transition epithelium is a special name applied
to the epithelium lining the pelvis of the kidney, ureters,
urinary bladder, and part of the urethra. The morphology
of the epithelium and its resident cells can also be related
to its functional activity, and thus epithelia involved in se-
cretion or absorption are typically simple. Examples of epi-
thelial cell types in different areas are (3)
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1. The simple squamous epithelium forms a thin layer
and lines most blood vessels.

2. The simple columnar epithelium is a single layer of
columnar cells, which is found in areas such as the
stomach and small intestine.

3. The stratified epithelium is several cells thick and
is found in areas that have to withstand large
amounts of wear and tear, i.e., the inside of the
mouth and esophagus.

4. The pseudostratified columnar epithelium typically
lines the respiratory passageways.

B. Basement Membrane

The basement membrane is composed of two layers. The
inner layer located next to the base of the epithelial cells is
called the ‘‘basal lamina,’’ a homogenous, electron-dense,
50–100 nm thick layer. The outer layer is the ‘‘reticular
lamina,’’ a tangle of fine reticular fibers interposed be-
tween the basal lamina and the underlying loose connec-
tive tissue layer, the lamina propria. The basement mem-
brane acts as a two-way filter or diffusion barrier to protect
the body from the entrance of harmful macromolecular
substances into the bloodstream. It also provides an elastic
support for protection against trauma from hard and rough
materials as they pass through the lumen of an organ.

C. Lamina Propria

The lamina propria is the thickest layer, consisting of loose
connective tissue in which lymphoid nodules are often lo-
cated. It has an abundant supply of blood and lymph capil-
laries, which lie close to the basal surface of epithelial
cells. Therefore the exchange of nutrients and gases across
the capillary wall and the cell membrane is greatly facili-
tated by their close proximity. It also has a large population
of lymphocytes and plasma cells that are important in the
body’s defense against pathogenic bacteria, viruses, and
other foreign substances. This layer can provide an effec-
tive shock absorber for the passage of bulky materials, es-
pecially through the gastrointestinal tract, because of its
loose and spongy structure.

D. Muscularis Mucosa

The muscularis mucosa is the outermost component of the
mucosa. It is a layer of muscle surrounding the mucosa
and usually consists of a few smooth muscle fibers, which
may be oriented in the circular or longitudinal directions.
It modifies the shape of the mucosa into folds or rugae, to

increase surface area, and may also contribute slightly to
the peristaltic action of the gut.

III. PERMEABILITY OF THE MUCOUS
MEMBRANE

A. Mechanisms

The epithelia of different mucosae are well characterized.
Each mucosa varies in cell type, thickness, and function.
However the basic drug transport mechanisms are the same
(4–8). The principal routes of a substrate flux from the
mucosal site into the bloodstream or lymph are shown in
Fig. 2. The substrate can transport through the mucosa by
passive diffusion, a process that begins with drug diffusion
through mucus or unstirred water layer, followed by two
major routes, transcellular (intracellular) and paracellular
(intercellular) pathways. After that, the substrate is trans-
ported into the lamina propria, which is richly endowed

Figure 40.2 The principal pathways of substrate flux from the
mucosal site into bloodstream or lymph.
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with capillaries, and where the substrate can readily be
taken. Substrates which cannot pass the capillary wall end
up in the lymph and are carried through the mesenteric
lymph vessels into the thoracic duct, which empties into
the bloodstream (9). Therefore the two major pathways
that could be the rate-limiting steps in transmucosal perme-
ation of substances across the mucosa, namely the transcel-
lular and paracellular routes, will be discussed.

1. Transcellular Pathway

The transcellular pathway involves permeation across the
apical cell membrane, the intracellular space, and the baso-
lateral membrane by passive transport (partition and diffu-
sion) or by active transport (carrier-mediated diffusion, en-
docytosis, and transcytosis) (10–11). In general, passive
transport is the movement of a solute along its concentra-
tion gradient, while active transport is mediated by mem-
brane transport proteins and energy sources. Therefore, in
active transport, the solutes can be transported against a
concentration gradient. This pathway is important for the
absorption of lipophilic molecules (passive transport) or
molecules capable of specific recognition of a membrane
site (active transport).

2. Paracellular Pathway

The paracellular pathway involves passage between the
cells through the intercellular lipid material of the intercel-
lular space. The two components of the paracellular path-
way are the tight junction (zonula occludens) and the un-
derlying intracellular space (10,12). Actually, the tight
junctions are dynamic structures that consist of plasma
membranes brought into extremely close apposition, but
not fused, so as to occlude the extracellular space. They
can assemble or disassemble in response to various physio-
logical stimuli. For instance, lowering the extracellular
Ca2� concentration induces the opening of tight junctions
(13–16). This pathway is important for the absorption of
hydrophilic compounds, which cannot transport by an ac-
tive transport process.

B. Barriers

A problem that commonly limits the development of suit-
able drug delivery systems for mucosal routes is poor drug
bioavailability. This occurs because of the presence of
barriers. Two main barrier classifications have been
made in drug transport across mucosa, namely physico-
chemical and metabolic (17). An understanding of these

barriers is essential to formulating ways to overcome these
problems.

1. Physicochemical Barrier

The transcellular route consists primarily of two main bar-
riers, the apical and basolateral cell membranes. These are
barriers for hydrophilic drugs, which cannot easily parti-
tion into the cell membrane. The paracellular pathway can
be considered as either a single barrier, the tight junction,
or as two barriers, the tight junction and the intercellular
space (7). Each of these epithelial barriers has two proper-
ties that can be measured experimentally. First is the gen-
eral permeability or magnitude of the barrier, which is
largely controlled by the tight junction and may be simply
quantified by electrical resistance. Epithelia can be classi-
fied as leaky or tight by the magnitude of these values.
Leaky epithelia are those with a tissue resistance less than
1,000 ohm cm2 (7). The second property is the permselec-
tivity of the barrier, which is a quantitative measure of the
ability of the epithelia to discriminate or show preference
for the transport of molecules of different charge type. The
physicochemical properties of the different mucosae are
compared in Table 1. Note the wide variation in magnitude
of barrier permeability among different epithelia. The rank
order of the intrinsic membrane permeability is intestinal
� nasal � bronchial � vaginal � rectal � buccal. With
respect to the permselectivity barrier, all epithelia are se-
lective to positive charged solutes, the magnitude of selec-
tivity being comparable in most epithelia (18).

Several studies suggest that the mucus layer can also
be a rate-limiting barrier to drug absorption (19–21). For
example, results reported by Wikman and coworkers (20),
who used the mucus layer producing human intestinal gob-
let cell line (HT29-H), indicated that the mucus layer is a
significant barrier to the absorption of testosterone. Nim-
merfall and Rosenthaler (19) showed that the absorption
of a series of alkaloids correlated with their diffusion coef-
ficients in a mucus layer. Therefore, the reduction in per-
meability coefficients through mucosa due to mucus needs
to be considered for all compounds that must traverse any
mucus layer prior to absorption or action.

2. Metabolic Barrier

The metabolism of drugs and other foreign substances can
be considered to be part of the body’s defense mechanisms.
Drug metabolism takes place in many parts of the body
including the liver, bloodstream, spleen, kidney, brain, lu-
men of the GI tract (bacteria), wall of the GI tract, and
many other tissues. However, the major organ in which
drug metabolism takes place is the liver (22). During the



Drug Delivery via Mucosal Routes 1035

Table 40.1 Permeability and Permselectivity of Various Mucosae in
Rabbit

Mucosa R(ohm ⋅ cm2)a pd(-mV)b DP(-mV)c

Nasal 261 (55)d 13.8 (4.4) 10.22 (2.43)
Pulmonary (bronchial) 266 (97) 12.4 (3.7) 10.25 (1.96)
Buccal 1,803 (175) 28.4 (12.1) 15.90 (3.21)
Duodenal 211 (91) 3.9 (1.8) 9.08 (1.36)
Jejunal 224 (104) 3.8 (2.2) 9.10 (1.71)
Ileal 266 (95) 4.4 (1.5) 10.20 (1.76)
Colon 288 (72) 5.3 (2.6) 10.27 (2.12)
Rectal 406 (70) 18.1 (7.6) 7.95 (1.06)
Vaginal 372 (85) 16.5 (6.8) 11.39 (2.44)

a � Steady-state electrical resistance.
b � Steady-state transepithelial potential difference (epithelial with respect to se-
rosal).
c � Steady-state diffusion potential.
d � Standard deviation.
Source: Ref. 18.

transmucosal permeation process, drugs may be subjected
to metabolism by several enzymes in the lumen of the route
of administration, the mucosal surface environment, or in
the mucosal membrane. The presence of peptide and pro-
tein drugs makes the metabolic barrier more important, be-
cause this barrier plays a critical role in the delivery of
these drugs via the mucosal routes. In this case, the barrier
is composed of exopeptidases and endopeptidases, which
are able to cleave peptides and proteins at their N and C
termini, and at an internal peptide bond, respectively (23).
The exopeptidases are grouped into amino and carboxy
peptidases according to their substrate specificity. The en-
dopeptidases are classified into serine, cysteine, and aspar-
tic proteinases according to mechanism rather than sub-
strate specificity. These enzymes can inactivate peptide
and protein molecules during absorption, presenting a pre-
systemic first pass effect (17). It should be also noted that
peptides and proteins are susceptible to degradation not
only at the site of application but also in the blood, liver,
and endothelial membrane (24,25). The role of the proteo-
lytic barrier in limiting peptide and protein absorption ap-
pears to be dependent on the specific mucosa and the na-
ture of the peptide and protein drugs. For example,
comparative studies on peptidase activity against enkepha-
lins (26), insulin, and proinsulin (27) in the absorptive mu-
cosae (nasal, buccal, vaginal, and rectal) of the rabbit dem-
onstrated that the vaginal mucosa is consistently low and
the rectal mucosa is consistently high in proteolytic activ-
ity against all three peptides, but the rank order of proteo-
lytic activity between nasal and buccal mucosae varies
with the peptides.

C. Penetration Enhancers

Penetration enhancers are compounds that can increase the
absorption of coadministered drugs by increasing mucosal
permeability and hence absorption of poorly permeable
drugs (28). Examples of penetration enhancers and their
possible mechanisms are shown in Table 2. The mecha-
nism of penetration enhancers can be divided (8,28,58) as
follows:

1. Altering the Permeability of the Membranes

a. Action on the Mucus Layer

The mucus layer covering the surface of the mucosal mem-
brane can be seen as an unstirred layer, acting as a barrier
to the diffusion of drug molecules. Ionic surfactants such
as sodium deoxycholate, sodium taurodeoxycholate, and
sodium glycocholate are able to reduce mucus viscosity
and elasticity by disrupting the associated structure of the
glycoproteins (40). Consequently, the barrier function of
the mucus layer is reduced, and the permeability of drugs
through this layer is increased.

b. Action on Tight Junction (Enhanced
Paracellular Transport)

At a tight junction, the interacting membranes are so
closely apposed that there is no intercellular space and the
membranes are within 2 A

·
of each other. Therefore a tight

junction is one of the major barriers to paracellular trans-
port of macromolecules and polar compounds. These junc-
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Table 40.2 Classification of Penetration Enhancers and Their Mechanisms

Penetration enhancers Mechanisms Ref.

Surfactants Extraction of membrane proteins or lipids 29–32
ionic Membrane fluidization

Sodium lauryl sulfate
Sodium laurate

nonionic
Tween 80
Polysorbates

Bile salts and derivatives Extraction of membrane proteins or lipids 8, 29, 31–41
Sodium glycocholate Membrane fluidization
Sodium deoxycholate Reverse micellization in membrane creating aqueous chan-
Sodium taurocholate nels
Sodium taurodihydrofusidate Disrupting the associated structure of glycoproteins in mu-
Sodium glycodihydrofusidate cus layer

Fatty acids and derivatives Disrupting lipid packaging 8, 29, 32, 35, 37, 41–46
Oleic acid Decreases nonprotein sulfhydryls in membrane
Mono(di)glycerides
Sodium caprate Alteration of the tight junctions
Lauric acid
Acylcarnitines

Chelating and complexing agents Chelates calcium at tight junctions, increasing paracellular 17, 29, 31–32, 35–37, 47–53
EDTA transport
Citric acid
Cyclodextrins

Salicylate and analogues Decreases nonprotein sulfhydryls in membrane 8, 29, 32, 35–37, 54–55
Sodium salicylate Interacts with membrane proteins
3-methoxysalicylate Calcium chelating
5-methoxysalicylate

Others
Glycyrrhetinic acid Inhibits leucine aminopeptidase 57
Azone Increases the fluidity of lipid layers and lower lipid transi- 8, 44, 56
(1-dodecylazacycloheptan-2-one) tion temperature

tions can be disrupted by regulating the controlling physio-
logical factors including concentration of AMP (59),
intercellular calcium concentrations (14), and transient
mucosal osmotic pressure (60). Hence, treatment by chela-
tor (EDTA), cytochalasin, or increasing glucose or amino
acids can cause a temporary change in the integrity of the
tight junction and increase paracellular transport. The in-
creasing water influx through the intercellular space, which
is Na dependent, is another factor that involves enhance-
ment in paracellular absorption (61). An increase in water
influx may affect drug absorption by one of the following
mechanisms: (1) increase in concentration gradient for
penetration, (2) increase in solvent drag, and (3) increase
in blood flow at the absorption site (62).

c. Action on the Membrane Structure (Enhanced
Transcellular Transport)

Major components of the biological cell membrane include
lipids (cholesterol, phospholipid, and sphingolipid), pro-
teins, and carbohydrates attached to the proteins or lipids
as glycoproteins or glycolipids. Enhancers that increase
transcellular permeability to drugs probably do so by af-
fecting membrane lipids and proteins. Some fatty acids and
their derivatives have been found to act primarily on the
phospholipid component of membranes, thereby creating
disorder and resulting in increasing permeability (63).
However, some fatty acids act on the protein component
in membranes (64).
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2. Altering the Physicochemical Properties of the
Drugs

Solubility and dissolution rate of a drug are very important
properties related to absorption. A penetration enhancer
can promote absorption by increasing drug solubility and/
or dissolution rate (65). Penetration enhancers such as so-
dium salicylate and bile salts are thought to increase ab-
sorption by this effect (66).

3. Inhibition of Enzymatic Activity

Protein and peptide drugs are subject to degradation by
proteolytic enzymes during passage through mucosal
membrane (25). A significant inhibition of this degradation
can promote permeability by increasing the effective con-
centration of protein and peptide drugs at the absorption
site. This may result in an increase in the absorption and
bioavaibility of the drugs. LueBen et al. (67) found that
two bioadhesive poly(acrylates), polycarbophil and car-
bomer, showed an inhibitory effect on the proteolytic ac-
tivity of the luminal enzyme trypsin. This can be explained
by the pronounced Ca2� binding affinity of the polymers.
Therefore Ca2� is depleted out of the trypsin structure and
enzyme activity is reduced.

IV. DRUG DELIVERY SYSTEMS

A. Nasal

1. Relevant Anatomy and Physiology

The nasal passage, which measures from the nasal vesti-
bule to the nasopharynx, has a length of approximately 12
to 14 cm (5,68) with a surface area of about 150 cm2 and
a total volume of about 15 mL (69). This upper respiratory
tract provides a modification of the inspired air by filtra-
tion, controlled temperature, and humidity. It also provides
a highly efficient defense system that protects the lungs
against inhaled particles and toxicants. The main regions
of the nasal cavity are the nasal vestibule, the respiratory
region, and the olfactory region. First, the vestibular region
serves as a baffle system, and its surface is covered with a
keratinized stratified squamous epithelium where the long
hairs may provide the function of filtering inhaled particles
(10). Second, the respiratory region comprises the largest
part of the nasal cavity. This area is covered with pseudo-
stratified columnar cells containing mucus and numerous
cilia. The respiratory epithelium is highly vascularized,
supplying the lamina propria of the epithelium with a dense
network of fenestrated capillaries. Thus the respiratory re-
gion is assumed to be the major site for drug absorption.
Finally, the olfactory region is generally free of inspiration

airflow. It is covered with pseudo-stratified columnar cells,
specialized olfactory cells, supporting cells, and serous and
mucous glands (70). Absorption may also occur in this re-
gion through the olfactory nerve ending into the brain
(71,72).

2. Major Biological Barriers and Appropriate
Strategies

The nasal mucosa is considered to be permeable to small
molecules, while penetration enhancers can be used to in-
crease the absorption of larger molecules. Several enzymes
also exist in nasal secretions and have been reportedly in-
volved in the metabolism of different kinds of drugs (73–
78). For example, several researchers observed that the
respiratory mucosa contains detectable amounts of cyto-
chrome P-450 and monooxygenase activity; however, the
levels are generally lower than those found in the liver.
The level of these enzymes is also related to species differ-
ences and variation in the nasal mucosa regions (74,79).
The proteolytic activity in the nasal region is also compara-
tively low compared with other mucosae in the body
(79,80).

One of the most important defense mechanisms of the
nose is mucociliary clearance. This is a function of the
physical properties of the mucus coupled with appropri-
ately functioning cilia (81,82). The mucus layer on the na-
sal mucosa consists of two layers. The outer layer is rela-
tively viscous (gel) and rests on a thin watery (sol) layer
that tends to facilitate the action of the underlying cilia and
is probably the most significant physical factor to affect
nasal drug absorption (83). The speed of the mucus flow
is about 5 mm/min with a range from 0 to more than 20
mm/min, while the mucus will tend to reconstitute itself
every 10 to 15 minutes (70,84). Temperature, relative hu-
midity, airway secretion, and specific drug formulations
can affect the nasal mucociliary function. For example,
drying of the nasal mucosa will cause cessation of ciliary
activity; however, moistening will promptly restore its nor-
mal activity (17,70). A study by Hardy et al. (85) showed
that approximately 40% of the dose administered via the
intranasal route cleared rapidly with average half-times
ranging from 6 to 9 min. Following this rapid phase, clear-
ance of a spray was much slower than drops. Thus develop-
ment of nasally administered drugs must take into account
this clearance mechanism.

3. Examples

The efficacy of drugs delivered intranasally, whether for
local or for systemic therapy, will depend upon the initial
pattern of deposition and the subsequent rate of clearance.
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It therefore depends on dosage forms and delivery devices.
Several dosage forms can be used in nasal drug delivery,
such as solutions, suspensions, emulsions, powders, micro-
spheres, and liposomes, while delivery devices, such as
dropper, spray pump, metered dose inhaler, dry powder
inhaler, and nebulizer, have been used.

Solution dosage forms, applied as drops, showed a short
residence time in the nasal cavity (85–87) because the na-
sal drops dispersed more extensively into the posterior part
of the nose, where they were cleared more rapidly by mu-
cociliary clearance. This can be improved by using spray
systems (85–87), adding bioadhesive (88–90), or using a
powder form (87,88,90–92). Harris et al. (86) showed that
desmopressin solutions containing 99mTc-labeled human
serum albumin administered intranasally as a spray were
deposited anteriorly, and small portions were cleared
slowly into the nasal pharynx. In addition, the plasma level
of desmopressin and the biological response were clearly
enhanced after administration of the spray. Studies have
shown that spray preparations containing 0.25% methyl-
cellulose decreased mucociliary clearance (93), resulting
in a prolonged absorption of nasally administered desmo-
pressin (94). However, highly viscous solutions have the
disadvantage of being difficult to administer. Therefore so-
lutions of thermogelling systems, which have low viscosity
at room temperature and form a gel at body temperature,
have been introduced. These systems are easy to apply to
the nasal cavity at room temperature, whereas the gel state
at body temperature adheres to the mucosa. Examples of
these systems are Poloxamer 407 solutions (95) and com-
binations of ethyl (hydroxyethyl) cellulose and a small
amount of sodium dodecyl sulfate in water (96,97). Gellan
gum (Gelrite) can also be used as a phase-change poly-
mer system, because the gellan gum solution can form a
gel if a physiological level of cation, such as Ca2�, is
added. Therefore a promising way of lengthening the resi-
dence time of drugs with gellan gum could be forming a
gel through the contact of a solution with the nasal mucosa
(98).

A powder dosage form of insulin was evaluated by Na-
gai et al. (91). Hydroxypropyl cellulose and Carbopol 934
were the bioadhesives, which they used as excipients in a
powder form. They found that a powder dosage form
showed higher bioavalability of insulin than a liquid dos-
age form. Nakamura et al. (88) studied the adhesion of
powder bioadhesives to the nasal tissue. They suggested
that at the initial stage, bioadhesive powders absorb water
from mucus on the nasal mucosa and gradually gel. There-
fore these systems can prolong residence time in the nasal
cavity. Xanthan gum showed the longest residence time,
followed by tamarind gum, hydroxypropyl cellulose, and
polyvinyl alcohol. Moreover, they found that mixing two

or more bioadhesives with different properties could mod-
ify the bioadhesive property of a system. Microspheres
also show an increased residence time in the nasal cavity
(99–103). Bioadhesive microspheres show the same mech-
anism as the bioadhesive powder, as they absorb water and
form a gellike structure after swelling. Illum et al. (102)
used albumin, starch, and DEAE-dextran microspheres to
increase residence time in the nasal cavity and thus in-
crease bioavailability of the drugs. The results indicated
that these microspheres exhibited a half-life period of
about 4 hours, which was much longer than the about 15
minutes observed for solutions and powder. The enhancing
effect of microspheres on nasal drug absorption is caused
not only by an increase in residence time but also by a
temporary widening of the tight junctions, as shown in a
Caco-2 cell monolayer in the presence of bioadhesive mi-
crospheres (99,100). Hence when the microspheres absorb
water from mucus and swell, the nasal mucosa is dehy-
drated, which causes the tight junctions to separate. Re-
cently, Witschi and Mrsny (103) evaluated microparticles
of starch, alginate, chitosan, and Carbopol 971 as nasal
platforms for protein delivery. They found that protein
transport across polarized Calu-3 cells, a well-character-
ized human respiratory tract epithelial cell line, was en-
hanced using Carbopol and chitosan microparticles.

Liposomes are lipid vesicles composed of layers of
membranes enclosing an aqueous phase. The use of lipo-
somes as a nasal delivery dosage form has been considered
because they may either prolong residence time in the nasal
cavity or sustain the duration of action. Vyas et al (104)
prepared multilamellar liposomes containing nifedipine
using a conventional cast film method. An in vivo experi-
ment in rabbits showed that the nasal administration of li-
posomes could maintain an effective drug concentration
for prolonged periods of time with improved bioavailabil-
ity. Liposomes can also be used as vaccine adjuvants. An
influenza vaccine composed of liposome-entrapped glyco-
proteins from the envelope of influenza virus was adminis-
tered intranasally. It induced a strong systemic immunity
and a local IgA response that protected against virus infec-
tion. Alpar et al. (105) incorporated tetanus toxoid into li-
posomes composed of equimolar concentration of distearo-
yl phosphadylcholine and cholesterol. They found that lipo-
some formulations delivered via the nasal cavity signifi-
cantly improved the immune response when compared to
free antigen. Note that this work was in guinea pigs, and
a concentration of tetanus toxoid used in nasal delivery
was ten times higher than intramuscular delivery. In spite
of the positive response to liposomes, the stability of lipo-
somes should be an important concern because of the pres-
ence of an aqueous phase in the system. Therefore prolipo-
somes, a free-flowing form that creates a liposomal
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dispersion on adding water, were introduced (106). Ahn
et al. (107) studied the possibility of using proliposome as
an intranasal dosage form for the sustained delivery of
propranolol. The results showed that nasal administration
of proliposomes to the rats could sustain the plasma concen-
tration profile of propranolol better than the solution, pro-
liposome-loaded sorbitol, and hydrated proliposomes.
Moreover, the bioavailability of the nasal proliposomes
(�97.5%) was much higher than that of an oral solution
(�14.2%).

Emulsions were tested as a nasal delivery formulation
for lipid-soluble drugs. Kararli et al. (108) used oleic acid/
monoolein emulsion formulations to delivery a renin inhib-
itor. Using the rat as a model animal, the percent absolute
bioavailability of a renin inhibitor was enhanced from 3–
6% in control polyethylene glycol 400 solution to 15–27%
when the emulsion formulations were used. Ko et al. (109)
applied three different charged testosterone submicron-
size emulsion formulations intranasally in rabbits, and
compared the bioavailability to intravenous injection. The
results suggested that emulsions might have considerable
potential for nasal delivery, especially for positively and
negatively charged emulsions, because these formulations
showed bioavailability of 55 and 51%, respectively, as
compared to only 37% for neutral charged emulsion.

Delivery devices are also an important factor to improve
accuracy, reproducibility, and patient acceptability of drug
delivery to the nasal cavity. For a better understanding of
delivery devices, the reader is directed to other reviews
(110–112).

B. Pulmonary

1. Relevant Anatomy and Physiology

The respiratory tract consists of all structures that conduct
air between the atmosphere and the alveoli. The parts of

Table 40.3 Subdivision of the Respiratory Tree

Total cross-section
Name Diameter Length area (cm2) Number

Trachea 1.8 cm 12.0 cm 2.54 1
Main bronchi 1.2 cm 4.8 cm 2.33 2
Lobar bronchi 0.8 cm 1.9 cm 2.13 3 on right, 2 on left
Segmental bronchi 0.6 cm 0.8 cm 2.00 10 on right, 8 on left
Terminal bronchioles 1.0 mm 2.0 mm 180.00 about 48,000
Respiratory bronchioles 0.5 mm 1.0 mm about 1,000 about 300,000
Alveolar ducts 400 µm 0.5 mm about 10,000 about 9 � 106

Alveoli 250 µm — about 8 � 105 about 3 � 109

Source: Refs. 113, 114.

the respiratory tract that lie outside the lung are the nose,
pharynx, larynx, trachea, and main bronchi. Within the
lung, each main bronchus branches extensively to a smaller
diameter and a higher number, as shown in Table 3. The
exchange zones of the lung with the blood stream are the
alveolar ducts and alveolar sacs, which consist of numer-
ous spherical alveoli. The surface area for gas exchange,
as well as drug absorption, of the alveoli is about 60 to 80
m2. Dense vascular beds of pulmonary capillaries also
match this large surface area of the alveoli. The bronchial
epithelium consists of pseudo stratified ciliated columnar
cells and mucus-secreting goblet cells (115). The alveoli
are covered by a very thin epithelium (0.1–0.2 µm) with-
out cilia and a mucus blanket (116). This epithelium con-
sists of granular pneumocytes and membranous pneumo-
cytes, which are responsible for secretion of surfactant
phospholipids and are involved in gas exchange, respec-
tively. The pore size of this sievelike epithelium is about
0.5 to 0.6 nm (115).

2. Major Biological Barriers and Appropriate
Strategies

The primary barrier mechanisms for pulmonary drug deliv-
ery are the geometry of the airways, mucociliary clearance,
macrophage activity, and pulmonary metabolism. The
branching airways act like an impaction filter for inhaled
particles. There are three basic mechanisms, which effect
the deposition of particles in airways, i.e., inertial im-
paction, sedimentation, and Brownian motion (117). Im-
paction occurs when particles have inertia such that they
are unable to travel with the airstream when they change
direction as an airway branches. Thus they impact on the
mucus surface of ciliated epithelium. This mucus is contin-
uously moving out of the lung into the throat, where it
is swallowed or coughed up. Impaction is important for
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particles above 5 µm in size, which tend to deposit in the
upper respiratory tract. Smaller particles (0.6–5 µm) are
able to move with the airstream; however, sedimentation
can occur in the lower respiratory region, which has a
lower air velocity. Finally, particles below 0.6 µm can de-
posit by Brownian motion. Therefore the efficiency of drug
delivery via this route is often not high enough because of
the difficulty in targeting particles to the sites of maximum
absorption (alveoli). The degree to which inhaled particles
penetrate into airway spaces is controlled by a number of
factors, i.e., particle size and size distribution, shape, and
density (118). The particle size is usually referred to as an
aerodynamic diameter, defined as the geometric diameter
of a sphere with unit mass density, and has the same veloc-
ity as the test particle (118,119). Small particles (mean ge-
ometric diameter �5 µm) with high density tend to aggre-
gate and can be rapidly phagocytosed in the deep lungs by
alveolar macrophages, while larger particles tend to de-
posit in the upper respiratory tract. A new type of inhala-
tion aerosol has recently been introduced and identified
that may help to solve this problem (120). This aerosol is
formed by considering the aerodynamic diameter window
of 1 to 3 µm as a lower limit, because it was demonstrated
that particles of mean aerodynamic diameter of 1 to 3 µm
deposit maximally in the deep-lung region, whereas parti-
cles with an aerodynamic diameter smaller than 1 µm are
mostly exhaled, and particles larger than 10 µm deposit
maximally in the mouth and throat. Particles with low mass
density (porous) and larger geometric diameter (about 10–
15 µm) have been used and gave excellent results. The
advantage of this new aerosol is a decrease in the tendency
to aggregate while minimizing clearance by alveolar mac-
rophages. Biodegradable polymers or lipophilic carriers
can also be used to protect drug from metabolism. There-
fore these systems are potentially good for long-acting
therapeutic delivery following inhalation (120,121).

There are no cilia or mucus blankets in the alveoli, but
insoluble substances will be engulfed by alveolar macro-
phages, which are then carried to the ciliated epithelium
and cleared through the mucociliary clearance pathway
(122). Systemic absorption of inhaled substances may also
be inhibited by pulmonary metabolism. The lungs contain
a variety of drug-metabolizing enzymes, including micro-
somal mixed function, amine oxidase, monoamine oxi-
dase, reductases, esterases, a variety of conjugates, and
proteolytic enzymes (123,124).

3. Examples

Drug administration to the lungs has been employed for
many years for local treatment of pulmonary diseases

(110,125). For example, bronchodilators, corticosteroids,
anticholinergics, and antiallergic drugs are administered by
means of oral inhalation (110). The advantages are a de-
crease in systemic side effects and rapid onset of action.
In recent years, the systemic effect of the drugs delivered
via this route has been studied. Patton et al. (126) reviewed
the potential of using the pulmonary area as a route for the
delivery of insulin. By comparing the data from several
studies, they concluded that aerosol insulin has a potential
advantage over subcutaneous injection because it is more
rapidly absorbed (serum peak at 5–60 min) and cleared
than a subcutaneous injection (serum peak at 60–150 min).
However, aerosol delivery involves some losses, including
loss from the device, loss from exhaling or deposits in the
mouth and throat, and loss from lung metabolism. These
problems can be largely overcome by proper dosage form
design, which accurately delivers drug to a specific site, the
lungs, and prevents lung metabolism. Moreover, delivery
devices are also a crucial factor. It is interesting to note
that the same delivery devices as nasal delivery are used
for pulmonary delivery; however, the aims of pulmonary
delivery are achieving a high deposition in the lower air-
ways and a minimum deposition in the upper airways.
Most of the drugs are administered to the lungs as aerosols,
and their delivery is to a great extent dependent on particle
size distribution. Different aerosol size distributions may
be expected to deposit preferentially in different regions
of the respiratory tract, and aerosols inhaled intranasally
also have different deposition patterns from those inhaled
orally (127). For further information about delivery de-
vices a number of interesting reviews are recommended
(110–112,128–130); this report will concentrate on the de-
velopment of formulations.

Sanders et al. (131) compared the pulmonary deposition
of aerosols generated from two formulations in healthy
volunteers and asthmatic subjects. The two formulations
were a teflon particulate suspension with a mean particle
diameter of 5.76 µm, and a solution that generated aerosol
particles of 2.13 µm mean diameter. Both formulations
were radiolabeled with 99mTc and delivered by standard
metered dose inhaler. The results showed that the aerosol
generated from the solution produced a significantly
greater total lung deposition than the suspension aerosol.
Adjai and Garren (132) studied the effect of particle size
on bioavailability of leuprolide acetate from a solution and
suspension formulation. By using impaction and light scat-
tering methods, they demonstrated that the solution aerosol
consisted largely of coarse particles, and they lost most of
the drug at the actuator, while the suspension aerosol had
greater fractions of particles within the respiratory range
(�5 µm) and delivered about 40–50% to the lungs. The
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bioavailability of each aerosol formulation based on intra-
venous control was compared. The bioavailability results
from the suspension aerosol were significantly more than
for the solution aerosol, which correlated with the particle
size distribution results. However, when the correct bio-
availabilities were used to compare the effect of the type
of formulation to the absorption of drug from the lungs,
there were no differences between these two formulations.
Note that the correct bioavailability was calculated from
the effective dose, which equals the amount of the drug
reaching the lungs.

Emulsion is another liquid formulation that could be
used as a pulmonary delivery system, for example, water
in fluorocarbon emulsions (133). These emulsions are sta-
bilized by perfluoroalkylated surfactants with a dimorpho-
linophosphate head group. Fluorocarbons, such as perflu-
orooctyl bromide and perfluorooctyl ethane, were used as
the external phase of reverse emulsions. Significantly
slower release of 5,6-carboxyfluororescein entrapped in
the water droplets was found compared to using hydrocar-
bon oils as the external phase. This can be explained by
the extremely hydrophobic character of fluorocarbons,
which act as a physical barrier to diffusion of encapsulated
hydrophilic compounds.

The ban of chlorofluorocarbon propellants has spurred
the development of alternative pulmonary drug delivery
systems for metered dose inhalers. One possibility is the
use of dry powders in the inhalation device. Many trials
to develop an ideal dry powder formulation that can deliver
the drug accurately to the lungs have been conducted by
designing powders and constructing inhalers (134–139).
Kawashima et al. (135) presented a new powder design
method to improve inhalation efficacy of hydrophobic drug
powders such as Pranlukast hydrate. They modified the
surface of powders by using hydroxypropylmethylcellu-
lose phthalate, a pH-dependent cellulose derivative (solu-
ble at pH � 5.5). Dramatically improved inhalation prop-
erties of the surface modified powders were found in vitro
compared with the original unmodified powder. The im-
provements were attributed to the increased surface
roughness, the hydrophilicity of the surface-modified pow-
ders (at pH � 5.5), and the resultant increased dispersibil-
ity in air and emission from a device. As described before,
a large and porous particle with biodegradable polymers
or lipophilic carriers can be aerosolized from a dry powder
inhaler more efficiently than smaller nonporous particles,
resulting in higher respiratory fractions of inhaled drug
(120,121). In addition, these formulations can be particu-
larly useful for controlled release purposes. For example,
insulin was encapsulated into porous and nonporous parti-
cles of poly(lactic acid-co-glycolic acid). Inhalation of

large porous insulin particles resulted in suppressed sys-
temic glucose levels in rats for 96 hours, whereas only 4
hours was the result from small nonporous insulin parti-
cles. The bioavailabilities relative to subcutaneous in-
jection were 87.5% and 12% for large porous and small
nonporous particles, respectively. High systemic bioavail-
ability of testosterone was also achieved by inhalation of
large porous particles. Note that both porous and nonpo-
rous particles have similar aerodynamic diameter. Ben-
Jebria et al (121) used dipalmitoyl phosphatidylcholine as
a lipophilic carrier for sustaining the action of the bron-
chodilator, albuterol sulfate, in the lungs. They found that
inhalation of large porous particles produced a significant
inhibition of carbochol-induced bronchoconstriction for at
least 16 hours, while inhalation of small nonporous parti-
cles protected from carbochol-induced bronchoconstric-
tion for up to 5 hours.

Drug entrapment in liposomes has been most exten-
sively investigated, and evidence has been presented both
in animals and in humans that liposomes may enhance
drug efficacy by greater intrapulmonary retention (125,
140–146). Taylor et al. (140) studied the pharmacokinet-
ics of sodium cromoglycolate in healthy volunteers. It
was inhaled as a solution and encapsulated in
dipalmitoylphosphatidylcholine/cholesterol (1:1) lipo-
somes. The data indicated that encapsulation of this drug
can prolong drug retention within the lungs and alter its
pharmacokinetics as compared to a solution formulation.
The antitumor drug cytosine arabinoside was administered
to the lungs of rats via intratracheal instillation as free or
liposome encapsulated form (141). It was demonstrated
that prolonged action of this drug could be confined to the
lungs through the use of a liposomal formulation. This for-
mulation also showed a reduction in extrapulmonary side
effects. A similar clearance study was done by Lambros et
al. (144). They evaluated the clearance kinetics and organ
distribution of inhaled liposomal Amphotericin B in mice.
Amphotericin B was not detected in the serum and other
organs, such as kidney, liver, and brain. Surface charge of
the liposome also affects lung clearance kinetics, where
the positively charged and neutral liposomes exhibited a
longer half-life than the negatively charged liposome.
Saari et al. (147) used gamma scintigraphy to study the
pulmonary distribution and clearance of 99mTc-labeled be-
clomethasone diproprionate liposome formulations in
healthy volunteers. The liposome formulations contained
dilauroylphosphatidylcholine or dipalmitoylphosphatidyl-
choline. By using an Aerotech jet nebulizer, both liposome
aerosols had a suitable droplet size (mass median aerody-
namic diameter about 1.3 µm). The remaining liposomes
in the lung after 24 hours were 79% and 83% for dilauroyl-
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phosphatidylcholine and dipalmitoylphosphatidylcholine
liposomes, respectively. These results indicate that liposo-
mal formulations delivered to the lungs have the potential
to sustain drug release, prolong drug action, and minimize
side effects.

C. Oral Cavity

1. Relevant Anatomy and Physiology

The oral cavity is lined by a relatively thick, dense, and
multilayered highly vascularized mucosa. The total surface
area is about 100–160 cm2 (148,149) and can be divided
into three general areas according to functional demands.
First, the masticatory mucosa consists of stratified squa-
mous epithelium, which is generally keratinized, and pre-
sents on the gingival and hard palate. Second, a specialized
mucosa is present on the borders of the lips and the dorsal
surface of the tongue with its highly selective keratiniza-
tion. Third, the lining mucosa is found on the lips, cheeks,
floor of the mouth, ventral surface of the tongue, alveolar,
and soft palate. This mucosa consists of nonkeratinized
stratified squamous epithelium (148,150). Transport of
drugs via the oral mucosa most likely occurs through the
nonkeratinized areas (151), so we will discuss this pathway
by emphasizing sublingual and buccal delivery. Sublingual
delivery is drug administration through the mucosa of the
floor of the mouth and the ventral surface of the tongue,
while buccal delivery is drug administration through the
mucosa lining the inside of the cheeks. The thickness of
the oral epithelium varies depending on location and spe-
cies. In humans, dogs, and rabbits, the thickness of the
buccal epithelium is about 500 to 800 µm, whereas the
sublingual area measures about 100 to 200 µm. This is
because the buccal epithelium is composed of about 40
to 50 cell layers, while the sublingual epithelium contains
considerably fewer cell layers (152,153). Separately, the
buccal and sublingual mucosae of the human have a sur-
face area about 50 and 26.5 cm2, respectively (149). The
surface of the mucosa is continuously washed by a stream
of about 0.5 to 2 liters of saliva daily and is cleared by
swallowing. Saliva also functions as a moistening liquid
for the mucosa with a pH between 5.8 to 7.2. The thickness
of the coating of saliva on the mucosa throughout the
mouth is about 70 µm.

2. Major Biological Barriers and Appropriate
Strategies

The permeability of the oral mucosa in general is probably
intermediate between that of the skin and the intestinal mu-
cosa. The sublingual mucosa is relatively permeable, giv-
ing relatively rapid absorption and acceptable bioavail-

ability for many drugs, while the buccal mucosa is
considerably less permeable and is generally not able to
provide rapid absorption (154). The permeability barrier
of the oral mucosa is thought to reside within the superfi-
cial layers, constituting about one-fourth to one-third, of
the epithelium (155), as shown by using horseradish perox-
idase (156) and lanthanum salts (157), which are both wa-
ter-soluble markers. In these studies, they found that both
markers did not penetrate beyond the top three cellular lay-
ers when applied topically. When applied subepithelially,
markers can penetrate through the lower area of the mu-
cosa but they did not penetrate outward to the upper epithe-
lium. Dowty et al. (158) showed that the upper 50 µm of
the epithelial tissue was a barrier to transport of thyrotro-
pin-releasing hormone in rabbit buccal mucosa in vitro.
A possible explanation of this behavior is the presence of
membrane coating granules or Odland bodies, which are
spherical or oval organelles, 100 to 300 nm in diameter
(152–154). This barrier is apparently an accumulation of
neutral lipids and glycolipids in the intercellular spaces of
the superficial cell layers and is derived from the extrusion
of the contents of the membrane coating granules as the
epithelial cells move superficially (155).

Besides membrane coating granules as a barrier for per-
meation, one must also consider enzymatic activity in the
oral mucosa. The presence of hydrolytic enzymes, ester-
ases, and peptidases has been reported in the buccal mu-
cosa. The small available surface area and short residence
time are also factors to be considered for designing an ap-
propriate dosage form.

3. Examples

Oral cavity drug delivery systems have been employed to
obtain local or systemic effects (159,160). Despite some
limitations in the oral cavity, such as low permeability,
short retention time, and small surface area, the delivery
systems can be optimized to provide desired drug concen-
tration in the oral cavity (local) or in the blood (systemic).
Several dosage forms have been used in the oral cavity
including solutions, tablets, patches, films, and semisolid
systems.

Buccal tablets, incorporating active ingredients and bio-
adhesives, have been studies extensively. The purpose of
using a bioadhesive is to increase contact time and sustain
drug release. Several studies showed promising results for
the delivery of local-acting drugs. Nagai (161) used two-
layered tablets to deliver triamcinolone acetonide, which
proved to be effective in the treatment of apthous stomati-
tis, an infection of the mouth. The tablet consisted of a
bioadhesive and a non-adhesive layer. The bioadhesive
layer contained the drug Carbopol 934 and hydroxypropyl-
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cellulose, while the nonadhesive layer contained lactose.
Bouckaert et al. (162,163) prepared a buccal bioadhesive
miconazole slow-release tablet by mixing miconazole, an
antifungal drug, with thermally modified starch and 5%
polyacrylic acid (Carbopol 934, 910, or 907). The in vivo
data of release characteristics and adhesion time showed
that no significant difference could be seen among the for-
mulations (163). For the Carbopol 934 formulation, mean
adhesion time was 586 � 133 minutes (range 360–870
minutes), and the salivary miconazole concentration re-
mained constant at an effective level for more than 10
hours (162). Recently, buccal bioadhesive tablets of metro-
nidazole were prepared by using Carbopol 934P, hydroxy-
propylmethylcellulose, and sodium carboxymethylcellu-
lose as bioadhesives (164). In situ release studies using
the bovine cheek pouch membrane in a flow through cell
demonstrated that the concentration of metronidazole was
maintained at an effective level for a period of 6 hours,
the time for which it was held in the buccal cavity.

Buccal tablets are also used as a drug delivery system
for systemic delivery. Ishida et at. (165) examined the pos-
sibility of buccal delivery of insulin using a bioadhesive
dosage form. Insulin was incorporated into core materials
of cocao butter and sodium glycocholate, and then a mix-
ture of hydroxypropylcellulose and Carbopol 934 (1:2)
was compressed around the core. Subsequent studies in
beagles revealed that the tablet adhered for up to 6 hours;
however, the percentage of insulin absorbed was about
0.5% compared to an intramuscular injection. There has
been interest in buccal administration of morphine; how-
ever, studies of buccal tablets have indicated poor bioavail-
ability and clinical efficacy (166,167). Bioadhesive tablets
seem to be the answer to these problems. Anlar et al. (168)
prepared a bioadhesive tablet of morphine sulfate by com-
pression with bioadhesives, hydroxypropylmethylcellu-
lose, and Carbopol 910, in various amounts. This tablet
showed significant bioadhesive characteristics in contact
with bovine sublingual mucus. The release behavior was
found to be non-Fickian, suggesting that the release of
morphine sulfate was controlled by a combination of diffu-
sion of morphine sulfate in the matrix and swelling of the
matrix. The average percentage of morphine sulfate ab-
sorbed in healthy volunteers was 30 � 5% of the drug load
within 8 hours. The current comparison study between
three formulations, a 30 mg oral controlled-release tablet,
a 20 mg aqueous solution retained in the mouth for 10
minutes, and a 60 mg bioadhesive buccal tablet, showed
that morphine absorption from the solution was very low,
while a sustained-release pattern was found in the case of
other formulations (169). However, information about ex-
cipients in the formulations was not available. Yukimatsu
et al (170) developed a bioadhesive tablet consisting of two

layers, a fast-release layer and a sustained-release layer. It
was designed for gingival application. The fast-release
layer contained 20% isosorbide dinitrate dispersed in the
solid matrix of D-mannitol and low molecular weight poly-
vinylpyrrolidone, while the sustained-release layer con-
sisted of 80% isosorbide dinitrate in the polymer matrix
of high molecular weight polyvinylpyrrolidone and poly-
acrylic acid. The release profile of drug from this tablet
indicated that the fast-release fraction was released within
15 minutes, contributing to a rapid absorption, and the sus-
tained-release fraction was released gradually over a pe-
riod of 12 hours, contributing to a prolonged duration of
drug plasma concentration. This tablet of isosorbide dini-
trate was confirmed to achieve a desired pharmacokinetics
profile, such as a rapid onset and long duration of therapeu-
tic effect in both beagles and humans. Moreover, it showed
a better bioavailability than a marketed oral sustained-
release tablet and the same bioavailability as a sublingual
tablet. Han et al. (171) used a manual single-punch tab-
leting machine to prepare a disk with diameter and thick-
ness of 8 mm and 1 mm, respectively. Various amounts
of Carbopol 934, hydroxypropylcellulose, and drug were
mixed to prepare different formulations of buccal disks.
The impermeable backing layer of ethylcellulose was cast
on one side of the disks. By varying the drug hydrophilicity
and the amount of solubility enhancer (β-cyclodextrin) in-
side the disks, the results demonstrated that drug solubility
was an important factor in controlling drug release. More-
over, in vitro studies showed that the disks can attach to
porcine buccal tissues for at least 48 hours.

Oral mucosal patches for drug delivery systems have
been developed extensively (172,173). These patches may
show unidirectional (releasing the drug only into the mu-
cosa) or bidirectional (releasing the drug into the mouth
as well) drug release. Depending on its size and shape, the
patch may be applied at different sites, including the buc-
cal, sublingual, and gingival mucosa. For optimum patient
compliance, high flexibility and appropriate size of the
patch need to be considered. Buccal patches may have a
size of up to 12–15 cm2, while sublingual or gingival
patches should be in the range of 1–3 cm2 (160,174). Veil-
lard et al (175) developed a three-layer buccal patch con-
sisting of a bioadhesive basement membrane, a rate-
limiting center membrane, and an impermeable facing
membrane, which permitted unidirectional drug release
into the mucosa. Polycarbophil was used as a bioadhesive
in the bottom layer. This patch can remain in place for
approximately 17 hours regardless of eating or drinking.
However, the study did not incorporate drugs into the
patch. Buccal adhesive patches, consisting of two-ply lam-
inates of an impermeable backing layer and a bioadhesive
layer containing drugs, were developed (174). The poly-



1044 Worakul and Robinson

mers used were hydroxyethylcellulose, hydroxypropylcel-
lulose, polyvinylpyrrolidone, and polyvinylalcohol. It was
found that the duration of mucosal adhesion in vivo was
affected by the type of polymer, their viscosity grades,
polymer content, and the drying procedure for preparation.
Biolaminated films, consisting of a drug-containing bioad-
hesive layer and a drug-free backing layer, were produced
by a casting/solvent evaporation technique (176). The bio-
adhesive layer consisted of a mixture of drug and chitosan,
with or without an anionic polymer such as polycarbophil,
sodium alginate, and gellan gum. The backing layer was
made of ethylcellulose to avoid loss of drug due to washout
with saliva. This patch was also expected to provide drug
release in a unidirectional fashion to the mucosa.

Several ointment bases for oral mucosa administration
have been developed. Ishida et al. (177) mixed Carbopol
934 with three kinds of ointment bases including white
petrolatum, hydrophilic petrolatum, and absorptive oint-
ment. They found that Carbopol 934 could improve the
physical properties of the ointments and the release profiles
of the model drug, prednisolone. Bremecker et al. (178)
explored the possibility of using a neutralized polymeth-
acrylic acid methyl ester as an adhesive ointment base.
Sveinsson and Holbrook (179) used a copolymer of meth-
acrylic acid and methacrylic acid methyl ester to produce
an oral bioadhesive ointment containing liposomes with
triamcinolone acetonide. Gelatin was also added to the for-
mulation to improve its adhesive property. Recently, Pete-
lin et al. (180) studied the properties of bioadhesive oint-
ment for delivery of liposomes containing drugs.
Polymethyl methacrylate, Carbopol 934P, and Orabase
were used as the bioadhesive ointment bases. The results
showed that polymethyl methacrylate was the most appro-
priate bioadhesive ointment base for local application in
the oral cavity because the liposomes were most stable in
this base. Sublingual gel formulation of leuprolide was de-
veloped by using hydroxypropylcellulose as a bioadhesive
(181). A prolonged absorption of up to 6 hours after sublin-
gual dosing in the human was observed. This observation
may be attributed to an increase in residence time at the
site of absorption.

Recently, high-velocity powder injection, namely Pow-
derJect, has been introduced as a new drug delivery tech-
nology to overcome the barrier limitation of skin and mu-
cosal sites (182). This new technology was developed
based on the direct injection of solid powder through the
stratum corneum or into mucosal membranes without us-
ing a needle. The oral PowderJect delivery system used a
gas-pressure pulse to accelerate and deliver fine particles
20 to 100 µm diameter into oral mucosal tissue. This de-
vice proved useful for delivery of testosterone and lido-

caine hydrochloride through the oral mucosal, showing
promising pharmacokinetic results.

D. Gastrointestinal Tract

1. Relevant Anatomy and Physiology

The GI tract comprises the stomach, small intestine, and
large intestine. It is responsible for the major digestion of
food, absorption of the end products of digestion, absorp-
tion of ingested fluids and reabsorption of secreted fluids,
and excretion of some digestive end products. Table 4 lists
the specific functions of different regions of the GI tract.

The human stomach is usually described as a J-shaped
sac with a maximum length of 25 cm and a width of 15
cm. The average adult stomach has a capacity of about 1.5
L. It is divided into the cardia, the fundus, the body, the
antrum, and the pylorus, and the function of each region
is described in Table 4. The surface of the gastric mucosa
is covered by simple columnar epithelium. Its surface is
increased by downgrowths, which are variously called fo-
veolae, pits, or crypts. The major function of the gastric
epithelium is the secretion of acid and digestive enzymes.
It also secretes mucus to lubricate ingested food and to
protect itself from autodigestion by acid and pepsin. The
glands in the area of the cardia and the pylorus only pro-
duce mucus, while the glands in the body and the fundus
produce mucus, hydrochloric acid, and proteolytic en-
zymes (184). The stomach is emptied by vigorous peristal-
tic contractions that begin in the antral region, or perhaps
in the esophagus, with simultaneous opening of the pylo-
rus. The pylorus is immediately closed after chyme (the
mixture of food with gastric secretions) has left the stom-
ach. Emptying is most intensive immediately after a meal
and then becomes weaker. Gastric emptying time depends
on the amount, the composition, and the particle size and
shape of the food. A carbohydrate-rich food is emptied
after a relatively short time, while the poorly chewed or
fat-rich foods can prolong the emptying time up to 5 hours.
In the fasting state, the stomach displays a minimum secre-
tion (5–15 mL/h). This secretion is free of hydrochloric
acid and pepsin and therefore shows a neutral to slightly
alkaline pH. After ingestion of a meal, the rate of gastric
secretion increases rapidly. The three phases of gastric se-
cretion in response to food are the cephalic phase, the gas-
tric phase, and the intestinal phase (185). The cephalic
phase takes place under the influence of nervous impulses
from the central nervous system such as the sight, smell,
and taste of food. The acid secretion rate during this phase
can be as much as 40% of the maximum rate. The gastric
phase is initiated when food reaches the stomach. The prin-
cipal stimuli include distension of the stomach and the re-
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Table 40.4 Regions of the Gastrointestinal Tract and Their Primary Functions

Organ Region Function

Stomach Fundus Initial storage of food
Body Storage/secretion
Antrum Vigorous mixing of food with secretions to form a semisolid chyme
Pylorus Separate the stomach from the duodenum

Small intestine Duodenum Segment receiving liver and pancreatic secretions
Important site for the regulation and overall coordination of GI function

Jejunum Absorption of the majority of the end products of digestion
Ileum Fluid reabsorption; junction with the large intestine is termed the ileocecal sphincter

Large intestine Ascending colon Fluid reabsorption
Transverse colon Fluid reabsorption
Descending colon Fluid reabsorption
Sigmoid colon Storage of feces
Rectum Storage and elimination of feces

Source: Ref. 183.

lease of gastrin. The intestinal phase is the final phase of
secretion, which is initiated by the passage of chyme into
the duodenum. The presence of chyme in the duodenum
results in both stimulation and inhibition of acid secretion
in the stomach. The stimulatory influence dominates when
the pH of gastric chyme is above 3. This is probably based
on the release of gastrin. However, when the pH falls be-
low 3, the inhibitory influence dominates by the release of
secretin, which inhibits acid secretion.

The small intestine is the major site for both digestion
and absorption of food (Table 4). It is 6 to 7 meters long
with an average diameter of 4 cm. It is divided into the
duodenum, the jejunum, and the ileum (182,185). The duo-
denum is a 20 to 30 cm long segment connected to the
pylorus. This region is the place where secretions of the
liver and pancreas enter the small intestine. The jejunum
is 250 to 300 cm long, while the length of the ileum is
about 300 to 400 cm. The small intestinal mucosa is cov-
ered by a simple columnar epithelium and is characterized
by a large surface area. The first stage of the surface en-
largement results from circular mucosal folds called the
plicae circularis or Kerckring’s folds. In this fold, the epi-
thelium consists of an enormous number of small finger-
like villi, roughly 1 mm high. These two factors increase
the luminal area 30-fold over that of a smooth cylinder of
the same external diameter. A further increase in the sur-
face area can be produced by the presence of microvilli or
brush border which are about 1 µm long and 0.1 µm in
width. The microvilli can enlarge the surface area of the
lumen by a factor of 600. This makes a total absorptive
surface area of the small intestine up to 200 m2. The trans-
port of chyme through the small intestine varies but can

be estimated as 5 minutes in the duodenum, 2 hours in the
jejunum, and 3 to 6 hours in the ileum (186).

The large intestine is the terminal part of the intestinal
tract and is composed of the cecum, the colon, and the
rectum (182,185). It is about 150 cm long, and connects
to the small intestine at the ileoceal valve, where the small
intestine contents are released into the large intestine. The
colon has a total length of about 130 cm and a lumen diam-
eter of 6 to 8 cm. It is divided into an ascending, a trans-
verse, a descending, and a sigmoid colon. The function of
each region is shown in Table 4. Even though the large
intestine has a larger diameter and length than the small
intestine, it has a smaller surface area than the small intes-
tine because of the lack of villi in its entire region. The
surface area of the large intestine can be increased by the
presence of crypts. The epithelium of the crypts consists
of goblet cells, which produce mucus. The peristaltic
movement starting from the caecum and moving to the sig-
moid colon is superimposed two to three times a day.
Therefore a colonic transit time of 35 hours or longer is
typical (187).

The rectum is the dilated distal portion of the alimentary
canal. Its upper part is distinguished from the rest of the
colon by the presence of transverse folds (188). The rectal
epithelium is the same as other regions of the large intes-
tine and is covered by simple columnar cells, consisting
of numerous goblet cells. There are no villi or microvilli
on the rectal mucosa, and only a limited surface area of
200 to 400 cm2 is available for drug absorption. The human
rectum is approximately 15 to 19 cm long and 1.5 to 3.5
cm in diameter. The rectum contains 1 to 3 mL of mucus
fluid with a pH of 7 to 8 (189).
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The GI tract is richly supplied by a blood-capillary net-
work that is associated with the splanchnic circulation. All
venous drainage from the GI tract is via the mesenteric
veins, which empty into the portal vein, and passes through
the liver before entering the systemic circulation. In addi-
tion to the blood supply, the lymphatic vessels that drain
to the thoracic duct extensively supply the GI tract. As
shown in Fig. 2, absorption of drug by the lymphatic sys-
tem will then enter directly into the venous system of the
systemic circulation without passing through the liver.

Both blood and lymphatic vessels are also abundant in
the submucosal region of the rectal mucosa. Blood supply
is delivered by the superior rectal artery and is drained by
a superior, a middle, and an inferior hemorrhoidal vein.
The superior veins drain into the portal circulation, while
the middle and inferior veins drain into the inferior vena
cava. However, there are extensive anastomoses among
these veins (189,190).

2. Major Biological Barriers and Appropriate
Strategies

The oral route is the most popular and convenient route of
drug administration; however, several factors can influence
absorption of drugs through the GI tract. These include the
pH of the luminal content, the presence of enzymes, motil-
ity and transit time, the complexity of the absorbing sur-
face, blood and lymph flow, and colonic microflora.

Variation of pH in different regions was found through-
out the entire GI tract, as shown in Table 5. The small
intestine has the largest absorptive surface area in the GI
tract (Table 5) and therefore is the primary region responsi-
ble for drug absorption. However, the stomach controls the
rate at which oral drug delivery systems reach the small
intestine. In addition, the acidic environment and presence
of pepsin in the stomach can influence drug stability and
solubility. A number of factors influence the rate of gastric
emptying, including stomach content volume, pH, caloric
content, osmolarity, viscosity, and calcium sequestrant ca-

Table 40.5 pH and Absorbing Surface Area in the
Gastrointestinal Tract

Absorbing surface
Region pH area (m2)

Stomach 1–3.5 �0.11
Duodenum 5–7 �0.09
Jejunum 6.1–7.1 �60
Ileum 7–8 �60
Colon 5.8–7.7 �0.25
Rectum 7–8 �0.03

Source: Refs. 191–193.

pacity (194). Davis et al. (195) studied the transit of phar-
maceutical dosage forms through the small intestine in nor-
mal subjects using gamma scintigraphy. They found that
solutions and pellets (�2 mm in size) were emptied rapidly
(�1 h) even when the stomach was in the digestive mode,
while matrix tablets and osmotic pumps were retained for
longer periods of time, depending on the size of the meal.
Small intestinal transit times were found constant (3 to 4
h) for all dosage forms and in different states. They con-
cluded that the nature of the dosage form and the presence
of food in the stomach affected gastric emptying, while
small intestinal transit times were independent of the dos-
age form and fed state. Since small intestinal transit time
does not vary, the arrival of an oral dosage form to the
colon is determined mostly by the rate of gastric emptying.
When the dosage form reaches the colon, the transit time
depends on size, not density, especially in the proximal
area of the colon. Small units pass through the colon
slower than large units. Segmental transit measured by ra-
dioopaque markers gave values of 35 hours for the whole
colon. Men had slightly shorter transit times than women,
and this was significantly apparent in the proximal area of
the colon (187). There is no experimental evidence for the
existence of carrier or receptor mediated drug transport
through the colon mucosa. Since the intercellular spaces
are considerably smaller in the colon than in the duodenum
and ileum, the principal route for colonic absorption ap-
pears to be transcellular rather than paracellular.

Exterior to the small intestinal lining, the microvilli are
covered by a mucus layer about 300 µm thick. This layer
is bound to a 0.1 µm thick glycocalyx, which is covalently
linked to the microvilli. The negatively charged glycopro-
tein of the glycocalyx is balanced by positively charged
counterions resulting in an acidic microclimate at the sur-
face of the microvilli. It also has an unstirred water layer
present at the surface. This layer can be the rate-limiting
step in absorption of lipophilic drugs (196). However,
studies in dogs and humans showed that the unstirred water
layer has a maximal apparent thickness of only about 40
µm (197). With this thin layer, the barrier property of this
layer is still questionable.

A recently recognized factor, which may play an impor-
tant role in drug absorption through the small intestine,
is the presence of P-glycoprotein, which is a membrane-
associated transport protein. P-glycoproteins that are lo-
cated in the apical membrane of enterocytes can actively
transport a broad range of drugs out of the cell into the
intestinal lumen. This results in a low total absorption of
drugs. Examples of drugs that are P-glycoprotein sub-
strates are anthracyclines, digoxin, verapamil, phenytoin,
erythromycin, cyclosporin A, quinine, and dexamethasone
(198).
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The GI tract presents the largest metabolic barrier to
the absorption of drugs, especially proteins and peptides,
because the GI tract contains several enzymes, i.e., trypsin,
chymotrypsin, elastase, carboxypeptidase, and aminopep-
tidase (80,199,200). The metabolism of many drugs occurs
either in the lumen or in the wall of the GI tract, which
can reduce the overall bioavailability and hence the phar-
macological activity of a wide range of drugs. When such
metabolism occurs within the lumen of the intestine, it sim-
ply reduces the amount of drug available for absorption.
In the GI wall, metabolism can occur during the absorptive
process, so the amount of active drug available within the
body can be further decreased (201). Note that huge inter-
individual and interspecies differences in these processes
have been recorded (202,203). Since venous drainage from
the GI tract enters the portal circulation, first-pass metabo-
lism in the liver will be a problem for many drugs. This
problem can be avoided if a drug molecule is absorbed
through the lymphatic circulation. However, the flow rate
of lymphatic fluid (1 to 2 mL/min) compared with blood
(2 L/min) is significantly lower. This may be one of the
main reasons for the lower extent of absorption through
the lymphatics (204). The activities of various proteases
in the small intestine were generally higher than those in
the large intestine. This tendency was more remarkable in
the case of endopeptidases such as trypsin, chymotrypsin,
and elastases (205). Once a drug is released into the colonic
lumen, it is subjected to possible metabolism by host en-
zymes in the enterocytes and by microbial enzymes from
the colon flora. A large number of aerobic and anaerobic
bacteria are present throughout the entire length of the hu-
man GI tract, especially in the colon. The concentration of
bacteria in the human colon is about 1011 to 1012 colony-
forming units/mL and is dominated by anaerobic bacteria.
Hence microbial metabolism proceeds primarily by reduc-
tion and hydrolysis without oxidation (206,207).

As in the colon, drug absorption from rectal administra-
tion may occur via the transcellular and/or paracellular
pathways. Hence passive transport seems to be the main
mechanism for rectal drug absorption (208). The fate of a
drug absorbed from the rectum depends on its position in
the rectum. The chance of a drug avoiding hepatic first-
pass metabolism increases as the absorption site distance
from the colon increases (189). Ritschel et al. (209) studied
the first-pass elimination of lidocaine in the rabbit after
peroral and rectal administration. The result indicated that
about 30 percent of the rectally administered dose by-
passed the liver after rectal absorption. This indicates that
absorption from the rectum is partly via the portal route
and partly via direct systemic delivery. This is similar to
the finding in man, which was studied by de Boer et al.
(210). However, the presence of extensive anastomoses

may attenuate this effect. Absorption from the rectum is
also accomplished by the lymphatics, which are located all
along the gastrointestinal tract. This pathway can circum-
vent hepatic first-pass metabolism; however, it should be
noted that the total amount of drug absorbed through the
lymphatic appears to be quite small compared with the
blood circulation (189,211).

According to metabolic studies, the rectal mucosa had
consistently high activities of aminopeptidase and esterase
(26,27,212). This coupled with the other disadvantages,
i.e., interruption of absorption by defecation, lack of ac-
ceptability by patients, limited area, and local irritation,
make this route less desirable than other routes. However,
this route can be useful for the delivery of drugs to patients
with difficulty using the oral or other routes, such as chil-
dren (213–215) and psychiatric patients (216).

3. Examples

Despite several barriers to drug delivery that exist within
the GI tract, drug administration through the GI tract con-
tinues to be the most popular route. To be able to maintain
the successful therapeutic effect of a drug, the correct
amount should be released and maintained during a spe-
cific time. Moreover, the drug should be delivered or tar-
geted to a specific region in the GI tract. There are a num-
ber of developments relative to the GI tract that have been
reported. This report will review some of these, including
bioadhesive systems, enteric-coated systems, and rectal
delivery systems.

The original idea of using bioadhesives as platforms for
oral controlled drug delivery was to use these polymers to
control and prolong the gastrointestinal transit of the sys-
tems (217–219). However, in vivo results obtained in hu-
mans did not show that bioadhesive systems were able to
control or slow down significantly the gastrointestinal tran-
sit time of dosage forms (220). Possible explanations of
this failure are overhydration of the bioadhesive, inactiva-
tion of the bioadhesive by soluble mucin, and fast turnover
rate of mucus (221). Microspheres prepared by using a
combination of polyglycerol esters of fatty acid (PGEF)
and Carbopol 934P have been demonstrated to be good
candidates for increasing the gastrointestinal residence
time, especially in the stomach and upper small intestine
(222). Akiyama et al. (222) prepared three types of mi-
crosphere based on this combination including Carbopol-
coated microspheres, PGEF-based microspheres, and
Carbopol dispersion in PGEF microspheres. Only the dis-
persion type microspheres, referred as an Adhesive Micro-
matrix System, showed a promising result. They claimed
that this system prolonged gastrointestinal transit time by
adhering to the gastric or intestinal mucosae in the rat.
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Studies in man, using furosemide and riboflavin as mark-
ers, were done to comfirm this conclusion (223). Since fu-
rosemide and riboflavin are compounds that are absorbed
in the upper small intestine, drug absorption after adminis-
tration of bioadhesive microspheres should be higher than
that of nonadhesive microspheres, if the gastrointestinal
transit time of bioadhesive microspheres is prolonged. Re-
sults from humans confirm the former conclusion. There-
fore this system may be useful for drugs with low bioavail-
ability and drugs expecting a local action. In fact, Nagahara
et al. (224) tried to use this system for increasing the anti-
Helicobacter pylori effect of amoxicillin. This idea was
done following the publication by Kimura et al. (225), who
demonstrated that 1-hour topical treatment with the infused
solution of high concentration of antimicrobial agents pro-
vided more complete eradication of H. pylori than conven-
tional therapy due to the extended gastric residence times
of the drugs. The percentage of amoxicillin remaining in
the stomach after oral administration of the bioadhesive
microspheres to Mongolian gerbils under fed conditions
was about three times higher than that of a 0.5% methylcel-
lulose suspension. Moreover, the required dose of amoxi-
cillin to eradicate H. pylori was effectively reduced by a
factor of ten when the bioadhesive microspheres were used
(224). Chickering et al. (226) demonstrated that polymeric
microspheres made of poly(fumaric-co-sebacic), a bioerod-
ible polyanhydride, displayed good adhesion. In vivo gas-
trointestinal studies using barium as a marker showed that
these microspheres had a residence time of 24 to 36 hours.
Optical microscopy was used to explore the absorption
efficacy of these microspheres. After 24 hours, large
amount of microspheres were observed in the enterocytes,
the Payer’s patches, and also in the spleen and liver tissues
(227). Further studies were performed to determine
whether these microspheres could be used as oral drug
carriers. Microspheres composed of poly(fumaric-co-se-
bacic) in a 20:80 molar ratio were used to encapsulate
dicumarol and plasmid DNA. Oral administration of these
drug-containing microspheres to rats showed an improve-
ment in the oral bioavailability of these drugs. In the same
study, insulin was encapsulated in a blend of poly(fumaric
anhydride) and poly(lactide-co-glycolide), and the micro-
spheres were administered to the group of fasted rats that
were injected subcutaneously with an initial glucose load.
The results showed that this preparation was better able to
regulate the glucose load than the controls, soluble insulin
in saline (227). Coating liposomes with bioadhesive also
showed a good relationship with prolonged the residence
time. Takeuchi et al. (228) evaluated the adhesive property
of the bioadhesive-coated liposomes in vitro using rat intes-
tine. Multilamellar liposomes of dipalmitoyl phosphatidyl-

choline and dicetyl phosphate in a molar ratio of 8:2 were
coated with three different types of bioadhesives including
chitosan, polyvinyl alcohol, and poly(acrylic acid). They
found that chitosan-coated liposomes had the highest adhe-
sive property. An in vivo study was carried out using
insulin as a model drug. A marked reduction in basal blood
glucose level was observed within 30 minutes after admin-
istration of the chitosan-coated liposomes containing insu-
lin and was prolonged for up to 12 hours. This prolonging
effect could be attributed to the bioadhesive property. It
is interesting to note that the relative effectiveness of this
system was only 10% compared to the case of a 5 Interna-
tional Unit (IU) subcutaneous injection. An oil-in-water
bioadhesive submicron emulsion was used as a carrier for
desmopressin acetate (229). Oral administration of these
formulations using Carbopol 940 as a bioadhesive showed
substantial enhancement, up to 12-fold, of the rat oral
bioavailability of desmopressin acetate with regard to a
simple saline solution of the drug.

These examples are based on the use of a nonspecific
bioadhesive interaction as a tool for localizing drug deliv-
ery systems to the surface of the GI tract and hence increas-
ing bioavailability of the drugs. However, targeting to a
specific area of the mucosa is still difficult. To deal with
this problem, specific bioadhesion using ligand–receptor
interactions was investigated. Lectin is an interesting li-
gand that can bind specifically to biological surfaces bear-
ing sugar residues located at the surface of epithelial cells
(221,230–233). It was demonstrated that tomato lectin will
bind to the small intestinal epithelium surface in vitro
(232,234). This binding was shown to be specific and me-
diated through N-acetylglucosamine-containing glycocon-
jugates. The uptake in vitro study of tomato lectin was
shown to be taken up by enterocytes via specific adsorptive
endocytosis (235). Note that an in vivo study did not show
a significant difference in the transit time of tomato lectin
and polyvinylpyrrolidone (236). Specific bioadhesion par-
ticulate systems for oral delivery purposes can be designed
by grafting lectin onto the surface of particulate carriers
such as microspheres, nanoparticles, and liposomes. Irache
et al. (237) proved this idea through lectin–latex conju-
gates by covalent coupling of different lectins (tomato,
asparagus, pea, and mycoplasma) to polystyrene latexes.
In vitro interaction between lectin–latex conjugates and
pig gastric mucin was tested. The results showed that the
lectin–latex conjugates still had the properties of free lec-
tin such as high binding affinity and high specificity for
carbohydrate moieties of mucus glycoproteins. These re-
sults support the former publication, in which Lehr et al.
(232) found that tomato lectin–coated polystyrene micro-
spheres showed specific binding to enterocytes in vitro.
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Hussain et al. (238) investigated the oral uptake of tomato
lectin–conjugated nanoparticles in rat intestine. They
found the enhancement of intestinal transcytosis at the site
where these nanoparticles were bound. Another example
is lectin-bearing polymerized liposomes. Lectins can be in-
corporated into a liposome membrane by modifying them
with a hydrophobic anchor, N-glutaryl-phosphatidyleth-
anolamine. Chen et al. (239) incorporated modified lectins
into liposome bilayers, and then the liposomes were stabi-
lized via polymerization. Studies in mice established that
these systems had the potential to be used as vehicles for an
oral vaccine because they can promote binding to Peyer’s
patches.

Enterio-coated systems are those that remain intact in
the stomach but will dissolve and release drugs once they
reach the intestinal tract (240,241). The traditional pur-
poses of using these systems are preventing destruction of
the drug by gastric enzymes or by the acidity of the gastric
fluid, preventing nausea and vomiting caused by the drug’s
irritation, and delivering the drug to the primary absorption
site. Recently, such coatings have been used as a con-
trolled-release dosage form. In principle, the action of en-
teric coating results from a difference in pH and enzymatic
properties in the stomach and intestinal tract. pH-sensitive
polymers used as enteric coating are undissociated in the
low-pH environment of the stomach and dissolve when the
pH rises to appropriate values (Table 6). For example, CAP
will dissolve when the pH of the environment increases to
6, while CAT will dissolve at a lower pH (4.8). Since the
variation of pH in the GI tract is obvious and is changed
by foods or drugs, enteric coated systems for the distal area
of the GI tract are still unpredictable (243).

Coatings subject to enzymatic breakdown are consid-

Table 40.6 Commonly Used Enteric Coating Materials

Polymer Dissolved pH

Cellulose acetate trimellitate (CAT) 4.8
Polyvinyl acetate phthalate (PVAP) 5.0
Carboxymethylethylcellulose (CMEC) 5.0
HPMCP 50 5.2
HPMCP 55, HPMCP 55S 5.4
Hydroxypropylmethylcellulose acetate succinate 5.0, 5.5, 7.0

(HPMCAS) (three grades)
Eudragit L30D 5.6
Cellulose acetate phthalate (CAP) 6.0
Eudragit L 6.0
Eudragit S 6.8

HPMCP � Hydroxypropylmethylcellulose phthalate
Eudragit � Tradename of methalic acid copolymers
Source: Refs. 241, 242.

ered as potential colonic drug delivery systems because of
the presence of bacteria in the colon. Saffran et al. (244)
developed a copolymer of styrene and 2-hydroxyethyl
methacrylate cross-linked with divinylazobenzene to coat
oral dosage forms. They showed the success of delivering
insulin to rats and dogs via oral administration. The coating
polymer is degraded by bacterial azoreductase, and the
drug is subsequently released. Later, Van den Mooter et
al. (245,246) studied the influence of hydrophilicity on the
degradation of azopolymers. They found that degradation
of the azo polymers was strongly affected by hydrophil-
icity of the polymers. The hydrophilic moiety ensures a
good availability of the azo group for bacterial reduction,
while the hydrophobic moiety provides resistance to degra-
dation by the gastric and small intestinal fluids. Therefore,
a balance between hydrophilic and hydrophobic moieties
in the polymer must be considered. Kopecek et al. (247)
introduced two new ideas to develop a polymeric carrier
for site-specific drug delivery to the colon. The first system
is based on the concept of binding polymeric carriers to
the colonic mucosa followed by the degrading action of
microbial enzymes. One example of these polymers is N-
(2-hydroxypropyl)methacrylamide copolymers containing
high amounts of both bioadhesive moiety (fucosylamine)
and 5-aminosalicylic acid (a drug for the treatment of ul-
cerative colitis). Fucosylamine will bind to the colonic mu-
cosa, and the system will release drug by the degrading
action of azoreductase (248). The second system, a biode-
gradable pH-sensitive hydrogel, is based on the swelling
properties of the polymer at different pH and an enzymati-
cally degradable azoaromatic cross-link. This polymer has
a low degree of swelling in the low-pH environment of the
stomach, and thus the drug is protected against digestion
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by enzymes. The degree of swelling increases as the poly-
mer passes down the GI tract according to an increase in
pH. In the colon, the polymer has a high degree of swelling
that makes the cross-links accessible to azoreductase.
When the polymer is degraded, drug is released (249,250).

Rectally administered drugs can be given by several
dosage forms such as suppositories, enemas, and foams.
The spread of the rectal formulations within the distal co-
lon is dependent on both type and volume of the formula-
tions. Studies using scintigraphy have shown that the
spread of both enemas and foams was more extensive than
that of suppositories (251–253). In fact, the spread of sup-
positories was limited to the rectal vault (252,253), while
enemas and foams can spread as far as the transverse colon
(253,254). Therefore suppository dosage forms should be
more appropriate for systemic absorption of drugs to mini-
mize first-pass metabolism. Enemas and foams, however,
are appropriate for local activity in the colon.

Ulcerative colitis is a primary disease of nonsmokers,
for which nicotine is a therapeutic agent. However, long-
term transdermal nicotine treatment is likely to be limited
by side effects (255,256). Pharmacokinetic studies in hu-
mans demonstrated that administration of nicotine as a liq-
uid enema resulted in less systemic absorption and thus
decreased side effects (257,258). Moreover, Sandborn et
al. (256) observed the clinical improvement in patients
with mild to moderately active left-sided ulcerative colitis
as nicotine tartrate liquid enema was administered at a dose
of 3 mg nicotine base per day for 1 week and then 6 mg per
day for 3 weeks. Otten et al. (259) compared two products
containing 5-aminosalicylic acid, which is widely used as
a topical treatment in distal inflamatory bowel disease.
These products had different properties such as viscosity
and particle size. They found that the product with a larger
volume and smaller particle size reached a substantially
larger proportion of the colon. Furthermore, with higher
viscosity, this product also produced a significantly higher
retention time in the proximal parts of the large intestine.

In an attempt to restrict drug absorption from supposito-
ries to only the lower rectum, several approaches have
been explored. These included the use of hydrogel, bioad-
hesive, or thermoreversible polymer systems as vehicles.
The formulations with sustained-release properties have
been designed using the hydrogel as a vehicle. Polyvinyl
alcohol hydrogel suppositories containing indomethacin
were prepared and tested in rats and dogs (260). The
plasma concentration of indomethacin showed a sustained-
release profile, and formulations with higher pH showed
higher plasma concentration. Propranolol HCl was also
used as a model drug in this vehicle. By adding phospho-
lipid into the formulations, Morimoto et al. (261) found

better bioavailability than that with a conventional suppos-
itory (Witepsol H15). Cole et al. (262) used a cross-linked
polyethylene glycol 4000 to prepare a sustained-release
formulation of morphine sulfate that was administered to
human volunteers. The plasma morphine concentrations in
these subjects increased to approximately steady values
within 2 to 4 hours after administration and were main-
tained for at least 12 hours. Bioadhesives have been incor-
porated into suppository formulations to improve bioavail-
ability of the drugs. Recently, Hosny (263) prepared an
insulin suppository by adding deoxycholic acid, sodium
taurocholate, and/or polycarbophil to the formulations. Us-
ing the rabbit as an animal model, the greatest relative hy-
poglycemia was obtained from the suppository formula-
tion containing all three materials. This formulation
showed a relative bioavailability of 56.4% compared with
subcutaneous injection. Another example was by Yahagi
et al. (264). They prepared bioadhesive lidocaine supposi-
tories using Witepsol H15 as a base, and Carbopol 934P
and white beeswax as additives. Carbopol has a bioadhe-
sive property, while white beeswax was added to increase
the melting point of the suppositories. Suppositories con-
taining 10% Carbopol and 20 to 30% white beeswax were
retained in the lower rectum for at least 2 hours, but adding
white beeswax reduced drug release. Therefore double-
phased suppositories consisting of a bioadhesive front
layer containing 10% Carbopol and 20% white beeswax,
and a second layer containing Carbopol and lidocaine,
were designed. The double-phased formulation, with the
addition of 5% Carbopol in the second layer, exhibited the
lowest metabolites/lidocaine area under the curve ratio.
This can be explained in that the bioadhesive front layer
containing white beeswax prevented movement of the sec-
ond layer toward the upper rectum and limited the absorp-
tion region to the lower rectum, and hence reduced first-
pass metabolism. A new approach employed a bioadhesive
liquid suppository composed of a thermoreversible poly-
mer and bioadhesives. These systems exist as liquids at
room temperature and form gels at body temperature, so
they can be easily applied into the rectum as liquids and
remain in the rectum without leakage as gels. Choi et al.
(265) developed acetaminophen liquid suppositories com-
posed of Poloxamer 188, 407, and polycarbophil as a vehi-
cle. Pharmacokinetic studies in rats showed good bioavail-
ability and did not cause damage to the rectal tissues.
Insulin was also incorporated into these formulations
(266). The pharmacodynamic studies and quantitative his-
tological assessment of rectal mucosa of rats were carried
out. The optimum result was found for the formulation of
insulin: P407: P188: polycarbophil: sodium salicylate (100
IU/g: 15: 20: 0.5: 10%). From these studies, one can con-
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clude that thermoreversible liquid suppositories may be
more convenient, safe, and effective rectal delivery sys-
tems.

E. Vaginal

1. Relevant Anatomy and Physiology

The vagina is a fibromuscular tube that extends to the
lower part of the uterine cervix (267–269). In adult pre-
menopausal women, the vagina is approximately 7 to 8 cm
in length and 2 cm wide, and shrinks to approximately 4.5
to 6 cm in length and 1 to 1.5 cm in width in postmeno-
pausal women (270). The vaginal wall consists of three
layers: an epithelial layer, the muscular coat, and the tunica
adventitia. The epithelium is a nonkeratinized stratified
squamous type with thickness about 200 to 300 µm. The
thickness of the vaginal epithelium varies with age and
menstrual cycle. In postmenopausal women and ovariecto-
mized animals, the vaginal epithelium becomes extremely
thin and porous, leading to a substantial increase in perme-
ability of this tissue. The menstrual cycle is the human
female reproductive cycle. In most women, this cycle lasts
about 28 days (21 to 35 days). The first menstrual day is
numbered as day 1. At day 14, ovulation occurs, and splits
the ovarian cycle into the follicular and luteal phase. These
phases represent different hormone levels as described in
Table 7.

The vaginal epithelium consists of five different cell
layers: basal, parabasal, intermediate, transitional, and su-
perficial layers. The cyclical variations of the vaginal epi-

Table 40.7 Phases of the Human Menstrual Cycle

Numbers of
Days Phase Hormone cell layers

1 to 4 Follicular phase Estradiol, progesterone, 18
begins FSHB and LHC: low

5 to 13 Follicular phase Estradiol: rising 22
continues Progesterone, FSH and

LH: low
14 Ovalatory phase Estradiol: falls after follicle 45

ovulation
Progesterone: rising
FSH and LH: sharply in-

crease (peak)
15 to 28 Luteal phase Estradiol and progesterone: 23 to 33

high FSH and LH: low

A � Day 1 is the first menstrual day.
B � Follicle stimulating hormone.
C � Luteinizing hormone.
Source: Refs. 269, 271.

thelium generally involve proliferation, differentiation,
and desquamation. The intermediate, transitional, and su-
perficial layers are strongly affected by the cycle and be-
come thickest at ovulation. During the luteal phase, des-
quamation occurs on the superficial epithelial layer
extending as far as the intermediate cells. Loosening of
intercellular grooves and a porelike widening of intercellu-
lar crevices following ovulation precedes this cyclic des-
quamation. The intercellular channels are narrow during
the early follicular phase but become wide at ovulation and
during the luteal phase. This can be explained by the
change of estrogen and progesterone hormone level during
the menstrual cycle. Estrogen causes an increase in muco-
sal thickness and the amount of endocervical fluid, while
progesterone causes an increase in fluid secretion from the
epithelial layers and an increase in glycogen, which is me-
tabolized to decrease pH. Estrogen also decreases fluid vis-
cosity, but progesterone increases viscosity. A related
physiological event associated with a decline in estrogen
levels is a substantial reduction in vaginal blood flow with
concomitant drying of vaginal tissue (270). The surface
area of the vagina is increased by numerous foldings and
by microridges, which run either longitudinally or in cir-
cles.

Although the vaginal epithelium lacks specific moistur-
izing glands, the surface is usually covered with a film of
moisture exuded from the vascular bed of the lamina pro-
pria and the cervix. The origin and composition of vaginal
fluid is complex and its volume varies with age, menstrual
phase, and degree of sexual excitement (272). pH of the
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vagina varies between 4 to 5 in adult premenopausal
women depending on the menstrual cycle and location,
whereas in the postmenopausal women neutral or alkaline
values are typical (273). Blood supply to the vagina is via
the uterine and pudendal arteries, which arise from the in-
ternal iliac arteries. The vagina is drained by a rich venous
plexus, which empties into the internal iliac veins.

2. Major Biological Barriers and Appropriate
Strategies

The transcellular and paracellular pathways for drug ab-
sorption through the vaginal mucosa are apparently the
same as those found in other mucosae (269,274). It was
proposed that the absorption barriers of the vagina con-
sisted of two barriers in series, which are an effective aque-
ous barrier and a membrane barrier (275). The membrane
barrier consists of a lipoidal pathway (transcellular) and
aqueous pore pathway (paracellular). In addition, Hwang
et al. (276) found that the permeability coefficient of the
aqueous pore for 1-alkanoic acids was significantly smaller
than that for alcohols. Therefore they concluded that the
aqueous pore might be semipolar in character or negatively
charged, so that aqueous anions had more difficulty being
transported via this pathway.

Cyclic changes in the thickness and porosity of the vagi-
nal epithelium can also affect absorption; however, differ-
ent results have been reported. For example, the effect of
the estrus cycle on the permeability of Vidarabine in mice
vaginal mucosa has been demonstrated. The results re-
vealed that the permeability coefficients during the diestrus
phase were 10 to 100 times higher than those obtained in
the estrus phase (277). Okada et al. (278) showed the effect
of estrus cyclic changes on vaginal absorption of insulin,
phenolsulfonphthalein, and salicylic acid in rats. They con-
cluded that the permeability for hydrophobic compounds,
which are transported mainly through the transcellular
pathway, is less affected by the estrus cycle; whereas the
permeability for hydrophobic compounds, which are trans-
ported mainly through intercellular channels, is highly de-
pendent on the estrus cycle. Note that the estrus cycle of
the rat is completed in 4 to 5 days, and during this cycle,
changes in the vaginal mucosal membrane, the ovaries, and
the uterus occur. These changes are similar to the vaginal
mucosa changes in women during the menstrual cycle. In
contrast to these results, the vaginal absorption of metha-
nol, octanol, progesterone, and estrone in monkeys showed
no relationship between the menstrual cycle and the vagi-
nal membrane permeability. The result is also the same as
the case of prostaglandin E1 in humans (268).

Regarding the metabolic barrier, several enzymes have

been found in the vaginal mucosa. The outer cell layers of
the vagina contain varying amounts of β-glucuronidase,
acid phosphatase, phosphoamidase, succinic dehydroge-
nase, and diphosphopyridine nucleotide diaphorase (279).
The protease enzyme activities could also potentially be
an important barrier in the delivery of protein and peptide
drugs through the vaginal route (24,269). The enzymatic
activity can be changed with hormonal fluctuation in pre-
menopausal and postmenopausal women (279–281).
Acarturk and Robinson (281) studied the vaginal perme-
ability and enzymatic activity in intact and ovariectomized
rabbits. The ovariectomized rabbits showed a thinner mu-
cosal epithelium and a higher vaginal permeability to en-
kephalin. In addition, the activity of aminopeptidase N was
significantly decreased in these rabbits, while the activity
of leucine aminopeptidase, aminopeptidase A, and amino-
peptidase B remained unchanged in both cases. They sug-
gested that the ovariectomized rabbit might be useful as
an animal model for postmenopausal vaginal studies. Since
the activity of several vaginal enzymes was found to vary
with the menstrual cycle and postmenopausally, variation
in enzyme activity with hormonal changes should be added
to the consideration of drug delivery design.

3. Examples

Typical vaginal delivery systems include solutions, gels,
foams, and suppositories. Each of these systems suffers
from a short residence time in the vaginal region. There-
fore formulations that can provide a prolonged contact
time will be discussed.

Robinson and Bologna (270) described a vaginal deliv-
ery system using the bioadhesive polycarbophil. This sys-
tem can remain on vaginal tissues for 3 to 4 days. More-
over, intrinsic properties of polycarbophil can alter the
local pH and hydration level of the tissue. A gel product
was an emulsion gel of approximately 60,000 to 80,000
cps, containing 1 to 3% polycarbophil plus humectants and
lipid lubricants in an aqueous base. In postmenopausal
women, this gel showed a reduction in pH from about 6
to 4 and maintenance in this pH for about 3 to 4 days after
the last dose. It also created a significant increase in blood
flow, which then provided hydration of the vaginal tissues.
Therefore a low viscosity gel of this polymer can be used
as an effective treating agent for dry vagina in postmeno-
pausal women and those female cancer patients on estro-
gen blockers. In contrast to this report, Brown et al. (282)
used the γ-scintigraphy method to study the spreading and
retention of this formulation in postmenopausal women.
They found a lack of significant retention time and consid-
erable intersubject variability.
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Bioadhesive gel formulation also has a capacity to serve
as a platform for drug delivery (270). For example, vagi-
nally delivered progesterone containing polycarbophil al-
lowed a prolonged delivery of progesterone to achieve
clinical effect with low side effects. In another case, a com-
bination of this polymer with nonoxynol 9, a spermicidal/
antiviral agent, offered suitable potential benefit in the area
of contraception and prophylaxis against sexually trans-
mitted diseases. Lee and Chien (283) used Carbopol 934P
as a gel base for a combination of nonoxynol 9 and chelat-
ing agent (EDTA). This system showed longer contact
time and greater surface contact with the vaginal mucosa,
so the effective drug concentration could be maintained
for a prolonged period of time. These results confirmed
that a bioadhesive gel formulation is suitable for controlled
release of nonoxynol 9 and enhances fertility control by
providing prolonged spermicidal action.

Another formulation for nonoxynol 9 was prepared by
coprecipitation with polyvinylpyrrolidone with or without
iodine to produce powders, and then incorporated into bi-
layer tablets or hard gelatin capsules (284). Bilayer tablets
consisted of fast and slow releasing compartments, while
hard gelatin capsules were composed of fast, intermediate,
and slow releasing compartments. After intravaginal ad-
ministration in rabbits, these systems released their nonox-
ynol 9 and iodine content rapidly, reaching spermicidal
levels within 3 minutes and that lasted for at least 4 hours.

Richardson et al. (285) prepared vaginal delivery sys-
tems for calcitonin using the microspheres of hyaluronane
esters. The vaginal absorption of calcitonin was compared
after administration of these microspheres and calcitonin
solution to rats. The results from the microspheres showed
more rapid pronounced hypocalcaemic effects than a sim-
ple calcitonin solution. This enhancement of absorption
may be due to intimate contact between the microspheres
and the vaginal mucosa, as shown by microscopic exami-
nation. In addition, the distribution and retention time of
these formulations were evaluated in sheep by using γ-
scintigraphy (286). They found that about 68 to 80% of
the radioactive remained within the vagina, and there was
no indication of movement of the microspheres to the up-
per levels of the genital tract. Note that the microspheres
in dry powder form showed slightly longer retention time
than the vaginal pessary form. These results demonstrated
the potential of using the microspheres as a sustained-
release intravaginal delivery system.

Liposomes containing progesterone were developed
and evaluated for use as an intravaginal contraceptive sys-
tem (287). These liposomes were incorporated into poly-
acrylamide gel and progestational activity determined. It
was observed that the formation of functioning corpora lu-

tea was decreased in treated animals. Moreover, the effect
of liposomal preparation was found to be greater and more
prolonged as compared to a control gel.

V. CONCLUSION

In this chapter, several areas have been reviewed including
relevant anatomy and physiology of mucosae in different
areas, major biological barriers, and some examples of
drug delivery systems through these routes. However, our
knowledge of these areas is still insufficient to warrant op-
timizm about the routine delivery of drugs.

Drug delivery via the mucosal routes offers many ad-
vantages, which support these routes as alternatives to the
injection route. However, the presence of several barriers
creates some difficulties in the design of promising drug
delivery systems. Each of these barriers can be overcome
by one or more possible solutions. At present, there is no
universal solution to all problems. Therefore it is reason-
able to conclude that there remains a need for properly
designed drug delivery systems, and careful consideration
of the relevant anatomy and physiology of mucosae will
help pharmaceutical scientists in the development of more
efficient and safe drug delivery systems.
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I. BIOADHESION AND MUCOADHESION

Bioadhesion, the adherence of two phases, at least one of
which is biological in nature, is a topic of increasing inter-
est to the pharmaceutical scientist. Bioadhesion can be re-
garded as a useful phenomenon, facilitating the design of
novel polymeric drug delivery systems. However, it can
also be a clinically unhelpful or potentially dangerous
problem, responsible, in part, for the formation of micro-
bial biofilm on medical devices, a primary cause of clinical
infection in, for example, intensive care situations.

Bioadhesive drug delivery systems may be prepared as
flexible films, solid compacts, gels, and viscoelastic semi-
solids. Applied advanced rheological methods, notably
texture profile analysis and oscillatory rheometry, may be
employed in the study of bioadhesive systems in order to
obtain a fundamental understanding of their adhesive, co-
hesive, and flow properties. Sites for application of bio-
adhesive drug delivery systems are primarily topical and
include ocular, nasal buccal, urogenital, and anal applica-
tions. A number of excellent reviews have been published
on the general area of bioadhesion (1–10).

Bioadhesion, in the context of drug delivery, is the mo-
lecular force that resists separation across the interface be-
tween a biological surface and a carrier, usually polymeric
in nature. The primary aim of bioadhesive drug delivery
systems is to provide prolonged residence time, improved
contact, and hence improved absorption at a given applica-
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tion site. Most frequently, bioadhesive drug delivery sys-
tems operate in an environment in which a mucus gel layer
acts as an interface between adherent and epithelial sur-
faces. This three-phase system is therefore a special case
of the phenomenon of bioadhesion.

Mucosal epithelial sites are rich in a viscous secretion,
mucus, which adheres to the adjacent epithelium, pro-
tecting it from mechanical, bacterial, viral, and chemical
attack. Mucus consists of water (up to 95% by weight),
glycoproteins (0.5 to 5%), low proportions of lipids, min-
eral salts (1%) and 0.5 to 1% of free proteins (11). The
rheological properties of mucus, together with its adhesive
and cohesive properties, are primarily attributable to the
glycoprotein fraction.

II. NONSPECIFIC AND SPECIFIC
BIOADHESION

Bioadhesive drug delivery systems may offer certain ad-
vantages over more traditional dosage forms, including:

Enhanced absorption rates by minimizing diffusion bar-
riers

Increased residence time leading to enhanced adsorp-
tion

Improved intimacy of contact with various biological
membranes
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Improved bioavailability through the protection of bio-
active molecules from physical and chemical degra-
dation

The process of bioadhesion can result either from non-
specific interactions with the mucosal tissue, which are
governed by the physicochemical properties of the bioad-
hesive material and the surface, or from specific interac-
tions when a ligand attached to a specific site is used for the
recognition and attachment to a specific site at the mucosal
surface.

The first generation of bioadhesive drug delivery sys-
tems were based on mucoadhesive polymers, e.g., natural
or synthetic macromolecules, often already well accepted
and used as pharmaceutical excipients for other purposes.
These agents had the interesting ability to adhere to humid
or wet mucosal tissue surfaces. Certain mucoadhesive
polymers were also found to have other, possibly more
significant, biological activities, namely, to inhibit proteo-
lytic enzymes and/or to modulate the permeability of tight
epithelial tissue barriers. Such features may be particularly
useful in the context of peptide and protein drug delivery.

As an alternative to the nonspecific binding to tissue
achieved with mucoadhesive polymers, interest has in-
creasingly turned to molecules with specific cell-binding
affinities. In particular, specific bioadhesives such as plant
or bacterial lectins, adhesion molecules that specifically
bind to sugar moieties of the epithelial cell membrane,
have been extensively studied, notably for drug targeting
applications (12,13). These second-generation bioadhe-
sives provide not only for cellular binding but also for sub-
sequent endo- and transcytosis. However, lectins have yet
to deliver on their initial promise as specific bioadhesive
drug delivery systems, as the literature to date indicate the
general variability in drug absorption associated with their
use (14).

III. MECHANISMS OF BIOADHESION

There is no unified theory to explain the process of bioad-
hesion. The mechanism responsible for the process de-
pends on the tissue substrate, the environment, and, criti-
cally, the design of the dosage form. The mechanical or
wetting theory is perhaps the oldest available adhesion the-
ory and explains adhesion as an embedding process. Adhe-
sive molecules penetrate into surface irregularities and ulti-
mately harden, producing numerous anchors (15). For the
adhesive to move freely into such pores, it must overcome
any surface tension effects present at the interface. The
wetting theory is most applicable to liquid bioadhesives.
It describes the interactions between the bioadhesive poly-
mer, and its angle of contact with the substrate, to thermo-

dynamic work of adhesion. Such liquid bioadhesives are,
in practice, only weakly adherent.

The formation of an electrical double layer is the basis
of the electrostatic theory (16). This theory, applicable to
mucoadhesion, assumes that, upon contact, the mucin gly-
coproteins and polymer material transfer electrons across
the interface. This movement of coulombic charge sets up
an electrical double layer and, subsequently, a system of
attractive forces that maintains the contact.

The interpenetration or diffusion theory is perhaps the
most widely accepted physical theory and the most rele-
vant to bioadhesive hydrogel systems. In the mucoadhe-
sive context, polymeric chains, from both bioadhesive and
mucus, intermingle and reach a sufficient depth within the
opposite matrix to allow formation of a semipermanent
bond. The process can be visualized from the point of ini-
tial contact. The bioadhesive concentration gradient will
drive polymeric chains into the mucous network until an
equilibrium penetration depth is achieved. Once intimate
contact occurs, the mucin and polymer chains move along
their concentration gradients into the opposing phase. The
depth of penetration into this phase depends on their re-
spective diffusion coefficients. Reinhart and Peppas found
that the diffusion coefficient depended on the molecular
weight of the polymer strand and that it decreased with
increasing cross-linking density (17). This process of sim-
ple physical entanglement has been described as analogous
to forcing two pieces of steel wool to intermingle upon
contact (18). In the context of bioadhesive drug delivery
systems, the formation of permanent ionic or covalent
bonds, by contrast, is not required. Bioadhesive delivery
systems require a defined residence time at the target site,
after which they are removed or rendered inactive. Adhe-
sives that form permanent covalent bonds with the tissue
substrate, such as those used in dentistry and orthopaedics,
are too strong for this purpose (19,20).

The adsorption theory of adhesion involves surface
forces (21,22). Adherence to tissue is due to the establish-
ment of weak attractive forces between substrate and poly-
mer, primarily via van der Waal’s forces and hydrogen
bonding (21,22). Once intimate contact has been estab-
lished between polymer and substrate, these may be con-
sidered to be the strongest contributors to bioadhesion
(23).

A study of the formation of fractures or cracks at the
polymer mucin interface (in the case of mucoadhesion)
leads to the fracture theory of adhesion (24). The mechani-
cal deformation during the separation process between bi-
oadhesive polymer system and tissue substrate dissipates
heat at, or into, the immediate area of the interface, thereby
raising the temperature at the fracture area. In an interface,
microcracks will always exist. The temperature rise, espe-
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cially in the region of the crack tip, will increase the plas-
ticity of polymer chains and accelerate the crack propaga-
tion. Thus the process of interface fracture is determined
by crack formation and crack propagation. This theory is
dependent upon fracture occurring exactly at the polymer–
mucin interface. Experience, however, has shown that this
cannot always be guaranteed (25).

The surface microstructure of any tissue is an important
parameter for considering those bioadhesives that achieve
their bonding mostly through physical attachment. Such
surfaces often contain undulations and crevices that pro-
vide both attachment points and a key for the deposition
and inclusion of the polymeric adhesive. Mucoadhesion,
involving polymeric carrier adherence to a mucin-coated
epithelium, can be considered a ‘‘wet-stick’’ adhesion pro-
cess, in which polymer chains are released from restraining
dry lattice forces by hydration. These chains then move
and entangle into the matrix of the substance. Once entan-
gled, opposing chemical groupings become aligned, in-
creasing the probability of van der Waals attraction or hy-
drogen bonding. As this liberation of polymer chains is
hydration dependent, the amount of water present in the
bond site is decisive in determining its strength. Overhy-
dration will form a wet slippery mucilage with no adhesive
strength.

Overall, bioadhesion can be understood as a two-step
process, in which the first adsorptive contact is governed
by surface energy effects and a spreading process. In the
latter phase, the diffusion of polymer chains across the in-
terface may enhance the final bond (26). Water plays an
important role in mucoadhesion, the invading water mole-
cules liberating polymer chains from their twisted and en-
tangled state and thus exposing reactive sites that can bond
to tissue macromolecules. The adhesion of dried hydrogels
to moist tissue can be quite substantial, with water uptake
from the tissue surface facilitating surface dehydration and
exposing surface depressions that may act as anchoring lo-
cations (27). Thus the use of strongly mucoadhesive poly-
meric drug delivery systems in the oral cavity can, for ex-
ample, produce a profound and, for some individuals,
unpleasant dryness at the site of attachment.

IV. DETERMINATION OF BIOADHESIVE
FORCE OF ATTACHMENT

The evaluation of bioadhesive properties is fundamental
to the development of novel bioadhesive delivery systems.
Measurement of the mechanical properties of a bioadhe-
sive material after interaction with a substrate is one of the
most direct ways to quantify the bioadhesive performance.
To measure the force of bioadhesive attachment to tissue

involves the application of a stress to the bonding interface.
Numerous designs of apparatus have been proposed for
this purpose (11,28,29). Since no standard apparatus is
available for testing bioadhesive strength, an inevitable
lack of uniformity between test methods has arisen. Never-
theless, three main testing modes are recognized: tensile,
shear, and peel tests.

When the force of separation is applied perpendicularly
to the tissue/adhesive interface, a state of tensile stress is
set up. This is perhaps the most common configuration
used in bioadhesive testing. During shear stress the direc-
tion of the forces is reoriented so that it acts along the
joint interface. In both tensile and shear modes, an equal
pressure is distributed over the contact area (29).

The peel test is more applicable to systems involving
adhesive tape where removal of the device is an important
parameter. By pulling the two interfaces apart at an acute
angle, the force is focused along a single line of contact.
This effectively concentrates the applied force at the point
of separation and removal of the tape can be achieved eas-
ily. The peel test is of limited use in bioadhesive systems,
being better suited to transdermal patch technology or the
evaluation of adhesive dressing systems.

Once formed, the interface of the bioadhesive bond is
likely to exist in a microenvironment that will inevitably
influence its further performance. Factors such as pH, tem-
perature, ionic strength, and water content will all affect
bond durability. Experimental rigs have been devised to
investigate these important considerations. Although the
force used to break the bond can be applied in one of three
fashions, as described, the majority of researchers prefer
to use the tensile stress method. Irrespective of which con-
figuration is used to apply the force, the measurement of
the performance of the bioadhesive bond is generally per-
formed in one of three environments:

Most in-vitro methods involve measurement of shear
or tensile stress. Smart et al. described a method to study
bioadhesion whereby a polymer-coated glass slide was
withdrawn from a mucus solution (30). The force required
to accomplish this was equated to mucoadhesion. A fluo-
rescence probe technique was developed by Park and
Robinson to determine bonding between epithelial cells
and a test polymer (31). Other methods have involved mea-
surement of the force required to detach polymeric materi-
als from excised rabbit corneal endothelium. Mikos and
Peppas described a method whereby a polymer particle
was blown across a mucus filled channel (25). The motion,
recorded photographically, gave details regarding the ad-
hesion process. Woolfson et al. described the in vitro mea-
surement of bioadhesive strength via a linear variable
differential transformer (32). The apparatus (Fig. 1),
constructed from Perspex, consists of a movable platform
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Figure 41.1 Design of a tensile test device for bioadhesion us-
ing a linear variable displacement transformer. (A) Platform. (B)
Stepping motor. (C) Upper pedestal (tissue mount). (D) Lower
pedestal (bioadhesive mount). (E) Sensor housing. (F) Screw-
threaded shaft.

with a pedestal to which the bioadhesive formulation is
attached. Tissue was secured to a second, upper pedestal
linked to the LVDT via a sensor. During the test procedure
the platform was moved downwards at a predetermined
rate controlled by the motor drive logic board. As move-
ment occurs to the upper pedestal this was detected by the
output from the LVDT, which is recorded potentiomet-
rically. The force generated was measured by a previously
calibrated spring contained within the sensor housing. Dif-
ferent calibrated springs were used to increase or decrease
the sensitivity of the apparatus. Initial evaluation of the
testing device was performed on a range of candidate bi-
oadhesive film formulations. Jones et al. have reported on
the use of a commercial apparatus, in the form of a Texture
Profile Analyser (Fig. 2) operating in bioadhesive test
mode, to perform similar functions (33–35).

The ultimate destination for successful bioadhesive de-
vices is a tissue surface such as the gastrointestinal tract or
the buccal cavity. Some investigators have used previous
results obtained from their own in vitro work to predict
and subsequently test for in vivo performance. Examples
of in vivo studies in the literature are not as plentiful as

Figure 41.2 Texture profile analyzer in bioadhesion test mode.

in vitro work because of the amount and expense of animal
trials and the difficulty in maintaining experimental consis-
tency. Commonly measured variables include gastrointes-
tinal transit times of bioadhesive-coated particles and drug
release from in situ bioadhesive devices.

Ch’ng et al. studied the in vivo transit time for bioadhe-
sive beads in the rat (36). A radiolabeled bioadhesive (us-
ing 51Cr) was carefully introduced into the stomach. At
selected time intervals, the gastrointestinal tracts were
removed and cut into 20 equal segments, and the radioac-
tivity in each was measured.

Reich et al. described an instrument for measuring the
force of adhesion between intraocular lens materials and
the endothelium of excised rabbit corneas (37). It used a
metal or glass fiber deflection technique for measuring
pressures that were usually lower than 1 g cm�2. The con-
tacting surfaces were submerged in saline to eliminate sur-
face tension effects. In contrast to many bioadhesive test-
ing situations, the authors were attempting to find a
polymer with a lower adhesion than poly(methylmethacry-
late) (PMMA), the material most commonly used to make
intraocular lenses. A direct relationship had been shown
between the adhesive forces of a polymer to the endothe-
lium and the extent of cell damage. Poly(hydroxyethyl-
methacrylate) and Duragel, both hydrophilic materials
used to make soft lenses, gave less adhesion and subse-
quently less cell damage than the hydrophobic PMMA.

Davis (1985) described a method to study gastric-con-
trolled release systems (38). It can be advantageous in cer-
tain diseased states for a single dosage unit to be retained
in the stomach. This enables released drug to empty from
the stomach and have the length of the small intestine
available for absorption. Mucoadhesives can help achieve
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this objective. Therefore, as an alternative to using inva-
sive in vivo techniques, a formulation was used containing
a gamma emitting radionuclide. The release characteristics
and the position of the device could be monitored using
gamma scintigraphy. This technique could measure two
different radionuclides simultaneously, so that a subject
could be given two different formulations together, with
their release and transit times then being studied in a sin-
gle-occasion cross-over study.

V. CHARACTERIZATION METHODS FOR
BIOADHESIVE DRUG DELIVERY
SYSTEMS

A range of techniques are available for the study of bioad-
hesive delivery systems; the choice is influenced by the
site of attachment and the substrate tissue, together with
the design of the dosage form. Most viable bioadhesive
drug delivery applications involve mucoadhesion to acces-
sible (topical) epithelia. Certain tests will be required for
regulatory purposes, while others, though optional, often
constitute an important part of the development of a phar-
maceutics package for a novel bioadhesive carrier. Bioad-
hesive (mucoadhesive) dosage forms vary in bioadhesive
performance, water content being a primary determinant
of bioadhesion. Delivery platforms include liquids and gels
(low adhesion), viscoelastic semisolids (moderate adhe-
sion), flexible hydrogel films, particulates, and compacts
(strong adhesion). Applicable characterization methodolo-
gies include

Drug release studies
Drug diffusion (membrane penetration) studies
Examination of mechanical and textural properties
Examination of continuous shear properties
Examination of structural (viscoelastic) properties at

defined temperatures
Evaluation of adhesion to model substrates
Examination of product/packaging interactions

Texture profile analysis can be used to determine the fol-
lowing characteristics of semisolid bioadhesive delivery
systems (39).

Hardness/compressibility—a measure of the resistance
of the formulation to probe depression, which can
be used to characterize product spreadability

Cohesiveness—a measure of the effects of successive
deformations on the structural properties of a
product

Adhesiveness—a measure of the work required to re-
move the probe from the sample, a property related
to bioadhesion

Flow rheometry can be used to obtain the following infor-
mation on bioadhesive semisolids.

Effects of successive shearing stresses on the rate of
deformation of a product

Information concerning product viscosity, which in turn
affects drug release and ease of application at the site

Information concerning the rate of structural recovery
following deformation (thixotropy), which in turn af-
fects product retention at the application site

Drug release
Manufacture

Oscillatory rheometry, a nondestructive test (unlike
flow rheometry) can be used to obtain the information on
bioadhesive semisolids used at sites subjected to variable
stresses, for example, in the oral cavity, where chewing,
swallowing, and talking all affect the structural rheology
of bioadhesive systems (35,40). Oscillatory rheometry de-
termines strain in the system, resolved into two compo-
nents: the storage modulus (G′) is the part of the strain
that is in phase with the stress and is a measure of the solid
character, and the loss modulus (G″) is the part of the strain
that lags the stress by 90° and is a measure of the liquid
character.

Dielectric spectroscopy is an analytical technique that
involves the application of an oscillating electric field to
a sample and the measurement of the corresponding re-
sponse over a range of frequencies, from which informa-
tion on sample structure and behavior can be extrapolated.
Craig and Tamburic described studies on sodium alginate
gels whereby a model was proposed in order to relate the
low-frequency response to the gel structure (41). They also
reported on the application of dielectric spectroscopy to
the study of cross-linked polyacrylic acids with respect to
the effects of additives such as propylene glycol and chlor-
hexidine gluconate, the influence of the choice of neutraliz-
ing agent, and the effects of aging on the gel structure.

VI. BIOADHESIVE (MUCOADHESIVE)
POLYMERS FOR PHARMACEUTICAL
APPLICATIONS

Mucoadhesives may be defined as natural or synthetic ma-
terials that adhere to mucosal surfaces for prolonged pe-
riods of time. Mucoadhesion is the specific form of bio-
adhesion most relevant to drug delivery applications.
Mucoadhesive character is almost exclusively displayed
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by hydrophilic polymers whose large molecular size and
ability to form intermolecular bonds provides them with
the necessary interpenetrative and retentive properties re-
quired to adhere to the mucus layer. The chemical struc-
tures of some of the more common mucoadhesive poly-
mers are presented in Fig. 3. Others include gelatin, pectin,
agarose, polystyrene graft copolymers, and glyceryl ole-
ates.

Mucoadhesive polymers can be distinguished into two
main categories: polysaccharides and vinyl polymers. The
polysaccharides, exemplified by the cellulose derivatives,
chitosan, starch, and alginic acid, are simple sugars joined
by glycosidic linkages and are of natural origin, although
chemical modification of the side chains allows polymers
having different physicochemical properties to be pro-
duced. For example, chitosan is prepared by the deacetyla-
tion of chitin, the principal component of the exoskeleton
of crustaceans. The vinyl polymers are of synthetic origin,
commonly formed by the free-radical polymerization of
the corresponding vinyl monomer.

In order to function as mucoadhesives, polymer mole-
cules must achieve intimate and prolonged contact with
the mucosal substrate. This may be facilitated by more than
one adhesion mechanism. Certain structural features and
physicochemical properties are known to contribute to or
improve bio(muco)adhesion. Thus by careful selection and
modification of the appropriate polymer, bioadhesive sys-
tems can be tailored for a wide range of drug delivery ap-
plications.

A. Hydrophilic Functional Groups

The presence of hydrophilic functionalities, typically
ether, carboxyl, hydroxyl, amine, and sulphate groups, are
a prerequisite for good mucoadhesion. These groups allow
interaction with and attachment to the mucosal tissue, pre-
dominantly via hydrogen and dipole–dipole bonding.
Where the polymers have been rendered water-insoluble
by cross-linking, the hydrophilic moieties also take up wa-
ter, causing the networks to swell. The swelling increases
the conformational mobility of the polymer chains and en-
hances mucoadhesive strength due to a concomitant in-
crease in chain diffusitivity and degree of entanglement.
Swelling also exposes a greater number of hydrophilic
functionalities to the mucosal surface.

Additional hydrophilic groups can be incorporated into
polymers to enhance their bioadhesion. For example, Mat-
suda et al. have reported that the in vitro bonding strength
of gelatin films is enhanced up to sixfold by grafting free-
dangling aldehyde groups (42). When the aldehyde groups
were reacted with either glycine or sodium borohydride to
form the corresponding imine and alcohol, respectively,

the bonding strengths subsequently decreased, suggesting
that the Schiff bases formed between the aldehyde groups
in the gelatin film and the amino groups of the porcine
skin test material strongly contributed to enhanced bioad-
hesion.

If the addition of hydrophilic moieties increases the bi-
oadhesive strength of polymers, the converse should also
hold true. Pritchard et al. have demonstrated that esterifi-
cation of the carboxylic acid groups of hyaluronic acid
caused a decrease in the mean detachment force from rat
epithelia (43). However, additional factors, including the
degree of hydrophilicity and swelling of the esterified
polymers, were also considered to be factors.

Bioerodible copolymers of fumaric and sebacic acid
have been reported whose bioadhesion is attributed to hy-
drogen bonding between the copolymer and mucus glyco-
proteins (44). Interestingly, the continuous degradation of
these materials enhanced their bioadhesive properties by
changing surface energy, increasing surface roughness,
and increasing the number of carboxylic acid moieties
available for binding.

Some proteins have been shown to possess bioadhesive
character. The strong mucoadhesive properties of the mus-
sel adhesive protein produced by the blue mussel, Mytilus
edulis, have been attributed to hydroxylated amino acid
residues and the presence of 10–20% dopa residues (45).
However, the presence of hydrophilic functions does not
necessarily ensure good bioadhesion. In certain bioadhe-
sive formulations the ability of the hydrophilic groups to
bind with mucin may be significantly reduced by interac-
tions or complex formation with other excipients. Also,
certain coiled-chain configurations can hide the functional-
ities within the coil structure, thereby decreasing the possi-
bility of interactions with a substrate.

B. Cross-linking

Linear bioadhesive polymers, such as those in Fig. 3, may
be cross-linked according to their type. For vinyl polymers,
this is most readily achieved by including a divinyl mole-
cule into the polymerization reaction, typically at concen-
trations of between 0.1 and 1.0%. Both polysaccharides
and vinyl polymers can be cross-linked postpolymerization
by the addition of a difunctional molecule capable of re-
acting with functional groups in the polymer. The addition
of divalent cations, such as Ca2�, to poly(acrylic acid) will
also cause cross-linking. While the linear polymers are
generally soluble in water, cross-linking causes them to
become water insoluble, although they will swell in aque-
ous environments. Although cross-linking tends to im-
prove the retentive character of the bioadhesive at a bio-
logical site, the restricted chain mobility and loss of
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Figure 41.3 Chemical structures of some bioadhesive polymers.



1070 Woolfson et al.

functionality may to some degree counteract this advan-
tage. Optimal bioadhesive properties can be achieved by
controlling the degree of cross-linking.

Much of the work on cross-linked mucoadhesive poly-
mers has focused on poly(acrylic acid) derivatives. Several
studies have shown that the degree of bioadhesion ob-
served decreases with increasing cross-linking concentra-
tion (46–48). Cross-linking, however, need not be limited
to modifying the mechanical and dissolution properties of
bioadhesive systems. Kakoulides et al. reported on the per-
formance of poly(acrylic acid) networks where the azo
groups of the divinylazobenzene cross-links are designed
to be cleaved in the reductive environment of the colon,
causing biodegradation of the network and the simultane-
ous formation of bioadhesive amine groups (49).

C. Degree of Hydration/Polymer Concentration

Mucoadhesive polymers display different adhesive proper-
ties at different hydration levels, but maximum adhesion
will exist at an optimum hydration level. If excess water
is present, adhesiveness may be lost due to the formation
of a slippery mucilage. The amount of solvent present dur-
ing the initial phase of bioadhesion is also vital. For inter-
penetration of the polymer chains, they must first be mobi-
lized with sufficient solvent to allow exposure of the
functional groups on the chains. Many studies have shown
that the bioadhesive character of mucoadhesive drug deliv-
ery formulations decreases with increasing formulation
water content (47,50,51). In some cases, the greatest bioad-
hesion on wet mucosal tissue was observed for hydropho-
bic formulations, i.e., where water is absent (50). Nee-
dleman et al. reported that the differences in bioadhesive
strength and degree of retention for chitosan, xanthan gum,
and poly(ethylene oxide) aqueous formulations could be
attributed to their different rates of hydration (52).

D. Polymer Molecular Weight

The relationship between polymer molecular weight and
bioadhesive properties is not as simple as might first be
imagined, as evidenced by many conflicting results in the
literature. The problem is exacerbated in that there is no
standard test of bioadhesive strength (force of detachment
from substrate). Differences in testing procedures and bio-
logical substrates further complicate intersystem compari-
sons. A standardized and more comprehensive evaluation
of the influence of molecular weight is required.

Early studies reported that adhesive strength increased
as the molecular weight of the adhesive polymer increased

up to approximately 100,000, after which there was little
effect (22). Although a critical molecular weight may be
necessary to produce the interpenetration and entangle-
ment of adhesive and substrate, others factors must also
be considered. For example, the linear chain configurations
in poly(ethylene oxide)s and the subsequent increase in
penetration length are reported to be responsible for in-
creasing adhesive strength up to a molecular weight of
4 � 106 (20). Polymers with coiled configurations, such
as dextrans, displayed similar bioadhesive strengths at both
low and high molecular weights, owing to ‘‘shielding’’ of
the hydrophilic functional groups and intra- rather than in-
termolecular hydrogen bonding.

Pritchard et al. found that low molecular weight hyal-
uronic acids performed better than higher molecular
weights in detachment tests, although their effect on muco-
ciliary transport was similar (43). This contrasts with the
work of Saettone et al. (53) and Durrani et al. (54) who
reported opposite findings. The differences may be at-
tributed to differences in hydration rates and/or testing
methodologies. The bioadhesive properties of N-(2-hy-
droxypropyl)methacrylamide copolymers with different
amounts of pendant saccharide moieties were also found
to decrease with increasing molecular weight (55).

Poly(acrylic acid)s have also been extensively studied
with regard to the effect of molecular weight on bioadhe-
sive strength. In general, higher molecular weights were
reported to produce better bioadhesion (56–58), although
the opposite trend has also been reported (47).

E. Segment Mobility/Flexibility

For mucin and polymer chains to interpenetrate, they must
be able to diffuse. Interdiffusion will increase with increas-
ing chain segment mobility in the bioadhesive, which is
intrinsically related to the degree of hydration and the
cross-linking density. Gu et al. have shown the importance
of the expanded nature of both mucin and the bioadhesive
polymer on the subsequent strength of mucoadhesion (59).
A series of 0.2% cross-linked copolymers were synthe-
sized from varying ratios of acrylic acid and methyl meth-
acrylate monomers. The amount of water a polymer ab-
sorbed was determined as the difference between the dried
weight of polymer particles and the equilibrium weight
after hydration in a buffer solution. Dried, unswollen parti-
cles were shown to possess no bioadhesion, but when
swollen, adhesion was significant. As the percentage of
acrylic acid in the copolymer increased, the number of
available charged carboxyl groups also increased and bi-
oadhesion likewise increased. Increased charge density
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drives water molecules into the polymer network and ex-
pands its structure. Solvent uptake, polymer network open-
ness, and polymer bioadhesion are all interdependent prop-
erties. The addition of a plasticizer to poly(methyl vinyl
ether-co-maleic anhydride) bioadhesive formulations in-
creased mechanical flexibility but did not significantly ef-
fect in vitro bioadhesion (60).

F. Charge/pH

Polyelectrolytes, i.e., polymers having ionizable groups
along the chain, are often excellent mucoadhesives
(30,61). Examples include poly(acrylic acid) and chitosan,
which possess a carboxylic acid and an amine function,
respectively. The zeta potential and extent of hydration of
0.3% cross-linked poly(acrylic acid)s were examined in
the presence of isotonic saline, simulated gastric fluid, and
simulated intestinal fluid (62). The relationship between
the zeta potential and the bioadhesive strength showed that
bioadhesion was linked to the extent of ionization that oc-
curred during the interaction of the polymer with the
mucin/epithelial cell surface. A suitable extent of ioniza-
tion was required for the initial adhesion of polymer to
the biological tissue. However, extensive ionization and
swelling could lead to the formation of very loose particles
or dissolution and therefore to difficulty in interacting with
the animal tissue. Thus the degree of neutralization of
poly(acrylic acid) influences its mucoadhesions to pig gas-
tric tissue (48).

Ch’ng et al. demonstrated that a neutral polymer, such
as poly(2-hydroxyethyl methacrylate), required a much
lower force for detachment than charged polymers based
on acrylic acid (36). The poly(acrylic acid) derivative poly-
carbophil was tested in buffers of increasing pH values;
bioadhesion to rabbit stomach increased correspondingly
until, at pH 7, bioadhesion unexpectedly and suddenly
dropped. The authors explained this phenomenon as an im-
balance between repulsive and swelling forces. Pendant
groups on the mucus backbone are fully ionized at pH 2.6.
The pKa of polycarbophil is 4.75, and above this pH value,
electrostatic repulsion between the two negatively charged
polymer and mucin chains will increase. However, above
pH 4, the polycarbophil network becomes highly swollen,
which favors the interpenetration of polymeric chains
across the interface. At pH 7, the authors believed that the
repulsion was so great that bioadhesion was no longer fea-
sible.

Changes in pH of the substrate can also affect bioadhe-
sion. Anionic polymers were found to strengthen the mu-
cus gel more than a neutral or cationic polymer, with a
consequent potential increase in chain entanglement with

mucoadhesive polymers (57). Positively charged lysine
residues are implicated in the bioadhesive character of
mussel adhesive protein (45).

G. Drug/Excipient Concentration

BlancoFuente et al. showed that the addition of propranolol
hydrochloride to Carbopol (a lightly cross-linked poly(a-
crylic acid) polymer) hydrogels increased adhesion when
water was limited in the system, due to an increase in the
elasticity caused by complex formation between drug and
polymer (47). However, when large quantities of water
were present, the complex precipitated out, leading to a
slight decrease in adhesive character. By contrast, micona-
zole nitrate did not influence bioadhesion up to a concen-
tration of 30% in poly(acrylic acid)-based tablets (56).
Voorspoels et al. demonstrated that increasing concentra-
tions of testosterone and its esters produced a decrease in
adhesive characteristics of buccal tablets (63).

For ionic bioadhesive polymers, dissolved salts can
have a significant effect on bioadhesion by a variety of
mechanisms, including salting out of polymeric compo-
nents and charge neutralization, preventing expansion of
coiled polymer chains and thus entanglement with epithe-
lial mucin. Woolfson et al. added sodium chloride to poly-
mer blends containing Gantrez and found no effect on
bioadhesive character, indicating that the sensitivity of
bioadhesive polymers to the presence of dissolved salts
varies considerably, depending on structure (51). However
sodium chloride can affect bioadhesion through a direct
action on the substrate. Thus sodium chloride, when added
to several mucoadhesive polymers, was observed to reduce
the stiffness of mucus gel (57).

H. Polymer Combinations

Although individual polymers may display mucoadhesive
properties, combinations of mucoadhesives and nonmu-
coadhesive polymers have been used advantageously to
tailor the physicochemical properties (56,64–68).

When several polymers are included in mucoadhesive
drug delivery devices, interactions between the polymers
can cause either a decrease or an increase in the degree of
mucoadhesion observed. Hydrogen bond-accepting poly-
mers, such as poly(vinyl pyrrolidone) and poly(ethylene
oxide), can form interpolymer complexes with hydrogen
bond donating polymers, such as poly(acrylic acid),
thereby reducing the strength of the bond between the mu-
coadhesive and mucin (69). In the same study, the incorpo-
ration of starch or poly(vinyl alcohol), which cannot form
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strong intermolecular forces with poly(acrylic acid), did
not significantly reduce mucoadhesion.

I. Comparison of Bioadhesive Strength of
Mucoadhesive Polymers

Despite the difficulties in comparing bioadhesive strengths
of individual polymers, polymer combinations, and formu-
lated bioadhesive or mucoadhesive delivery systems, a
number of ‘‘ranking orders’’ have been published. Wong
et al. used an in vitro chicken pouch model to simulate
conditions for buccal drug delivery and reported decreas-
ing bioadhesive strength in the order Carbopols � gela-
tin � NaCMC � HPMC � alginic acid, Eudragits, chito-
san (65). Needleman et al., using an in vivo periodontal
model, produced the ranking xanthan gum � poly(ethylene
oxide) � chitosan (70). An in vitro modified intestinal
perfusion technique reported by Cvetkovic et al. ranked po-
ly(acrylic acid) � sodium carboxymethylcellulose � hy-
droxypropylcellulose (71).

The variability among the literature reports strongly
suggests a cautious interpretation of comparative bioadhe-
sion among polymers. Of more profound significance is
likely to be the delivery platform itself into which the poly-
meric components are formulated, together with the extent
of water in the delivery system, the amount of water (or
biological fluid) at the site, and the capacity of the delivery
system to swell in the presence of water and to retain water
without forming a slippery mucilage. In general, poly-
cations and polyanions provide the strongest bioadhesion
if correctly formulated. Arguably, highly hydrated systems
such as liquids and light gels are at best capable of tack but
not significant bioadhesion/mucoadhesion. Solid systems
with low water contents, or semisolids formulated with a
low water content/high polymer content, are most likely
to optimize the bioadhesion or mucoadhesion of a given
polymer or polymeric combination.

VII. BIOADHESIVE AND MUCOADHESIVE
DRUG DELIVERY APPLICATIONS

A. Bioadhesive Devices for the Oral Cavity

The oral cavity is a convenient and accessible area, ideally
suited to bioadhesive drug delivery. The most commonly
used areas are the buccal and sublingual areas. The nonke-
ratinized regions in the oral cavity, such as the soft palate,
the mouth floor, the ventral side of the tongue, and the
buccal mucosa also offer least resistance to drug absorp-
tion (72). In many instances, these areas are most suitable
for locating bioadhesives. Molecular transport across the
barrier membrane is achieved by simple diffusion along a

concentration gradient from carrier to tissue, possibly
aided by some form of penetration enhancement. Larger,
hydrophilic molecules encounter greater resistance to dif-
fusion and are believed to cross the oral epithelium by in-
tercellular pathways. The advantages of drug delivery
through the oral mucosa have been detailed by Veillard et
al. (73) and include bypassing hepatic first-pass metabo-
lism, excellent accessibility, unidirectional drug flux, and
improved barrier permeability compared, for example, to
intact skin.

Many drugs, such as glyceryl trinitrate, testosterone,
and buprenorphine (74), have been delivered via the buccal
route. Absorption is rapid and drains into the reticulated
vein. This avoids hepatic first-pass metabolism and intesti-
nal enzymatic attack on the drug species. Because of its
accessibility, the buccal area offers excellent patient com-
pliance in comparison to epithelial routes that involve in-
sertion of oleaginous devices, as sometimes found in rectal
and vaginal delivery.

The process of drug absorption from conventional oral
delivery systems normally occurs from saliva after dissolu-
tion from the formulation. Bioadhesive devices differ in
that drug diffuses directly through the swollen polymer and
then into the membrane. The intimacy of contact concen-
trates the drug on the epithelial surface. At other mucosal
surfaces, the activity of goblet cells builds up a diffusion-
limiting mucus layer that can impede drug absorption. This
potential problem does not manifest itself at the oral mu-
cosa, which contains no goblet cells, the mouth receiving
its mucus primarily from the parotid, submaxillary, and
sublingual salivary glands (73).

Ponchel et al. described the delivery of metronidazole
from a bioadhesive tablet containing hydropropylmethyl-
cellulose and poly(acrylic acid) (75). The tablets contained
a compressed mixture of 50% drug and 50% of various
blends of the two polymers. Using a method described by
Ponchel et al., the work of adhesion required to remove
the tablets from bovine sublingual mucus was measured
and found to plateau to a maximum force (76). This maxi-
mum adhesion was produced from a tablet containing 25%
poly(acrylic acid), and further increases in poly(acrylic
acid) content did not increase bioadhesion. Drug release
was found to be non-Fickian, controlled by a combination
of diffusion and polymer chain relaxation.

The buccal route may be an attractive site for peptide
delivery because it is deficient in enzymatic degradation
pathways. The cavity is lined with a relatively thick mu-
cous membrane that is highly vascularized and approxi-
mately 100 cm2 in area (72). Prompted by studies showing
rectal absorption of insulin in oleaginous vehicles, various
workers tried to achieve systemic blood levels of insulin
using a bioadhesive buccal patch (74,77–80). Insulin was
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mixed with sodium glycocholate (used to enhance penetra-
tion) in an oil-based core and encapsulated with a bioadhe-
sive cap. Once located, the overlapping outer layer stuck
to the membrane and swelled into a gelled mass that kept
the molten inner core intact. Unfortunately, concentrations
of peptide in the blood only achieved 0.5% bioavailability
compared with an intramuscular administration of insulin.
The poor bioavailability of insulin from this device was
explained as a combination of several factors. The center
core was made from cocoa butter, which is poorly soluble
in saliva, and the area of the core in contact with the mu-
cosa was quite small.

Oral mucosal ulceration is a common condition: up to
50% of healthy adults suffer from recurrent minor aph-
thous ulcers. A bioadhesive compound, Zilactin, has pro-
vided a novel way to alleviate symptoms of this oral muco-
sal ulceration. It is based on hydroxypropylcellulose
complexed with tannic, boric, and salicylic acids. Rodu et
al. applied portions of gel to oral mucosa in vivo and found
that its adhesion was not affected by food or drink intake
(81).

Eversole has compared the mucosal binding properties
of Orabase and Zilactin and evaluated their temporary
pain relief and protective properties (82). Samples of oint-
ment were placed on the labial mucosa and allowed to dry.
Zilactin formed a resilient film that did not adhere to
the opposite gingiva, whereas Orabase formed a sticky,
inconvenient mass that readily adhered to teeth and gin-
giva. Zilactin was shown to give significant symptomatic
relief of pain and protected the ulcerated area from irritants
present in the oral cavity. On the principle that low-water-
content solid systems offer better mucoadhesion than semi-
solids, a novel bioadhesive patch for the treatment of recur-
rent apthous ulceration has been reported (83). The patch
provided passive protection to the site, allowing healing
and resisting in vivo challenge by acidic citrus juice.

The formulation and in vitro/in vivo evaluation of buc-
cal bioadhesive captopril tablets was reported by Iscan et
al. (66). The objectives were to elucidate factors affecting
the bioadhesion property of compressed tablet consisting
of hydroxypropylmethylcellulose and carbomer and to
evaluate the bioavailability and pharmacokinetics of the
formulated buccal adhesive captopril tablets. Buccal adhe-
sive controlled-release systems for the delivery of captopril
were prepared by compression of hydroxypropylmethyl-
cellulose with carbomer, which served as the bioactive ad-
hesive compound. The mean pharmacokinetic parameters
after use of the buccal adhesive tablet were C-max, 310.7
ng/mL; t(max), 1.2 h; AUC(0–8), 890.1 ng h/mL. This
study demonstrated that the formulated buccoadhesive
therapeutic system was suitable for buccal administration
of captopril.

Wong et al. reported the formulation and evaluation of
controlled release Eudragit buccal patches (65). Controlled
release buccal patches were fabricated using Eudragit
NE40D. Various bioadhesive polymers, namely hydroxy-
propylmethylcellulose, sodium carboxymethylcellulose,
and Carbopol of different grades, were incorporated into
the patches, using metoprolol tartrate as the model drug.
The in vitro drug release was determined using the USP
23 dissolution test apparatus 5 with slight modification,
while the bioadhesive properties were evaluated using tex-
ture analyser equipment with chicken pouch as the model
tissue. The incorporation of hydrophilic polymers was
found to affect the drug release as well as enhance the
bioadhesiveness. Although high-viscosity polymers can
enhance the bioadhesiveness of the patches, they also tend
to cause nonhomogeneous distribution of the polymers and
drug, resulting in nonpredictable drug-release rates. Of the
various bioadhesive polymers studied, Cekol 700 appeared
to be the most satisfactory in terms of modifying the drug
release and enhancement of the bioadhesive properties.

The design and evaluation of chitosan/ethylcellulose
mucoadhesive bilayered devices for buccal drug delivery
has recently been described (84). Buccal bilayered devices
comprise a drug-containing mucoadhesive layer and a
drug-free backing layer. Bilaminated films were produced
by a casting/solvent evaporation technique, and bilayered
tablets were obtained by direct compression. The mucoad-
hesive layer was composed of a mixture of drug and chito-
san, with or without an anionic cross-linking polymer
(polycarbophil, sodium alginate, gellan gum), and the
backing layer was made of ethylcellulose. The double-lay-
ered structure design was expected to provide drug deliv-
ery in a unidirectional fashion to the mucosa and avoid
loss of drug due to washout with saliva. Using nifedipine
and propranolol hydrochloride as slightly and highly
water-soluble model drugs, respectively, it was demon-
strated that the devices show promising potential for use
in controlled delivery of drugs to the oral cavity. The un-
cross-linked chitosan-containing devices absorbed a large
amount of water, gelled, and then eroded, allowing drug
release. Bilaminated films showed a sustained drug release
in a phosphate buffer (pH 6.4).

Diseases of the oral cavity can be broadly differentiated
into two categories, namely inflammatory and infective
conditions. In many cases, the demarcation between these
two categories is unclear, as some inflammatory diseases
may be microbiological in origin (85). Most frequently,
therapeutic agents are delivered into the oral cavity in the
form of solutions and gels, as this ensures direct access of
the specific agent to the required site in concentrations that
vastly exceed those that can be achieved using systemic
administration (34,85). However, the retention of such for-
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mulations within the oral cavity is poor, due primarily to
their inability to interact with the hard and soft tissues and
additionally to overcome the flushing actions of saliva.
Therefore the use of bioadhesive formulations has been
promoted by several authors to overcome these problems
and hence improve the clinical resolution of superficial dis-
eases of the oral cavity (33,86). In particular, within the
oral cavity, bioadhesive formulations have been reported
for the treatment of periodontal diseases and superficial
oral infection, in which specific interactions between the
bioadhesive formulations and the oral mucosa may be uti-
lized to ‘‘anchor’’ the formulations to the site of applica-
tion.

Periodontitis is an inflammatory disease of the oral cav-
ity that results in the destruction of the supporting struc-
tures of the teeth (87). It is characterized by the formation
of pockets between the soft tissue of the gingiva and the
tooth; if untreated it may result in tooth loss (33,87). Drug
delivery problems associated with the periodontal pocket
may be overcome by the use of novel, bioadhesive, sy-
ringeable semisolid systems (33,34). Such systems can be
formulated to exhibit requisitory flow properties (and
hence may be easily administered into the periodontal
pocket using a syringe), mucoadhesive properties (ensur-
ing prolonged retention within the pocket), and sustained
release of therapeutic agent within this environment. In a
series of papers, Jones et al. (28,33,34,40) described the
formulation and physicochemical characterization of semi-
solid bioadhesive networks (containing tetracycline or
metronidazole), in which the physical state of the bioadhe-
sive component, polycarbophil, i.e., neutralized (swollen)
or unneutralized (particulate), was controlled by the
amount of available water in the formulations. Increasing
the concentrations of the other hydrophilic polymeric com-
ponents reduced the amount of available water for the
swelling of polycarbophil following its incorporation into
the gel matrix, which, in turn, decreased the swelling of
this component. Upon contact with mucus, water diffuses
into the formulation and controls swelling of the bioadhe-
sive polymer, which in turn allows interpenetration of the
fluidized polymer chains with mucus and hence ensures
physical and chemical adhesion. The authors concluded
that, when used in combination with mechanical treat-
ments, tetracycline-containing bioadhesive semisolid sys-
tems described in the study would augment periodontal
therapy by improving the removal of pathogens and hence
improving periodontal health.

B. Bioadhesive Devices for the
Gastrointestinal Tract

Bioadhesive polymers may provide useful delivery sys-
tems for drugs that have limited bioavailability from more

conventional dosage forms. To attain a once-daily dosing
strategy using peroral bioadhesion, it is desirable for a dos-
age form to attach itself to the mucosa of the gastrointesti-
nal tract (GIT). If attachment is successful in the gastric
region, then a steady supply of drug is available to the
intestinal tract for absorption. However, gastric motility
and muscular contractions will tend to dislodge any such
device. Motility in the GIT during the fasted state is known
as the interdigestive migrating motor complex (IMMC)
(72). During certain phases of the IMMC, a ‘‘housekeeper
wave’’ migrates from the foregut to the terminal ileum and
is intended to clear all nondigestible items from the gut.
The strength of this ‘‘housekeeper wave’’ is such that
poorly adhered dosage forms are easily removed, and only
strong bioadhesives will be of any practical use.

In addition to physical abrasion and erosion exerted on
a bioadhesive dosage form, the mucin to which it is
attached turns over quickly, especially in the gastric re-
gion. Any device that has lodged to surface mucus will be
dislodged as newly synthesized mucus displaces the older
surface layers. The acid environment will also affect bioad-
hesion, especially with polyacid polymers, such as poly(a-
crylic acid), where the mechanism of bond formation is
thought to occur chiefly through hydrogen bonding and
electrostatic interactions.

Longer et al. described the formulation of a bioadhesive
sustained release system containing polycarbophil and
drug incorporated in albumin beads, all enclosed in a hard
gelatin capsule (88). Once swallowed, the capsule wall dis-
integrated and the exposed polymer swelled to bind the
beads together. The drug studied was chlorthiazide, which
showed saturable, or site-specific, absorption from the hu-
man GIT. High doses (500 mg) were 16% bioavailable,
whereas lower doses (50 mg) were 56% bioavailable. In
vitro release studies showed that the albumin beads con-
trolled drug release, and the presence of polycarbophil did
not affect this release significantly. However, in the rat in-
testine, after 6 hours, 90% of the beads remained in the
stomach encapsulated in a gelled polymer mass. In con-
trast, polycarbophil bound the beads together, the majority
located halfway along the gut; only a few beads were de-
tected in the stomach.

Any swallowed dosage form will be subjected to shear
forces as the intestinal contents move. This motility will
either prevent the attachment of the bioadhesive or attempt
to remove it if bonding to the gut wall has occurred. Previ-
ous attempts to reduce the GIT transit time of normal dos-
age forms have included devices that swelled and floated
on the stomach contents, their increasing size preventing
them from passing through the pylorus. Harris et al. stud-
ied the GIT transit time of formulations containing poten-
tial bioadhesive agents (89). Of the agents investigated in
animal studies, the acrylic acid polymers were most likely
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to delay GIT transit time. The study was extended to hu-
man subjects, and the transit times of test devices were
monitored using gamma scintigraphy. The materials under
study were of four types, large and small resin particles,
both coated and uncoated with bioadhesive polymers. Bi-
oadhesives were unable to slow significantly the GIT tran-
sit of radiolabeled large resin beads (size range 750–1000
µm) when compared to uncoated controls. However, when
the smaller beads were used (size range 5–50 µm), bioad-
hesives increased the orocaecal transit times by 30% when
compared to uncoated controls. It was further observed that
the transit speed for the smaller nonbioadhesive particulate
material was significantly quicker than for larger nonbi-
oadhesive particles. Thus the action of a bioadhesive coat-
ing was to extend the transit time of the smaller particles
to levels comparable with larger bioadhesive particles. Im-
ages from the gamma camera revealed that uncoated con-
trols dispersed readily, releasing the beads, whereas the
bioadhesives transformed the beads into a gelled cluster in
the stomach. Overall, it was concluded that the results did
not necessarily confirm the potential of bioadhesive mate-
rials for either delaying GIT transit or improving bioavail-
ability.

The in vitro controlled release and bioadhesive proper-
ties of furosemide formulations were evaluated with stan-
dard dissolution tests and with a specially developed model
using rabbit intestine (90). The results showed that the con-
trolled release properties were not affected by the applica-
tion of the bioadhesive polymer but that the bioadhesive
properties were substantially different. In order to assess
the gastrointestinal transit time in vivo, a gamma-scintigra-
phy study was performed in six volunteers testing the same
controlled-release formulation with and without bioadhe-
sive polymer. Plasma levels of furosemide, evaluation of
urinary flux, and measures of urinary excretion of furose-
mide in the six volunteers allowed correlations to be made
between gastrointestinal transit and furosemide absorption.

The oral route constitutes the preferred route for drug
delivery. However, numerous drugs remain poorly avail-
able when administered orally. Drugs associated with bi-
oadhesive polymeric nanoparticulates or small particles in
the micrometer size range may be advantageous in this re-
spect due to their ability to interact with the mucosal sur-
face. Targeting applications are possible by this method
if there are specific interactions occurring when a ligand
attached to the particle is used for the recognition and at-
tachment to a specific site at the mucosal surface (91).

Drug delivery particulates of alginate, polylysine, and
pectin have been reported (92). Theophylline, chlorothia-
zide, and indomethacin were used as the model drugs for
in vitro assessments, and mannitol was the model for as-
sessing paracellular drug absorption across Caco-2 cell
monolayers. Alginate and pectin served as the core poly-

mers, and polylysine helped to strengthen the particulates.
Use of pectin specially helped in forming a more robust
particulate that was more resistant in acidic pH and modu-
lated the release profiles of the encapsulated model drugs
in alkaline pH. Alginate and pectin were also found to en-
hance the paracellular absorption of mannitol across Caco-
2 cell monolayers by about three times. The release rate
could be described as a first-order or square-root time pro-
cess depending on the drug load. Use of alginate–polyly-
sine–pectin particulates is expected to combine the advan-
tages of bioadhesion, absorption enhancement, and
sustained release. This particulate system may have use
as a carrier for drugs that are poorly absorbed after oral
administration.

Alginate–chitosan microcapsules have been investi-
gated as a bioadhesive drug delivery system (93). Calcium
alginate gel beads uncoated and coated with chitosan were
tested for adhesive properties, using novel techniques, with
negatively charged chromatography particles and in vitro
with pig oesophagus and stomach mucosa. The addition
of a chitosan coating increased the adhesive properties sig-
nificantly. The adherence of both coated and uncoated
beads was much greater to the stomach mucosa than to
oesophageal mucosa. The difference in adhesive properties
between the coated and uncoated microcapsules was also
found considerably larger for the stomach mucosa.

In general, oral applications of bioadhesive technology
have been less successful than where the delivery system
can be applied directly to an accessible site. Issues such
as overhydration, attachment to gastrointestinal mucus and
subsequent shedding, and poor resistance to mechanical
forces in the gastrointestinal tract have tended to limit the
utility of bioadhesive gastric-retentive systems to date.

C. Bioadhesive Devices for Rectal
Drug Delivery

The function of the rectum is mostly concerned with re-
moving water. It is only 10 cm in length, with no villi,
giving it a relatively small surface area for drug absorption
(72). Drug permeability differs from that found in both the
oral cavity and the intestinal regions. Most rectal absorp-
tion of drugs is achieved by a simple diffusion process
through the lipid membrane. However, the rectal route is
readily accessible, penetration enhancers can be used, and
there is access to the lymphatic system. In contrast, drugs
absorbed via the small intestine are transported mostly to
the blood, and only a small proportion enters the lymphatic
system.

Drugs that are liable to extensive first-pass metabolism
can benefit greatly if delivered to the rectal area, especially
it they are targeted to areas close to the anus. This is be-
cause the blood from the lower rectum drains directly into
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the systemic circulation, whereas blood from the upper re-
gions drains into the portal systems via the superior hem-
orrhoidal vein and the inferior mesenteric vein. Drug
absorbed from this upper site is subjected to liver metabo-
lism. A bioadhesive suppository will attach to the lower
rectal area and once inserted will reduce the tendency for
migration upwards to the upper rectum; this migration can
occur with conventional suppositories.

Morimoto et al. recognized that high molecular weight
hormones, such as insulin, were not readily absorbed
through rectal mucosa (94). Emulsions containing surfac-
tants have been employed to promote the absorption of this
peptide, but their long-term administration was associated
with irritation and toxicity. To overcome these problems,
insulin was formulated in a poly(acrylic acid) gel compris-
ing long-chain fatty acids as absorption enhancers. The ab-
sorption rate of insulin was encouraging, and consequently
a simple and painless dosage form in the long-term therapy
of diabetics may be a possibility in the future. However,
bioadhesives have not been extensively employed for rec-
tal delivery.

D. Bioadhesive Devices for Cervical
Drug Delivery

Nagai has investigated various bioadhesive forms to treat
uterine and cervical cancers (78). Uterine cancers comprise
about 25% of all malignant tumors in Japan, among which
carcinoma colli accounts for 95% of this figure (95). The
target cells remain at, or near, the cervical epithelium and
can be readily targeted with an appropriate dosage form.
Pessaries have been of limited use because drug release is
rapid and leakage into the surrounding tissue causes in-
flammation of vaginal mucosa. In order to meet three im-
portant criteria, drug release, swelling of the preparation,
and adhesion to the diseased tissue, a bioadhesive disc was
prepared. Bleomycin was incorporated into a hydroxy-
propylcellulose/Carbopolmix and molded into a suitable
shape. This could be placed on or into the cervical canal,
where it adhered and released the cytotoxic drug. After
treatment and following colposcopic examination, areas of
necrosis on the lesion were observed, with surrounding
normal mucosal cells unaffected. With pessaries, however,
this was not the case. In approximately 33% of cases, can-
cerous foci had completely disappeared.

Woolfson et al. described a novel bioadhesive cervical
patch containing 5-fluorouracil for the treatment of cervi-
cal intraepithelial neoplasia (CIN) (96). The patch was of
bilaminar design (Fig. 4), with a drug-loaded bioadhesive
film cast from a gel containing 2% w/w Carbopol 981
plasticized with 1% w/w glycerin. The casting solvent was
ethanol :water 30:70, chosen to give a nonfissuring film

Figure 41.4 Bioadhesive cervical drug delivery system.

with an even particle size distribution. The film, which was
mechanically stable on storage under ambient conditions,
was bonded directly to a backing layer formed from ther-
mally cured poly(vinyl chloride) emulsion. Bioadhesive
strength was independent of drug loading in the bioadhe-
sive matrix over the range investigated but was influenced
by both the plasticizer concentration in the casting gel and
the thickness of the final film. Release of 5-fluorouracil
from the bioadhesive layer into an aqueous sink was rapid
but was controlled down to an undetectable level through
the backing layer. The latter characteristic was desirable
to prevent drug spill from the device onto vaginal epithe-
lium in vivo. Despite the relatively hydrophilic nature of
5-fluorouracil, substantial drug release through human cer-
vical tissue samples was observed over approximately 20
hours. Drug release, which was clearly tissue dependent
rather than device dependent, may have been aided by a
shunt diffusion route through aqueous pores in the tissue.
The bioadhesive and drug release characteristics of the 5-
fluorouracil cervical patch indicated that it would be suit-
able for further clinical investigation as a drug treatment
for CIN (97).

E. Bioadhesive Devices for Vaginal
Drug Delivery

Bioadhesives can control the rate of drug release from, and
extend the residence time of, vaginal formulations. These
formulations may contain drug or quite simply act in con-
junction with moisturizing agents as a control for vaginal
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dryness. Gursoy and Bayhan described the formulation of a
vaginal tablet comprising sodium carboxymethylcellulose
and poly(acrylic acid) with zinc sulphate as a model drug
(98). Gursoy et al. recognized that no in vitro dissolution
apparatus was available to quantify drug release from such
formulations (99). A mechanical device was designed and
built and compared to the dissolution apparatus described
in the BP and USP. The in situ drug released was also
determined using freshly obtained bovine vaginal tissue.
Tablets were placed into the tissue and removed at speci-
fied time intervals. The drug remaining in the tablet follow-
ing removal was then quantified. The release behavior in
the new apparatus correlated well to in situ data, whereas
the BP and USP grossly exaggerated the release profiles.

Spreading and retention (and consequent ‘‘messiness’’)
of semisolid vaginal bioadhesive systems, such as gels, are
major issues in intravaginal drug delivery. Brown et al.
reported a scintigraphic evaluation of vaginal dosage forms
in postmenopausal women (100). The vaginal spreading
and clearance of a radiolabeled pessary formulation and a
commercial polycarbophil gel was assessed in six healthy
postmenopausal female volunteers over a 6 hour period by
gamma scintigraphy. In five out of the six subjects studied,
clearance of the two formulations exhibited very little in-
trasubject variation. However, there was considerable in-
tersubject variability in clearance. Importantly, there was
no evidence to suggest that either of the formulations dis-
persed material beyond the cervix, into the uterus, in any
of the subjects studied. The authors concluded that the lack
of significant retention of these products in most of the
volunteers had obvious implications for the delivery of
therapeutic agents.

F. Bioadhesive Devices for Nasal Drug Delivery

The area of the normal human nasal mucosa is approxi-
mately 150 cm2. The nasal mucosa and submucosa are lib-
erally populated with goblet cells along with numerous
mucous and serous glands. These keep the nasal mucosal
surfaces moist. Drug administration to this region is nor-
mally reserved for local treatment, such as nasal allergy
or inflammation. The nasal mucosa is thin and incorporates
a dense vascular network, indicating that drug absorption
may be good from this site (101). Absorbed drugs avoid
first-pass metabolism and lumenal degradation associated
with the oral route (72). The nasal mucosa itself is sensitive
to drug molecules and to surfactants, which are often used
to enhance drug absorption. Moreover, the mucociliary es-
calator travels at 5 mm min�1 as it drags mucous fluid back-
wards toward the throat. Therefore if a drug is applied in
either a simple powder or a liquid formulation it will be
quickly cleared from this site of absorption. Thus any use-

ful dosage form must be nonirritant to the nasal mucosa
and be retained for extended periods of time.

Nagai et al. reported the low bioavailability of insulin
across the oral epithelia and attempted to enhance its ab-
sorption using the nasal route (102). He prepared a powder
containing freeze-dried bovine insulin and powdered bi-
oadhesive excipients. The powder was puffed into the nos-
trils of beagles, and blood-glucose levels were then deter-
mined. The bioavailability of insulin was enhanced when
given in a bioadhesive powder. Indeed, a powder of freeze
dried Carbopol and insulin produced a hypoglycemia to
an extent of one-third that achieved by an equivalent dose
given intravenously.

Nasal delivery of protein therapeutics can be compro-
mised by the brief residence time at this mucosal surface.
Some bioadhesive polymers have been suggested to extend
residence time and improve protein uptake across the nasal
mucosa. Witschi and Mrsny examined several potential
polymer platforms, in the form of starch, alginate, chito-
san, or Carbopol microparticles, for their in vitro protein
(bovine serum albumin) release, relative bioadhesive prop-
erties, and induction of cytokine release from respiratory
epithelium (103). Carbopol gels and chitosan micropar-
ticles provided the most desirable characteristics for pro-
tein therapeutic and protein antigen delivery, respectively,
of the formulations examined.

An erythrocyte-based bioadhesive system has been re-
ported for controlled systemic delivery of propranolol hy-
drochloride through the nasal route (104). Rat erythrocytes
were loaded with propranolol HCl by a method based on
hypotonic swelling, isotonic resealing, and reannealing.
The loaded erythrocytes were cross-linked by treating with
glutaraldehyde and were characterized in vitro for drug
payload efficiency, propranolol release, drug diffusion
through rat intestine, bioadhesion, and morphological char-
acteristics. Loaded erythrocytes were found to release pro-
pranolol HCl slowly, the release being dependent on the
degree of cross-linking. The system was found to possess
good bioadhesive properties. In vivo studies conducted on
rats revealed that the developed system maintained con-
stant plasma levels of propranolol for up to 10 hours.

Overall, the nasal route remains highly promising, par-
ticularly for macromelecular absorption, but there are
problems regarding effects of bioadhesive delivery sys-
tems on nasal cilial beat.

G. Bioadhesive Devices for Ocular
Drug Delivery

Extended drug delivery to the eye is difficult for several
reasons. Systemically administered drugs must cross the
blood–aqueous humor barrier, and to achieve local thera-
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peutic concentrations of drug, high levels of drug in the
blood are needed. In addition, lacrimation, blinking, and
tear turnover will all reduce the bioavailability of topically
administered drug to approximately 1–10% (18). Conven-
tional delivery methods are not ideal. Solutions and sus-
pensions are readily washed from the cornea, and oint-
ments alter the tear refractive index and blur vision.

Hui and Robinson have described the synthesis of cross-
linked acrylic acid and evaluated their potential for ocular
drug delivery of progesterone (105). The aqueous humor
levels in the rabbit obtained after dosing with 50 µL of
0.3% progesterone suspension and 50 µL of the 0.3% pro-
gesterone suspension in the bioadhesive polymer showed
a 4.2 times increase in bioavailability from the bioadhesive
suspension. Further, drug levels in the aqueous humor de-
clined at a slower rate when given in the latter suspension.

Saettone and Chiellini investigated the release of pilo-
carpine from poly(acrylic acid) and hydroxypropylcellu-
lose discs and found that the solubility of the discs could
be controlled by the addition of high molecular weight
poly(vinyl alcohol) (PVA) (106). Once added, PVA im-
proved in vivo bioavailability when compared to simple
nonbioadhesive pilocarpine drops, as demonstrated by the
miotic activity in rabbits. Ünlü et al. described the acrylic
polymers and their hydrogels as good adhering agents for
ocular drug therapy (107). They were nonirritant, well tol-
erated, and, according to the polymer type, presented no
interference to visibility when in situ. The viscosity of Car-
bopol vehicles significantly decreased when subjected to
a simulated lacrimal fluid, but the mucoadhesive properties
of the polymer were still retained. More recently, Lebour-
lais et al. have reviewed the applications of bioadhesion
in the development of novel ocular drug delivery systems
(9).

VIII. CONCLUSIONS

Bioadhesive drug delivery systems have been widely stud-
ied in the past decade, and a number of interesting, novel
drug delivery systems incorporating the use of bioadhesive
polymers have been described. Primarily, the application
of bioadhesion to drug delivery involves the process of
mucoadhesion, a ‘‘wet-stick’’ adhesion requiring, primar-
ily, spreading of the mucoadhesive on a mucin-coated epi-
thelium, followed by interpenetration of polymer chains
between the hydrated delivery system and mucin. An alter-
native mechanism can involve the use of specific bioadhe-
sive molecules, notably lectins, primarily for oral drug de-
livery applications. Results, however, remain variable by
this specific method, as with the use of bioadhesives, gen-
erally, for oral systemic drug delivery. The most notable

applications of mucoadhesive systems to date remain those
involving accessible epithelia, such as in ocular, nasal,
buccal, rectal, or intravaginal drug delivery systems. The
ancillary effects of certain mucoadhesive polymers, such
as polycations, on promoting drug penetration of epithelial
tissues, may be increasingly important in the future, partic-
ularly for the transmucosal delivery of therapeutic peptides
and other biomolecules.
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107. N. Ünlü, A. Ludwig, M. Vanooteghem, A. A. Hincal. For-
mulation of Carbopol-940 ophthalmic vehicles, and in
vitro evaluation of the influence of simulated lacrimal fluid
on their physicochemical properties. Pharmazie 46:784–
788 (1991).





42

Recent Developments in Drug Delivery to the Nervous System

Dusica Maysinger, Radoslav Savic, Joseph Tam, Christine Allen, and Adi Eisenberg
McGill University, Montreal, Quebec, Canada

I. NEUROACTIVE AGENTS AND THEIR
DELIVERY TO THE CNS AND PNS

In the past decade, the contribution of the material sciences
to drug delivery to the brain was realized mainly through
the use of nonbiodegradable cylinders for intracerebral im-
plantation of genetically engineered cells, or through the
use of polymeric matrices that contained drugs. More re-
cently, further progress has been made in the arena of pro-
drugs or conjugates that can exploit existing transport sys-
tems. An understanding of the basic mechanisms of the
blood–brain barrier (BBB) transport biology provides a
broad platform for current and future nervous system drug
targeting strategies. In general, current approaches are ei-
ther invasive (e.g., neurosurgical), pharmacological (e.g.,
by applying lipid carriers, liposomes, or different kinds of
nanoparticles), or physiological (e.g., by taking advantage
of normal endogenous pathways of carrier-mediated trans-
port or receptor-mediated transport). Lipid-soluble mole-
cules that have molecular mass under 500 daltons access
the brain via lipid-mediated transport, but hydrophilic mol-
ecules such as peptides are mainly transported via recep-
tor-mediated endocytosis. The main concepts of and un-
derlying strategies for the administration of clinically
relevant growth factors to the PNS, (1), and to overcome
the BBB in the CNS, are summarized in several reviews
(2–6).

1083

A. Problems with Hydrophilic Agents

Although the surface area of the BBB in the human brain
is large [approximately 20 m2 (7)], small hydrophilic mole-
cules cannot access the brain in pharmacologically ade-
quate amounts when administered systemically or orally.
This applies also to small peptidomimetic agents such as
nerve growth factor (NGF)-mimetics (8) or neurotensine
mimetics (9); hence effective delivery of these agents will
require a drug delivery and targeting vehicle, or they
should be conjugated to a BBB-targeting system. Develop-
ment of novel drug delivery strategies requires adequate
biological models to test their suitability. In vitro models
include (i) primary cultures, (ii) immortalized neuronal,
glial, and cerebromicrovascular endothelial cultures, (iii)
hippocampal immortalized neuronal cultures (10,11), (iv)
human cerebromicrovascular endothelial cell lines as a
model of the BBB (12), and (v) more complex cocultures
of neuronal and glial cells (13). In addition to these in vitro
models, a number of in vivo model systems have been em-
ployed for testing neuroactive agents and their delivery
systems. Rodent models, although indispensable and most
commonly used to investigate neurological diseases, have
limitations: (i) In general, they show some, but rarely all,
of the pathological features of human neurological dis-
eases; (ii) the time course of the progression of the disease
is limited due to the difference in life span between two
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species; and (iii) tests for verbal communication skills can-
not be applied. A number of neurological disorders are as-
sociated with either a lack of neuroactive peptides (e.g.,
growth factors, neurotrophins) or malfunctioning of their
receptors (defective binding between receptor and ligand,
impaired internalization and transport of the receptor–li-
gand complex, or impaired signaling pathways down-
stream from the receptor site) (14–20). For example, ab-
normal growth factor levels in the CNS and/or PNS have
been associated with Alzheimer’s disease, Parkinson’s dis-
ease, Huntington’s disease, and diabetic neuropathy (21–
24). Results from preclinical studies employing both in
vitro and in vivo models discussed above suggest that indi-
vidual growth factors (as representatives of hydrophilic
molecules) can indeed correct, prevent, or delay some of
the pathological features characteristic of diabetic neuropa-
thy, Alzheimer’s, Parkinson’s, and Huntington’s diseases.
However, due to the complexities involved in these pathol-
ogies, a simple replacement therapy employing drug deliv-
ery systems containing individual hydrophilic neurothera-
peutics will most likely be used in conjunction with gene
therapy and/or stem-cell therapies.

B. Problems with Lipophilic Agents

In general, lipophilic agents have little difficulty in pene-
trating cell membranes, including those of the BBB. The
more lipophilic a drug is, the more readily it will cross the
BBB and reach the brain. Thus the main problem with
these agents lies not in their permeability but rather with
aspects of (i) specificity and selectivity of action in the
brain, (ii) neurotoxicity, and (iii) poor solubility and unfa-
vorable pharmacokinetic properties. Some of these prob-
lems can be solved, at least partially, by incorporating the
drug into a carrier polymer so that the release is slower
and the toxicity is reduced. An attempt to increase the spec-
ificity and selectivity of neuroactive lipophilic drugs has
been made by conjugation of the drug either with a specific
ligand or with an antibody toward a protein specifically
expressed at the cell surface (3). More recently, a class of
lipophilic compounds, neurosteroids, i.e., steroids known
to be particularly effective in the nervous system, were
found to influence the brain’s functions significantly,
memory in particular. These agents do not have a problem
in crossing the BBB or in specifically binding to their re-
ceptors. Studies by Toran-Allerand and colleagues showed
that estrogen receptors are localized in central cholinergic
neurons, and that signaling pathways activated by growth
factors can be also activated by estrogens (25,26).
Neurosteroids have been tested in several models (27), and
numerous studies are currently underway to provide a
proof of concept for neurosteroids as potential therapeutics
in neurodegenerative diseases (27).

II. NONVIRAL DELIVERY SYSTEMS TO
DELIVER AGENTS TO THE
NERVOUS SYSTEM

Although the expression of specific proteins by transfec-
tion with viral vectors has been a commonly used tech-
nique, this method of drug delivery has certain disadvan-
tages (28–30). A number of nonviral approaches to drug
delivery to the nervous system have been developed, in-
cluding (i) intraventricular infusion of neuroactive agents,
(ii) injection or implantation of polymeric systems, (iii)
implantation of genetically engineered cells or stem cells,
and (iv) use of liposomes. These approaches are summa-
rized in the following sections.

A. Intraventricular Infusion of
Neuroactive Agents

Poorly soluble agents and unstable peptides are often ad-
ministered into the lateral ventricles either as single injec-
tions or via permanently installed cannulae (31,32). The
advantages of these approaches are that the dosage and rate
of drug administration can be controlled, and the results
resemble a slow intravenous infusion if the drug is readily
distributed into the peripheral bloodstream. However, in-
tracerebroventricular (ICV) injection of drug results in dis-
tribution to the ependymal surface of only the ipsilateral
brain because of the unidirectional flow of cerebrospinal
fluid within the brain. The major disadvantage of ICV drug
administration is its invasiveness and the possibility of in-
fection at the site of penetration of the BBB.

B. Injectable and Implantable Polymeric
Systems as Drug Carriers

1. Drug–Polymer Conjugates

Synthetic polymer materials have been used as drug carri-
ers in several modalities (Fig. 1). Injectable drug–polymer
conjugates are produced by covalent binding of water-sol-
uble polymers to a drug. The nature of the covalent bond
between the drug and the polymer should be such that the
bond is strong enough to be stable in the bloodstream but
easily cleaved once the conjugate has reached the target
site. This is often difficult to achieve. Moreover, only a
relatively small number of biologically active molecules
can be attached to the polymer molecule, thus requiring
relatively large amounts of drug–polymer conjugate to be
injected at the site of action. Approaches overcoming some
of these problems are discussed in the following sections.

2. Implants

Simple replacement therapy with polymeric implants of
nerve growth factor have been implemented in animal



Drug Delivery to the Nervous System 1085

Figure 42.1 Some common approaches to administer neuroac-
tive drugs. 1. Drug covalently bound to the polymer. 2. Micro-
spheres (made of biodegradable polymers) containing neuroac-
tive agents can be injected either systemically, into the lateral
ventricle, or into the selected brain structure. 3. Microsponges
can be impregnated with neuroactive agent and administered lo-
cally. 4. Osmotic pumps allow for steady release of neuroactive
agent for a prolonged time period (1–2 weeks). 5. Injections of
neuroactive agents directly into the lateral ventricle or paren-
chyma.

models of central cholinergic deficiencies (33,34) and of
peripheral nerve impairment in diabetes (24), in both hu-
mans and several animal species (35,36). Recently nerve
growth factor (NGF) was delivered locally by implantation
of a small polymer pellet providing slow release at a con-
trolled distance from the target site (37). The implants
placed 1–2 mm away from the target cholinergic site were
effective, whereas the same implants placed 3 mm away
from the target site had no detectable effect. These findings
strengthen the notion that NGF delivery within a spatially
restricted area should be considered a desirable feature if
the drug is to be effective. Due to the larger size of the
target areas in the human brain than in rodent animal mod-
els, the concept of pharmacotechtonics has been tested.
This strategy involves the creation of an array of local
drug-releasing loci to create large but spatially restricted
and anatomically defined fields of biological activity. Drug
distribution can be more controlled, and moreover this ap-
proach lends itself to comparison with mathematical mod-
els (38). The geometry and sites of implantations can be
determined by noninvasive diagnostic procedures, such as
MRI, prior to the surgical procedure. Local delivery, in
conjunction with pharmacokinetic modeling (39) and ste-
reotaxic atlases linked to MRI scanners, will eventually
allow for customized drug therapy for individual patients.
Replacement of other factors such as ciliary neurotrophic
factor (CNTF), lymphocyte inhibitory factor (LIF), and
brain derived neurotrophic factor (BDNF) has also been

achieved in different ways. However, all of these simple
replacement approaches have three major limitations: (i)
site-specific delivery, (ii) the amount of drug that can be
administered by single administration, and (iii) susceptibil-
ity of full-length peptides to enzymatic cleavage due to the
presence of various peptidases in the tissue. To solve some
of the stability problems, drugs can be incorporated into
biodegradable polymers, and an overview of these poly-
mers is given in Chapter 5.

3. Osmotic Pumps

Osmotic pumps are also often used in experimental ani-
mals. For instance, implantable pumps have been used in
primates to deliver dopamine or dopamine agonists
(40,41). The pump reservoir is typically installed subcuta-
neously, and a catheter links a cannula with the pump.
There are different sizes of pumps, suitable for small ro-
dents or larger animals (commercially available ‘‘Alzet’’
minipumps); the pumps are refillable, and newer models
allow for the adjustment of the delivery rates. The major
limitation of pumps is the possibility of a local immune
reaction at the site of delivery. In addition, due to the lim-
ited diffusion of most peptidergic neurotrophic agents, the
majority of the agent is degraded before reaching the in-
tended site of action.

4. Micro- and Nanoparticles

These delivery systems were reviewed previously
(4,42–48). Controlled release polymer systems not only
improve drug safety and efficacy but may also lead to new
therapeutics. Some of the frequently used polymers are
poly(sebacic acid-co-1,3-bis(p-carboxyphenoxy)propane),
poly(b-hydroxybutyrate-hydroxyvalerate), poly(lactide-
co-glycolide), poly(methyl methacrylate-acrylic acid),
poly(acrylamide-co-acrylic acid), and poly(fumaric-co-se-
bacic anhydride). Numerous micro- and nanoparticles
(some examples of which are shown in Fig. 2) have been
designed and tested in vitro and in vivo to demonstrate
superior effectiveness with concomitant reduction in neu-
rotoxicity. Conventional oral or transdermal delivery is in-
adequate for the delivery of macromolecules such as pro-
teins. Due to the short half-life of macromolecules such as
growth factors, micro- and nanocontainers made of differ-
ent polymers have been investigated as a means of their
controlled and prolonged release. Johnson et al. (49) devel-
oped biodegradable microspheres composed of lactic co-
glycolic acid polymer in which lyophilized macromole-
cules (human growth hormone) were complexed with zinc
to solve the problem of moisture-induced protein aggrega-
tion. The system was tested in vitro and in a primate in
vivo model. A release of the protein for one month was
demonstrated, suggesting the possibility that such a system
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Figure 42.2 Some examples of injectable nanoparticles as car-
riers for neuroactive agents.

may be considered for chronic clinical use. Numerous
other nano- and microparticulate biodegradable and bio-
compatible delivery systems have been developed in the
last several years. For instance, rhodium (II) citrate, a re-
cent member of promising antitumor agents, was com-
plexed and encapsulated into poly (d,l-lactic-co-glycolic)
acid (PLGA) and poly(anhydride) microspheres (50).
Complexation in this case significantly increased the en-
capsulation efficiency and duration of release in both poly-
mer systems (50). However, problems that need to be dealt
with include the limited supply of the neuroactive agent,
the invasive aspects of micro- and nanoparticle administra-
tion, and release kinetics that were not amenable to regula-
tion by physiological changes at the site or elsewhere. Two
interesting and novel approaches have been recently con-
sidered and tested: controlled release microchips and neu-
rospheres. Briefly, in contrast to previous methods of con-
trolling drug release from polymeric devices such as
pulsatile stimuli by an electric or magnetic field, exposure
to ultrasound, light, enzymes, changes in pH or in tempera-
ture, new biotechnological approaches have led to the de-
velopment of a solid-state silicon microchip that can pro-
vide controlled release of a single or multiple agents on
demand (51). Although it is too early to evaluate its use-
fulness for the delivery of neuroactive substances, it cer-
tainly seems promising. Neurospheres of multipotent and
restricted precursors may provide solutions for a longer
lasting and more physiological supply of biologically ac-
tive compounds, either singly or in combination (52–54).

5. Liposomes

Cationic liposomes may have a significant potential for
clinical applications in gene therapy for the disordered cen-
tral nervous system (CNS) (55). Recently it has been re-
ported that intracerebroventricular or intrathecal injection
of cationic liposome–DNA complexes can produce sig-

nificant levels of expression of biologically and therapeuti-
cally relevant genes within the CNS such as nerve growth
factor (NGF), granulocyte colony-stimulating factor (G-
CSF), and choline acetyltransferase (ChAT) (56). Techni-
cal aspects to achieve maximal gene transfer into brain
cells using a plasmid DNA–cationic liposome complex
have been discussed by Imaoka et al. (57). These authors
have administered plasmid DNA–cationic liposome (lipo-
polyamine of dioctadecylamidoglycyl spermine) complex
to 3–6 months old male rats using an osmotic pump. They
report an increase of approximately up to two orders of
magnitude in transfection efficiency compared to one ob-
tained by a single injection. The authors propose that the
continuous injection approach may be safe and effective
in increasing the transfection efficiency. Another group led
by Yokota (58) examined the effects of a calcium-depen-
dent cysteine protease (calpain) inhibitor entrapped in lipo-
somes in delaying neuronal death in gerbil hippocampal
CA1 neurons following a transient forebrain ischemia. Se-
lective neuronal damage induced by forebrain ischemia in
the CA1 region of the hippocampus, and calpain-induced
proteolysis of neuronal cytoskeleton, were prevented by
administration of the inhibitor in a dose-dependent manner
(58). Evaluation of transfection efficacy of a plasmid vec-
tor complexed with three different cationic liposomes into
two experimental rodent and human malignant glioma cell
lines and the mouse 3T3 fibroblast were studied by Bell
et al. (59). The transfection efficacy and cytotoxicity of the
liposomes were reported to vary quantitatively and qualita-
tively between cell lines. These authors suggest that their
results support a potential application of cationic lipo-
somes in both experimental and human malignant glioma
gene transduction. Further studies on liposomal transfec-
tion of normal and neoplastic cells derived from the CNS
will likely be very useful in helping to ascertain the partic-
ular merits of liposome-mediated gene transfection (59).
Although the emphasis has been on utilizing liposomes in
gene delivery to the CNS, this by no means limits their
use to gene transfection (60–63).

C. Therapeutic Approaches Employing Cells

1. Genetically Engineered Cells

In order to provide longer term neurotrophin delivery with-
out the need to refill the containers or reduce the frequency
of reimplantation of delivery devices, several groups
(5,64–66) have developed implantable polymeric devices
containing genetically engineered cells that can produce,
for example, a missing trophic factor (Fig. 3). This strategy
has been tested in animal models, including primates (67).
Either primary cultures or genetically engineered cells pro-
ducing a missing factor can serve as ‘‘long term effective
mini-factories,’’ and various cell types used for these pur-
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Figure 42.3 Genetically engineered cells and stem cells. Differ-
ent cell lines, primary cell cultures, and genetically engineered
cells producing a neuroactive agent can be directly injected into
the brain as a cell suspension, or prior to administration cells can
be microencapsulated in biocompatible polymers. Neural stem
cells with the capacity to renew and produce the major cell types
of the brain can be used for cell replacement therapy in neurologi-
cal disorders. (See Section C.3, Stem Cells.)

poses have been reported and reviewed, including pheo-
chromocytoma cells (PC12) (68), fibroblasts, and NIH
3T3 cells genetically altered to produce growth factors
(66,69,70). Although fully mature primary cultures or ge-
netically engineered proliferating cells of nonneuronal ori-
gin can replace missing peptides, they are either (i) deliber-
ately physically separated from the environment at the
implantation site to prevent tumor formation (e.g., by en-
capsulation or by placement of cells within a retractable
implantation device) or (ii) in contact with the immediate
microenvironment, their phenotype not allowing them to
integrate and make functional connections (e.g., PC12
cells, fibroblasts).

3. Stem Cells

Replacement strategies using stem cells have recently be-
come an attractive way to overcome the problems of cell
integration and of acquisition of normal brain functions
(71). Adult CNS stem cells can replace neurons and glia
in the adult brain and spinal cord (72) and can also give rise
to other cell types such as skin melanocytes and a range
of mesenchymal cells in the head and neck (73). Stem
cells may integrate appropriately into both the developing
and the degenerating central nervous system and may
be uniquely responsive to some types of neurodegenera-
tive conditions (74). Neural-derived stem cells are self-
renewing under the influence of mitotic agents such as
fibroblast growth factor (75), epidermal growth factor
(76,77), BDNF (78), and other factors (71,79–82). These
cells can differentiate into either neuronal or glial cells and
therefore can be used to replace neurons that are damaged
or destroyed in defined neuronal structures, such as dopa-
minergic nigral neurons in Parkinson’s disease, or hippo-

campal neurons (70,76,83–87). Neural stem cells cultured
from human embryos can be grown for extended periods
of time while retaining the capacity for neuronal and glial
differentiation. The ability to generate human neural tissue
in vitro allows for screening of neuroactive compounds
and provides a source of tissue for testing cellular and ge-
netic therapies for CNS disorders (88). Neurospheres of
multipotent and restricted precursors may provide solu-
tions for a longer lasting and more physiological supply of
missing biologically active compounds, single or multiple,
(52,54,89). Most importantly, stem cells have the advan-
tage of establishing functional connections within the ner-
vous system, a property that cannot be achieved with any
polymeric drug delivery system, at least not in cases when
a large proportion of neurons is lost. Accounts of the cur-
rent status of stem cells and their biology and potential
in treating neurological disorders are available in recent
reviews (70,87,90). Obviously, ethical issues are of impor-
tance in implementing stem-cell strategies (84,86).

III. BLOCK COPOLYMER MICELLES
AND VESICLES

Block copolymer micelles (Fig. 4) have a great potential
as delivery systems for the administration of neuroactive
agents. Previous work (91,92) provided some seminal in-
formation in this regard, but much fundamental work re-
lating to physical, morphological, and biological (pharma-
cological) properties must be done before block copolymer
micelles and vesicles can be used either as diagnostics or
as therapeutics. Thus far, only spherical micelles have been
studied from the physicochemical and biological aspect.
Other morphologies were only recently produced and iden-
tified using EM (93–95) and some sporadic in vivo studies
have been reported (cylinder shapes delivered to lungs)
without physical-chemical characterization. Our group has
been involved in fundamental studies addressing the ques-
tions of interrelationships between morphological features
(shape, size) and physiochemical properties of tailor-made
micelles containing either fluorescent labels (96,97),
highly lipophilic radiolabeled agents such as benzopyrene,
or poorly soluble bioactive agents such as dihydrotestoster-
one and FK506 (96,98,99). A recent overview of the physi-
cal properties of block copolymer micelles used in vitro
and in vivo in studies by several groups, including ours,
is available in (92) and (98).

A. Biodegradable Block Copolymers for
Development of Micellar Delivery Systems

One of the promising biodegradable and biocompatible
polymers for micellar delivery systems is polycaprolac-
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Figure 42.4 Representative types of block copolymer micellar
delivery systems. 1. Corona forming block has attached ligand
to provide site-specific delivery of neuroactive agents. 2. Inverse
micelle for the delivery of hydrophilic neuroactive agents. 3.
Block copolymer micelle for the delivery of lipophilic neuroac-
tive agents. 4. Block ionomer micelle suitable for the delivery of
antisense oligonucleotides and DNA.

tone-b-poly(ethylene oxide) (98). The individual compo-
nents, polycaprolactone and polyethylene oxide, were ex-
plored previously for a variety of biomedical applications
(110,111). A list of some core forming polymers is given in
Table 1. Polycaprolactone, the hydrophobic core–forming
block of the micelles, is a biodegradable polymer used as
(i) a structural material in the production of medical de-
vices such as implants, sutures, stents, and prosthetics, (ii)
a carrier for a variety of drugs (112), (iii) in paste form for
drugs (113,114), and (iv) a nanoparticulate ocular delivery
system (115). Polyethylene oxide, the hydrophilic shell–
forming block of the micelles, imparts blood compatibility
to material surfaces (116) and is commonly used in micel-
lar drug delivery systems (91). This polymer lends itself
to chemical modifications that can enhance site-directed
delivery. Micellar delivery systems for neuroactive agents
are described in the following paragraph.

B. Micelles for the Delivery of
Neuroactive Agents

Several types of micelles formed from different polymers
and copolymers have been developed (Table 2), some of
which could be useful for the delivery of neuroactive

agents. Several considerations arise when considering
polymer micelles as drug carriers for CNS-based therapeu-
tics. For instance, a high partitioning of the drug into the
micelle is required because otherwise one would have to
administer large amounts of micelles. Similarly, the poly-
mer must be biodegradable, biocompatible, and with suf-
ficiently low critical micellar concentration (CMC) to
achieve a longer length of time in the bloodstream to allow
the drug to reach its site of action. Modifications to opti-
mize polymer–drug interactions and high stability of mi-
celles in the blood have been recently reviewed (127). In
order to enhance endocytosis and ultimately transcytosis
of micelles containing neuroleptic agents across the BBB,
ligands were attached to the polymer micelles. An im-
proved internalization of derivatized pluronic micelles has
been demonstrated using primary cultures of brain mi-
crovessel endothelial cells (BBMEC) (128–130). Never-
theless, micelle carriers for drug delivery to the brain still
have some limitations:

1. Brain endothelial cells take up a relatively small
amount of micelles designed so far. Consequently, the
amount of drug delivered is relatively small. However, if
the drug has a high potency, it should be still possible to
obtain the desired biological effects.

2. Drugs to be incorporated into the micelles should
have very low capacity to cross the BBB. This is not the
case with highly lipophilic agents, but many peptides and
oligonucleotides are good candidates for micellar delivery
systems to the brain.

In addition to the micelle-based strategies outlined here,
there is another strategy that has been explored to a limited
extent, namely the exploitation of specific interactions of
the polymers themselves with the membrane and mem-
brane transporter proteins found in the brain microvessel
endothelial cells that form the BBB. In this case it is not
necessary to have micelles, since the monomer itself can
modify the BBB permeability. Two proteins within the
BBB are targets of such an approach: P-glycoprotein (P-
gp) and multidrug resistance–associated protein (MRP)
(128,129). Modifications of P-gp and MRP and possibly
other transporters in the BBB with polymeric formulations
may considerably facilitate the accumulation of neuroac-
tive agents within the brain. Among the polymers tested
so far, pluronic polymers seem to be particularly effective
in inhibiting P-gp drug efflux in the brain microvessel en-
dothelial cells (106). Some drugs can also change the per-
meability of the BBB, such as cyclosporin A. Unfortu-
nately, cyclosporin A in equivalent concentrations to
Pluronic P85 seriously disrupts the integrity of the brain
microvessel endothelial cells (127). Some examples of
drugs with effects on the nervous system and of their
delivery vehicles are given in Table 3. Polymers as trans-
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Table 42.1 Core-Forming Polymers

Polymer Application Reference

Polyamino acid cores
Poly(aspartic acid) Poly(ethylene glycol)–poly(aspartic acid) block copolymer micelles conjugated 100

with adriamycin were prepared, characterized, and tested for anticancer activ-
ity. Result in vivo: high anticancer activity of adriamycin micelles in P 388
mouse leukemia and smaller weight loss with adriamycin micelles than with
free adriamycin.

Poly(gamma-benzyl-l-glutamate) Clonazepam containing block copolymer nanoparticles were prepared and tested 101
in vitro. Result: release of clonazepam is dependent on the drug loading con-
tents and PBLG chain length.

Polyamines
Poly(l-lysine) Supramolecular associates of DNA with PEG-PLL block copolymers increase 102

nuclease resistance of plasmid DNA.
Turbidometric analysis of polyelectrolyte complexes formed between PLL and 103

DNA.
Examination of the use of oligopeptides containing the RGD sequence in promot- 104

ing the uptake of PLL/DNA complexes in vitro.
Polyspermine Discussion of physicochemical aspects of formation and behavior of interpolyelec- 105

trolyte and block ionomer complexes for gene delivery.
Others

Polypropylene oxide Interactions of pluronic block copolymers with brain microvessel endothelial 106
cells.

Haloperidol’s neuroleptic activity increases after its solubilization in surfactant mi- 107
celles.

Establishment of the structure–property relationship for EmPn (E, oxyethylene; P, 108
oxypropylene) diblock copolymers–micellization and gelation of EmPn diblock
copolymers in aqueous solution.

Polyethylene New class of synthetic thin-shelled capsules. Polymersomes: tough vesicles made 109
from diblock copolymers.

port-modifying agents have both advantages and limita-
tions:

1. Polymers exhibit relative selectivity. However,
since P-gp and MRP are also present in liver,
the drug could accumulate in this organ, affect-
ing normal functions, in particular metabolic pro-
cesses.

2. Less damage occurs to the microvessel endothelial
cell integrity.

3. Some polymers are effective below the CMC.

C. Micelles for the Delivery of Antisense
Oligonucleotides

1. Problems in the Delivery of Antisense
Oligonucleotides

The use of antisense oligonucleotides to control protein
expression has received considerable attention due to their
relative ease of synthesis and specific use. Commonly,
short (between 15 and 20 bases) chemically modified nu-

cleic acids are employed. They hybridize to complemen-
tary nucleotide sequences in accessible regions of mRNA
molecules, thus blocking expression of the encoded pro-
teins. Two major problems are associated with the use of
antisense oligonucleotides: (i) the identification of accessi-
ble regions in mRNA to which the oligonucleotides can
hybridize, and (ii) the delivery of the oligonucleotides into
the cell and to their target (136). The accessibility of an
mRNA sequence is determined by the primary nucleotide
sequence, its three-dimensional structure, and the presence
of associated proteins. This combination of factors has
made the design of effective antisense oligonucleotides a
difficult task, and experiments involving the use of poorly
designed antisense oligonucleotides often produce mis-
leading results. However, once a candidate oligonucleotide
has been synthesized, several challenges arise in delivering
it effectively to its target. A first consideration is the pres-
ence of various endo- and exonucleases in serum that can
degrade the oligonucleotides and destroy their biologi-
cal activity (137). Also, some types of antisense oligo-
nucleotides (e.g., phosphothiorate) are highly charged
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Table 42.2 Types of Micelles

Micelles Utilization Reference

Pluronic based micelles Examination of the solubilization of hydrocarbons by aggregates of Pluronic 117
block copolymers in water [Pluronic; symmetric copolymers with poly(ethyl-
ene oxide), PEO, as the hydrophilic end blocks and poly(propylene oxide),
PPO, as the hydrophobic middle block (PEO-PPO-PEO)].

Stabilization and activation of Pluronic micelles for tumor-targeted drug delivery. 118
Pluronic based (Pluronic L61 and Pluronic F127) formulation of doxorubicin. 119

Block ionomer complexes Potential application of polymer–surfactant complexes between block ionomers 120
and oppositely charged surfactants as a drug delivery system.

Polyion micelles Surface charge modulation of poly(ethylene glycol)-poly(d,l-lactide) block copoly- 121
mer micelles: conjugation of charged peptides.

Thermoresponsive micelles Control of adriamycin cytotoxic activity using thermally responsive polymeric mi- 122
celles composed of poly(N-isopropylacrylamide-co-N,N,-dimethylacrylamide)-
b-poly(d,l-lactide).

Gelation behavior of thermosensitive poly(ethylene glycol-b-(d,l-lactic acid-co- 123
glycolic acid)-b-ethylene glycol) triblock copolymers.

Polycaprolactone-b-polyethylene PCL-b-PEO copolymer micelles as a delivery vehicle for lipophilic drugs. 96, 124
oxide micelles

Shell-cross linked polymer micelles Formation of cross-links throughout the shell of polymer micelles reinforces the 125
weak interactions that facilitate micelle existence.

Polycation comb-type copolymer Copolymer-mediated stabilization of DNA duplexes and triplexes. 126

polyanions and bind extensively to serum proteins (138–
140). Such oligonucleotides have a very limited ability to
cross cellular membranes, and this reduces the amount of
oligonucleotides that can reach their nuclear target (141,
142). Furthermore, the binding of serum proteins by
oligonucleotides may also alter the protein activity, which
may be misinterpreted as an effect of the oligonucleotides
on nuclear targets. A second consideration is that the
amount of oligonucleotides taken up by different tissues

Table 42.3 Examples of Drugs with Effects on the Nervous System and Their Delivery Vehicles

Drug Delivery vehicle Reference

FK 506 Polycaprolactone-b-poly(ethylene oxide) block copolymer micelles; a novel drug delivery vehicle for 96
FK506 and L-685,818.

Paclitaxel Poly(d,l-lactide)-b-methoxy polyethylene glycol micelles; human plasma distribution of free and mi- 131
celle incorporated paclitaxel.

Neurosteroids Polycaprolactone-b-poly(ethylene oxide) copolymer micelles; delivery vehicle for dihydrotestosterone. 124
Poly (d,l-lactic acid) microspheres; evaluation of microspheres’ physical properties and their in vivo 132

characteristics for long-acting drug delivery (testosterone).
Caprolactone/lactide block copolymer; delivery kinetics of levonorgestrel and estradiol. 133
Tricalcium phosphate lysine (TCLP) drug delivery system; the synergistic effect of sustained delivery 134

of steroid hormones on the ventral prostate of adult male rodents.
Cyclosporine Microemulsion formulation; comparison of the steady-state pharmacokinetics and tolerability of the 135

cyclosporine microemulsion formulation with the cyclosporine commercial formulation in clinically
stable renal allograft recipients.

Clonazepam Core-shell type nanoparticles; in vitro clonazepam release is dependent on the drug loading contents 101
and poly(gamma-benzyl-l-glutamate) chain length.

and cells varies considerably. Studies in rodents have
shown that the majority of intravenously injected oligonu-
cleotides distribute to the kidney and liver, where they may
be degraded and lose biological activity (143–144). Also,
these studies showed that the biodistribution of oligo-
nucleotides is generally much greater in the intestine,
bone marrow, skeletal muscle, and skin than in the brain.
This presents additional concerns for the delivery of
oligonucleotides to targets in the central nervous system.
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The actual mechanisms by which antisense oligonucleo-
tides enter into cells are currently under debate, but they
are thought to involve fluid-phase pinocytosis and/or re-
ceptor-mediated endocytosis (145). A third concern is that
once the oligonucleotides have successfully entered into a
cell, they are subject to degradation. Confocal and electron
microscopy studies have shown that the majority of inter-
nalized antisense oligonucleotides enter into the cellular
endosomal and lysosomal systems (146). These compart-
ments may have acidic pH and contain enzymes that de-
grade the oligonucleotides and destroy their biological
activity. It is clear, however, that a portion of the adminis-
tered oligonucleotides either escapes from the endosomal/
lysosomal systems or bypasses them altogether and enters
the cytoplasm to diffuse into the nucleus, by poorly under-
stood mechanisms (141). The cytosolic environment also
contains a variety of exo- and endonucleases and proteins,
which presents problems similar to those encountered in
the serum. An additional concern arising from microscopy
studies is the existence of an efflux of oligonucleotides
from the nucleus, likely through a passive diffusion mecha-
nism via nuclear pores (146), and from the cell (147–149).
These phenomena must also be considered when targeting
antisense oligonucleotides to the nucleus.

2. Early Approaches in Antisense Oligonucleotide
Delivery Systems

Short-term antisense therapy is often marked by the devel-
opment of two common toxicities, namely activation of
the complement system and increase in blood clotting time
(150,151). However, clinical studies have shown that these
effects are minor due to the relatively short half-life (30–
60 minutes) of oligonucleotides in the serum, which may
be due to binding of serum proteins to oligonucleotides
(145). As well, chronic administration of antisense oligo-
nucleotides in rodent models leads to the induction of im-
mune responses, characterized by lymphoid hyperplasia,
splenomegaly, and monocyte recruitment to a number of
tissues (151). In consequence, there has been considerable
interest in developing delivery methods that can minimize
these degradative and immune drawbacks to the use of oli-
gonucleotides. Early approaches focused on improving the
cellular uptake of antisense oligonucleotides by coupling
them to polycations such as polylysine (152) and polyethy-
lenime (153), or, more successfully, to polycationic lipids/
lipid formulations (154,155). Other approaches involved
targeting antisense oligonucleotides to cell surface recep-
tors such as the folate receptor (156), transferrin receptor
(157), and asialoglycoprotein receptor (158), to stimulate
receptor-mediated endocytosis. Another strategy involved
the coupling of oligonucleotides to typical membrane enti-

ties such as cholesterol (159) or to fusogenic peptides
(160). These in vitro uptake enhancers have been success-
ful in tissue culture systems, with significant increases in
the uptake and nuclear localization of the oligonucleotides.
However, it is noteworthy that the internalization profiles
of oligonucleotides in vitro often differ considerably from
their behavior in vivo (145). Furthermore, these early ap-
proaches did not focus upon minimizing the immunogenic-
ity and instability of the oligonucleotides, which has been
addressed by the micellar delivery approach described
below.

3. Delivery of Antisense Oligonucleotides
Employing Copolymers

Although some oligonucleotides are relatively stable fol-
lowing their administration by a variety of routes (intrave-
nous, intraperitoneal, subcutaneous, intracerebroventricu-
lar) (161), delivery of antisense oligonucleotides by
delivery systems has been proposed in order to reduce the
immunogenicity and protect them from the physiological
degradative processes referred to above. The major work
in this area has been carried out by Kabanov’s group, us-
ing, first, hydrophilic polymeric vesicles (162), and subse-
quently, polyion complex micelles with a protein modified
corona (163). A hydrophilic polymer, Nanogel, was used
to create vesicles with an average particle size of 120 nano-
meters (162). This polymer is formed from cross-linked
polyethyleneimine (PEI) and carbonyldiimidazole-acti-
vated poly(ethylene glycol) (PEG), thus building on the
PEI-coupling approach of Boussif (153), which focused
on enhancement of cellular uptake. Nanogel particles have
been employed for the delivery of antisense phosphothior-
ate oligonucleotides (SODN), targeting the mRNA of the
human multidrug resistance gene, mdr1 (162). These stud-
ies have shown that the Nanogel vesicular approach attains
a greater cellular localization of SODN in a human carci-
noma cell line in comparison to the administration of free
SODN. The effectiveness of the Nanogel-incorporated
SODN was demonstrated by its ability to inhibit the ex-
pression of P-glycoprotein, a major cellular pump involved
in the efflux of cytosolic drugs.

A significant reduction in delivery vehicle size was
achieved by Kabanov’s group with the synthesis of polyion
complex micelles incorporating SODN (163). These mi-
celles contain poly(ethylene glycol)–PEI graft copolymer
complexes that self-assemble with SODN to form 40 nano-
meter particles, each consisting of a PEI/SODN neutral-
ized core surrounded by a poly(ethylene glycol) corona.
Transferrin molecules attached to the poly(ethylene gly-
col) corona create polyion complex micelles (75 to 103
nanometers) facilitating the internalization of SODN into
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cells. These studies (163) have indicated that SODN incor-
porated in polyion micelles with a protein modified corona
have a significantly greater ability to inhibit the expression
of the P-glycoprotein drug efflux transporter in several
cancer cell lines.

4. Micelles for the Delivery of DNA

Some of the most frequently applied techniques to
transfect cells are (i) precipitation with calcium phosphate
(164–170), (ii) polybrene (171), (iii) electroporation (172),
(iv) microinjection (173), (v) modified viral vectors
(174,175), (vi) microspheres (47), (vii) liposomes (176–
178), and (viii) polycation delivery systems (121,179–
181). There are several commonly used protocols for cell
transfections, the most frequently used being precipitation
with calcium phosphate (164,182).

Kabanov’s group has contributed greatly to the delivery
systems of genetic materials. The methodology is based
on formation of soluble interpolyelectrolyte complexes
(IPECs). The term IPEC in polymer science relates to the
products of reaction of oppositely charged polyions, and
in the case referred to here polycation–DNA complexes
represent a special kind of IPECs relevant to biological
issues. A critical assessment of transfection approaches in
mammalian cells using DNA–IPECs and more common
methods such as calcium phosphate precipitation and lip-
ofectin is given in several reviews, e.g., Ref. 179. Poly-
cations as building blocks for DNA complexes can be
relatively easily conjugated with ligands and undergo re-
ceptor-mediated endocytosis (179). Among the most fre-
quently attached ligands are asialoglycoprotein, insulin,
and transferrin. Asialoglycoprotein receptors play a critical
role in hepatocytes and allow for targeted delivery of DNA
to the liver (183,184). Insulin and transferrin receptors are
present in many cell types and provide an endocytotic in-
ternalization of the delivery system (insulin receptor) or
vesicular transport followed by the return to the cell sur-
face (185). Antibody molecules have also been linked to
IPECs to achieve cell and tissue specificity (186). Since
neural cells express a wide variety of receptors, some of
them specific for (sub)classes of neurons (e.g., cholinergic,
dopaminergic, gabaergic), IPECs linked to ligands recog-
nizing these receptors offer an attractive approach in drug
and gene delivery to the nervous system.

IV. FUTURE TRENDS

If a disease is diagnosed early enough, and if significant
improvements can result simply from a slowing down of
pathological changes, drug administration using suitable

polymeric devices is a viable approach. Moreover, in con-
junction with stem cells, drug delivery systems could im-
prove the viability of implanted stem cells, enhance the
rate of functional reconnectivity, and promote neuronal
differentiation. Regardless of particular specific needs, lo-
calized (site-specific) physiologically controlled drug re-
lease is always desirable. These goals are being gradually
achieved by the increasing availability of new function-
alized biopolymers, and ‘‘smart polymers.’’

Smart polymers are hydrogels that undergo fast, revers-
ible changes in microstructure from a hydrophilic to a hy-
drophobic state (187). Triggers that can produce these
changes include neutralization of charged groups by a shift
in pH, the addition of an oppositely charged polymer, a
change in temperature or ionic strength, or the formation
of interpenetrating polymer networks (187). Stimulus-re-
sponsive or smart polymers have been used mainly for bio-
separations but also for the development of drug delivery
systems. One of the models based on smart polymers is a
glucose-responsive insulin loaded polymer matrix (188).
The number of drug delivery systems utilizing smart poly-
mers is very limited, and much work remains to be done
in the area of their synthesis and structure–property rela-
tionship studies before they can be considered for clinical
applications.

In addition to drug release from polymeric devices such
as pulsatile stimuli by an electric or magnetic field, expo-
sure to ultrasound, light, enzyme, or change in pH or tem-
perature, new biotechnological approaches have led to the
development of solid-state silicon microchips that can pro-
vide controlled release of single or multiple agents on de-
mand (51). Although it is too early to say if microchips
will supplement or replace classical delivery systems, they
represent a significant step forward in biotechnological ap-
proaches to administer neuroactive agents in a more con-
trolled manner.

REFERENCES

1. G. Terenghi. Peripheral nerve regeneration and neuro-
trophic factors. Journal of Anatomy 194:1 (1999).

2. W. M. Pardridge. CNS drug design based on principles of
blood–brain barrier transport. Journal of Neurochemistry
70:1781 (1998).

3. L. Prokai. Peptide drug delivery into the central nervous
system. Progress in Drug Research 51:95 (1998).

4. D. Maysinger, A. Morinville. Drug delivery to the nervous
system. Trends in Biotechnology 15:410 (1997).

5. C. W. Pouton, L. W. Seymour. Key issues in non-viral
gene delivery. Advanced Drug Delivery Reviews 46:187
(2001).

6. M. Mak, L. Fung, J. F. Strasser, W. M. Saltzman. Distribu-



Drug Delivery to the Nervous System 1093

tion of drugs following controlled delivery to the brain
interstitium. Journal of Neurooncology 26:91 (1995).

7. W. M. Pardridge. Peptide Drug Delivery to the Brain (W.
M. Pardridge, ed.). Raven Press, New York, 1991, pp. 1–
357.

8. S. Maliartchouk, Y. Feng, L. Ivanisevic, T. Debeier,
A. C. Cuello, K. Burgess, H. U. Saragovi. A designed
peptidomimetic agonistic ligand of trkA nerve growth
factor receptors. Molecular Pharmacology 57:385 (2000).

9. B. Cusack, D. J. McCormick, Y. P. Pang, T. Souder, R.
Garcia, A. Fauq, E. Richelson. Pharmacological and bio-
chemical profiles of unique neurotensin 8–13 analogs ex-
hibiting species selectivity, stereoselectivity, and superag-
onism. Journal of Biological Chemistry 270:18359 (1995).

10. S. Gokhan, Q. Song, M. F. Mehler. Generation and regula-
tion of developing immortalized neural cell lines. Methods
16:345 (1998).

11. C. Thuerl, U. Otten, R. Knoth, R. P. Meyer, B. Volk. Pos-
sible role of cytochrome P450 in inactivation of testoster-
one in immortalized hippocampal neurons. Brain Re-
search 762:47 (1997).

12. A. Muruganandam, L. M. Herx, R. Monette, J. P. Durkin,
D. B. Stanimirovic. Development of immortalized human
cerebromicrovascular endothelial cell line as an in vitro
model of the human blood-brain barrier. FASEB Journal
11:1187 (1997).

13. S. Duport, F. Robert, D. Muller, G. Grau, L. Parisi, L.
Stoppini. An in vitro blood–brain barrier model: cocul-
tures between endothelial cells and organotypic brain slice
cultures. Proceedings of the National Academy of Sciences
of the United States of America 95:1840 (1998).

14. M. P. Mattson, W. Duan. ‘‘Apoptotic’’ biochemical cas-
cades in synaptic compartments: roles in adaptive plastic-
ity and neurodegenerative disorders. Journal of Neurosci-
ence Research 58:152 (1999).

15. M. P. Mattson, K. Furukawa. Signaling events regulating
the neurodevelopmental triad. Glutamate and secreted
forms of beta-amyloid precursor protein as examples. Per-
spectives in Developmental Neurobiology 5:337 (1998).

16. I. Semkova, J. Krieglstein. Neuroprotection mediated via
neurotrophic factors and induction of neurotrophic factors.
Brain Research—Brain Research Reviews 30:176 (1999).

17. C. F. Ibanez. Emerging themes in structural biology of
neurotrophic factors. Trends in Neurosciences 21:438
(1998).

18. W. P. Chen, Y. C. Chang, S. T. Hsieh. Trophic interactions
between sensory nerves and their targets, Journal of Bio-
medical Science 6:79 (1999).

19. S. D. Skaper, F. S. Walsh. Neurotrophic molecules: strate-
gies for designing effective therapeutic molecules in neu-
rodegeneration. Molecular and Cellular Neurosciences
12:179 (1998).

20. B. Connor, M. Dragunow. The role of neuronal growth
factors in neurodegenerative disorders of the human
brain. Brain Research—Brain Research Reviews 27:1
(1998).

21. R. Kramer, Y. Zhang, J. Gehrmann, R. Gold, H. Thoenen,

H. Wekerle. Gene transfer through the blood–nerve bar-
rier: NGF-engineered neuritogenic T lymphocytes attenu-
ate experimental autoimmune neuritis. Nature Medicine 1:
1162 (1995).

22. F. H. Gage. Intracerebral grafting of genetically modified
cells acting as biological pumps. Trends in Pharmacologi-
cal Sciences 11:437 (1990).

23. F. H. Gage. Cell therapy. Nature 392:18 (1998).
24. S. C. Apfel, J. A. Kessler. Neurotrophic factors in the

treatment of peripheral neuropathy. Ciba Foundation Sym-
posium 196:98 (1996).

25. R. C. Miranda, F. Sohrabji, C. D. Toran-Allerand. Neu-
ronal colocalization of mRNAs for neurotrophins and their
receptors in the developing central nervous system sug-
gests a potential for autocrine interactions. Proceedings of
the National Academy of Sciences of the United States of
America 90:6439 (1993).

26. M. Singh, G. J. Setalo, X. Guan, M. Warren, C. D. Toran-
Allerand. Estrogen-induced activation of mitogen-acti-
vated protein kinase in cerebral cortical explants: conver-
gence of estrogen and neurotrophin signaling pathways.
Journal of Neuroscience 19:1179 (1999).

27. M. Gasior, R. B. Carter, J. M. Witkin. Neuroactive ste-
roids: potential therapeutic use in neurological and psychi-
atric disorders. Trends in Pharmacological Sciences 20:
107 (1999).

28. R. J. Cristiano, B. Xu, D. Nguyen, G. Schumacher, M.
Kataoka, F. R. Spitz, J. A. Roth. Viral and nonviral gene
delivery vectors for cancer gene therapy. Cancer Detec-
tion and Prevention 22:445 (1998).

29. O. Isacson, X. O. Breakefield. Benefits and risks of hosting
animal cells in the human brain. Nature Medicine 3:964
(1997).

30. J. M. Schumacher, O. Isacson. Neuronal xenotransplanta-
tion in Parkinson’s disease. Nature Medicine 3:474 (1997).

31. A. Bjorklund. Neural transplantation—an experimental
tool with clinical possibilities. Trends in Neurosciences
14:319 (1991).

32. T. Kushikata, J. Fang, J. M. Krueger. Brain-derived neuro-
trophic factor enhances spontaneous sleep in rats and
rabbits. American Journal of Physiology 276:R1334
(1999).

33. J. Winkler, L. J. Thal, F. H. Gage, L. J. Fisher. Cholinergic
strategies for Alzheimer’s disease. Journal of Molecular
Medicine 76:555 (1998).

34. H. K. Raymon, S. Thode, F. H. Gage. Application of ex
vivo gene therapy in the treatment of Parkinson’s disease.
Experimental Neurology 144:82 (1997).

35. P. Anand. Neurotrophins and peripheral neuropathy. Phil-
osophical Transactions of the Royal Society London—Se-
ries B: Biological Sciences 351:449 (1996).

36. P. Anand, G. Terenghi, G. Warner, P. Kopelman, R. E.
Williams-Chestnut, D. V. Sinicropi. The role of endoge-
nous nerve growth factor in human diabetic neuropathy.
Nature Medicine 2:703 (1996).

37. M. J. Mahoney, W. M. Saltzman. Millimeter-scale posi-
tioning of a nerve-growth-factor source and biological ac-



1094 Maysinger et al.

tivity in the brain. Proceedings of the National Academy of
Sciences of the United States of America 96:4536 (1999).

38. M. J. Mahoney, W. M. Saltzman. Controlled release of
proteins to tissue transplants for the treatment of neurode-
generative disorders. Journal of Pharmaceutical Sciences
85:1276 (1996).

39. P. G. Welling. Pharmocokinetics: Processes, Mathemat-
ics, and Applications (P. G. Welling, ed.). American
Chemical Society, Washington, DC., 1997, pp. 1–393.

40. J. G. De Yebenes, S. Fahn, V. Jackson-Lewis, P. Jorge,
M. A. Mena, J. Reiriz. Continuous intracerebroventricular
infusion of dopamine and dopamine agonists through a
totally implanted drug delivery system in animal models
of Parkinson’s disease. Journal of Neural Transmission
Supplementum 27:141 (1988).

41. R. Hargraves, W. J. Freed. Chronic intrastriatal dopamine
infusions in rats with unilateral lesions of the substantia
nigra. Life Sciences 40:959 (1987).

42. C. Allen, A. Eisenberg, D. Maysinger. Copolymer drug
carriers: conjugates, micelles and microspheres. Scientific
and Technical Pharmacy—Pharmaceutical Sciences 9:
139 (1999).

43. J. Filipovic-Grcic, D. Maysinger, I. Jalsenjak. Micropar-
ticles with neuroactive agents. Journal of Microencapsu-
lation 12:343 (1995).

44. R. Langer. Controlled release of a therapeutic protein. Na-
ture Medicine 2:742 (1996).

45. W. M. Saltzman, M. W. Mak, M. J. Mahoney, E. T.
Duenas, J. L. Cleland. Intracranial delivery of recombinant
nerve growth factor: release kinetics and protein distribu-
tion for three delivery systems. Pharmaceutical Research
16:232 (1999).

46. J. Kreuter. Nanoparticulate systems for brain delivery of
drugs. Advanced Drug Delivery Reviews 47:65 (2001).

47. S. Ando, D. Putnam, D. W. Pack, R. Langer. PLGA micro-
spheres containing plasmid DNA: preservation of su-
percoiled DNA via cryopreparation and carbohydrate sta-
bilization. Journal of Pharmaceutical Sciences 88:126
(1999).

48. J. P. Benoit, N. Faisant, M. C. Venier-Julienne, P. Menei.
Development of microspheres for neurological disorders:
from basics to clinical applications. Advanced Drug Deliv-
ery Reviews 46:187 (2001).

49. O. L. Johnson, J. L. Cleland, H. J. Lee, M. Charnis, E.
Duenas, W. Jaworowicz, D. Shepard, A. Shahzamani, A.
J. Jones, S. D. Putney. A mouth-long effect from a single
injection of microencapsulated human growth hormone.
Nature Medicine 2:795 (1996).

50. R. D. Sinisterra, V. P. Shastri, R. Najjar, R. Langer. En-
capsulation and release of rhodium(II) citrate and its asso-
ciation complex with hydroxypropyl-beta-cyclodextrin
from biodegradable polymer microspheres. Journal of
Pharmaceutical Sciences 88:574 (1999).

51. J. T. J. Santini, M. J. Cima, R. Langer. A controlled-re-
lease microchip. Nature 397:335 (1999).

52. M. S. Rao. Multipotent and restricted precursors in the
central nervous system. Anatomical Record 257:137
(1999).

53. E. D. Laywell, V. G. Kukekov, D. A. Steindler. Multipo-
tent neurospheres can be derived from forebrain subepen-
dymal zone and spinal cord of adult mice after protracted
postmortem intervals. Experimental Neurology 156:430
(1999).

54. B. J. Chiasson, V. Tropepe, C. M. Morshead, D. van der
Kooy. Adult mammalian forebrain ependymal and sub-
ependymal cells demonstrate proliferative potential, but
only subependymal cells have neural stem cell characteris-
tics. Journal of Neuroscience 19:4462 (1999).

55. K. Yang, G. L. Clifton, R. L. Hayes. Gene therapy for
central nervous system injury: the use of cationic lipo-
somes: an invited review. Journal of Neurotrauma 14:281
(1997).

56. C. Meuli-Simmen, Y. Liu, T. T. Yeo, D. Liggitt, G. Tu,
T. Yang, M. Meuli, S. Knauer, T. D. Heath, F. M. Longo,
R. J. Debs. Gene expression along the cerebral-spinal axis
after regional gene delivery. Human Gene Therapy 10:
2689 (1999).

57. T. Imaoka, I. Date, T. Ohmoto, T. Yasuda, M. Tsuda. In
vivo gene transfer into the adult mammalian central ner-
vous system by continuous injection of plasmid DNA–
cationic liposome complex. Brain Research 780:119
(1998).

58. M. Yokota, E. Tani, S. Tsubuki, I. Yamaura, I. Nakagaki,
S. Hori, Saido, TC. Calpain inhibitor entrapped in lipo-
some rescues ischemic neuronal damage. Brain Research
819:8 (1999).

59. H. Bell, W. L. Kimber, M. Li, I. R. Whittle. Liposomal
transfection efficiency and toxicity on glioma cell
lines: in vitro and in vivo studies. Neuroreport 9:793
(1998).

60. M. Zucchetti, A. Boiardi, A. Silvani, I. Parisi, S. Piccolro-
vazzi, M. D’Incalci. Distribution of daunorubicin and
daunorubicinol in human glioma tumors after administra-
tion of liposomal daunorubicin. Cancer Chemotherapy
and Pharmacology 44:173 (1999).

61. R. Krishna, L. D. Mayer. Liposomal doxorubicin circum-
vents PSC 833-free drug interactions, resulting in effective
therapy of multidrug-resistant solid tumors. Cancer Re-
search 57:5246 (1997).

62. N. K. Jain, A. C. Rana, S. K. Jain. Brain drug delivery
system bearing dopamine hydrochloride for effective
management of parkinsonism. Drug Development & In-
dustrial Pharmacy 24:671 (1998).

63. J. Huwyler, D. Wu, W. M. Pardridge. Brain drug delivery
of small molecules using immunoliposomes. Proceedings
of the National Academy of Sciences of the United States
of America 93:14164 (1996).

64. P. L. Chang, J. M. Van Raamsdonk, G. Hortelano, S. C.
Barsoum, N. C. MacDonald, T. L. Stockley. The in vivo
delivery of heterologous proteins by microencapsulated
recombinant cells. Trends in Biotechnology 17:78 (1999).

65. D. Hoffman, X. O. Breakefield, M. P. Short, P. Aebischer.
Transplantation of a polymer-encapsulated cell line genet-
ically engineered to release NGF. Experimental Neurology
122:100 (1993).

66. D. Maysinger, P. Piccardo, A. C. Cuello. Microencap-



Drug Delivery to the Nervous System 1095

sulation and the grafting of genetically transformed
cells as therapeutic strategies to rescue degenerating neu-
rons of the CNS. Reviews in the Neurosciences 6:15
(1995).

67. J. H. Kordower, S. R. Winn, Y. T. Liu, E. J. Mufson, J.
R. J. Sladek, J. P. Hammang, E. E. Baetge, D. F. Emerich.
The aged monkey basal forebrain: rescue and sprouting of
axotomized basal forebrain neurons after grafts of encap-
sulated cells secreting human nerve growth factor. Pro-
ceedings of the National Academy of Sciences of the
United States of America 91:10898 (1994).

68. F. Hefti, J. Hartikka, M. Schlumpf. Implantation of PC12
cells into the corpus striatum of rats with lesions of the
dopaminergic nigrostriatal neurons. Brain Research 348:
283 (1985).

69. D. F. Emerich, J. P. Hammang, E. E. Baetge, S. R. Winn.
Implantation of polymer-encapsulated human nerve
growth factor–secreting fibroblasts attenuates the behav-
ioral and neuropathological consequences of quinolinic
acid injections into rodent striatum. Experimental Neurol-
ogy 130:141 (1994).

70. F. H. Gage. Mammalian neural stem cells. Science 287:
1433 (2000).

71. H. A. Cameron, R. McKay. Stem cells and neurogenesis
in the adult brain. Current Opinion in Neurobiology 8:677
(1998).

72. S. Temple, A. Alvarez-Buylla. Stem cells in the adult
mammalian central nervous system. Current Opinion in
Neurobiology 9:135 (1999).

73. M. Murphy, K. Reid, R. Dutton, G. Brooker, P. F. Bartlett.
Neural stem cells. Journal of Investigative Dermatology
Symposium Proceedings 2:8 (1997).

74. K. I. Park, S. Liu, J. D. Flax, S. Nissim, P. E. Stieg, E.
Y. Snyder. Transplantation of neural progenitor and stem
cells: developmental insights may suggest new therapies
for spinal cord and other CNS dysfunction. Journal of
Neurotrauma 16:675 (1999).

75. F. H. Gage, P. W. Coates, T. D. Palmer, H. G. Kuhn, L.
J. Fisher, J. O. Suhonen, D. A. Peterson, S. T. Suhr, J.
Ray. Survival and differentiation of adult neuronal pro-
genitor cells transplanted to the adult brain. Proceedings
of the National Academy of Sciences of the United States
of America 92:11879 (1995).

76. B. A. Reynolds, S. Weiss. Generation of neurons and
astrocytes from isolated cells of the adult mammalian cen-
tral nervous system. Science 255:1707 (1992).

77. S. Weiss, B. A. Reynolds, A. L. Vescovi, C. Morshead,
C. G. Craig, K. van der. Is there a neural stem cell in the
mammalian forebrain? Trends in Neurosciences 19:387
(1996).

78. Y. Arsenijevic S. Weiss. Insulin-like growth factor-I is a
differentiation factor for postmitotic CNS stem cell–de-
rived neuronal precursors: distinct actions from those of
brain-derived neurotrophic factor. Journal of Neurosci-
ence 18:2118 (1998).

79. C. N. Svendsen, M. A. Caldwell, T. Ostenfeld. Human
neural stem cells: isolation, expansion and transplantation.
Brain Pathology 9:499 (1999).

80. D. Panchision, T. Hazel, R. McKay. Plasticity and stem
cells in the vertebrate nervous system. Current Opinion in
Cell Biology 10:727 (1998).

81. H. A. Cameron, R. D. McKay. Restoring production of
hippocampal neurons in old age. Nature Neuroscience 2:
894 (1999).

82. O. Brustle, K. N. Jones, R. D. Learish, K. Karram, K.
Choudhary, O. D. Wiestler, I. D. Duncan, R. D. McKay.
Embryonic stem cell–derived glial precursors: a source of
myelinating transplants. Science 285:754 (1999).

83. M. Barinaga. Fetal neuron grafts pave the way for stem
cell therapies. Science 287:1421 (2000).

84. M. S. Frankel. In search of stem cell policy. Science 287:
1397 (2000).

85. E. Marshall. The business of stem cells. Science 287:1419
(2000).

86. N. Lenoir. Europe confronts the embryonic stem cell re-
search challenge. Science 287:1425 (2000).

87. I. L. Weissman. Translating stem and progenitor cell biol-
ogy to the clinic: barriers and opportunities. Science 287:
1442 (2000).

88. C. N. Svendsen, A. G. Smith. New prospects for human
stem-cell therapy in the nervous system. Trends in Neuro-
sciences 22:357 (1999).

89. G.-W. Lu, S.-S. Jiao, G.-F. Zhang. Morphological evi-
dence for newly discovered double projection spinal neu-
rons. Neuroscience Letters 93:181 (1988).

90. D. van der Kooy, S. Weiss. Why stem cells? Science 287:
1439 (2000).

91. V. Y. Alakhov, E. Y. Moskaleva, E. V. Batrakova, A. V.
Kabanov. Hypersensitization of multidrug resistant human
ovarian carcinoma cells by pluronic P85 block copolymer.
Bioconjugate Chemistry 7:209 (1996).

92. K. Kataoka, A. Harada, Y. Nagasaki. Block copolymer
micelles for drug delivery: design, characterization and bi-
ological significance. Advanced Drug Delivery Reviews
47:113 (2001).

93. L. Zhang, C. Bartels, Y. Yu, H. Shen, A. Eisenberg. Meso-
sized crystal-like structure of hexagonally packed hollow
hoops by solution self assembly of diblock copolymers.
Physical Review Letters 79:5034 (1997).

94. Y. Yu, A. Eisenberg. Control of morphology through
polymer–solvent interactions in crew-cut aggregates of
amphiphilic block copolymers. Journal of the American
Chemical Society 119:8383 (1997).

95. L. Zhang, A. Eisenberg. Multiple morphologies of ‘‘crew-
cut’’ aggregates of polystyrene-b-poly(acrylic acid) block
copolymers. Science 118:3168 (1995).

96. C. Allen, Y. Yu, D. Maysinger, A. Eisenberg. Polycapro-
lactone-b-poly(ethylene oxide) block copolymer micelles
as a novel drug delivery vehicle for neurotrophic agents
FK506 and L-685,818. Bioconjugate Chemistry 9:564
(1998).

97. J. Zhao, C. Allen, A. Eisenberg. Partitioning of pyrene
between ‘‘crew-cut’’ block copolymer micelles and
H2O/DMF solvent mixtures. Macromolecules 30:7143
(1997).

98. C. Allen, D. Maysinger, A. Eisenberg. Nano-engineering



1096 Maysinger et al.

block copolymer aggregates for drug delivery. Colloids
and Surfaces B: Biointerfaces 16:3 (1999).

99. C. Allen, J. N. Han, Y. S. Yu, D. Maysinger, A. Eisenberg.
d. Drug, Dihydrotestosterone, c. m. Block, and Polycapro-
lactone, Polycaprolactone-b-poly(ethylene oxide) copoly-
mer micelles as a delivery vehicle for dihydrotestosterone.
Journal of Controlled Release 63:275 (2000).

100. M. Yokoyama, M. Miyauchi, N. Yamada, T. Okano, Y.
Sakurai, K. Kataoka, S. Inoue. Characterization and anti-
cancer activity of the micelle-forming polymeric antican-
cer drug adriamycin-conjugated poly(ethylene glycol)-
poly(aspartic acid) block copolymer. Cancer Research 50:
1693 (1990).

101. Y. I. Jeong, J. B. Cheon, S. H. Kim, J. W. Nah, Y. M.
Lee, Y. K. Sung, T. Akaike, C. S. Cho. Clonazepam re-
lease from core-shell type nanoparticles in vitro. Journal
of Controlled Release 51:169 (1998).

102. S. Katayose, K. Kataoka. Remarkable increase in nuclease
resistance of plasmid DNA through supramolecular as-
sembly with poly(ethylene glycol) poly(l-lysine) block
copolymer. Journal of Pharmaceutical Sciences 87:160
(1998).

103. C. M. Ward, K. D. Fisher, L. W. Seymour. Turbidometric
analysis of polyelectrolyte complexes formed between
poly(l-lysine) and DNA. Colloids and Surfaces B: Bioint-
erfaces 16:253 (1999).

104. R. C. Carlisle, M. L. Read, M. A. Wolfert, L. W. Seymour.
Self-assembling poly(l-lysine)/DNA complexes capable
of integrin-mediated cellular uptake and gene expression.
Colloids and Surfaces B: Biointerfaces 16:261 (1999).

105. A. V. Kabanov, V. A. Kabanov. Interpolyelectrolyte and
block complexes for gene delivery—physicochemical as-
pects. Advanced Drug Delivery Reviews 30:49 (1998).

106. D. W. Miller, E. V. Batrakova, T. O. Waltner, V. Y. Alak-
hov, A. V. Kabanov. Interactions of pluronic block copol-
ymers with brain microvessel endothelial cells—evidence
of two potential pathways for drug absorption. Bioconju-
gate Chemistry 8:649 (1997).

107. A. V. Kabanov, V. P. Chekhonin, V. Y. Alakhov, E. V.
Batrakova, A. S. Lebedev, N. S. Melik-Nubarov, S. A.
Arzhakov, A. V. Levashov, G. V. Morozov, E. S. Severin.
The neuroleptic activity of haloperidol increases after its
solubilization in surfactant micelles. Micelles as micro-
containers for drug targeting. FEBS Letters 258:343
(1989).

108. H. Altinok, S. K. Nixon, P. A. Gorry, D. Attwood, C.
Booth, A. Kelarkis, V. Havredaki. Micellisation and gela-
tion of diblock copolymers of ethylene oxide and propyl-
ene oxide in aqueous solution, the effect of P-block length.
Colloids and Surfaces B: Biointerfaces 16:73 (1999).

109. B. M. Discher, Y. Y. Won, D. S. Ege, J. C. Lee, F. S.
Bates, D. E. Discher, D. A. Hammer. Polymersomes:
tough vesicles made from diblock copolymers. Science
284:1143 (1999).

110. W. J. van der Giessen, A. M. Lincoff, R. S. Schwartz, H.
M. van Beusekom, P. W. Serruys, D. R. J. Holmes, S.
G. Ellis, E. J. Topol. Marked inflammatory sequelae to

implantation of biodegradable and nonbiodegradable
polymers in porcine coronary arteries. Circulation 94:
1690 (1996).

111. J. Lee, H. Lee, J. D. Andrade. Blood compatibility of poly-
ethylene oxide surfaces. Progress in Polymer Science 20:
1043 (1995).

112. S. C. Woodward, P. S. Brewer, F. Moatamed, A. Schin-
dler, C. G. Pitt. The intracellular degradation of poly(epsi-
lon-caprolactone). Journal of Biomedical Materials Re-
search 19:437 (1985).

113. C. I. Winternitz, J. K. Jackson, A. M. Oktaba, H. M. Burt.
Development of a polymeric surgical paste formulation for
taxol. Pharmaceutical Research 13:368 (1996).

114. J. K. Jackson, W. Min, T. F. Cruz, S. Cindric, L. Arse-
nault, D. D. Von Hoff, D. Degan, W. L. Hunter, H. M.
Burt. A polymer-based drug delivery system for the anti-
neoplastic agent bis(maltolato)oxovanadium in mice. Brit-
ish Journal of Cancer 75:1014 (1997).

115. P. Calvo, M. J. Alonso, J. L. Vila-Jato, J. R. Robinson.
Improved ocular bioavailability of indomethacin by novel
ocular drug carriers. Journal of Pharmacy and Pharma-
cology 48:1147 (1996).

116. D. L. Elbert, J. A. Hubbell. Surface treatments of polymers
for biocompatibility. Annual Review of Materials Science
26:365 (1996).

117. R. Nagarajan. Solubilization of hydrocarbons and re-
sulting aggregate shape transitions in aqueous solutions of
Pluronic (PEO-PPO-PEO) block copolymers. Colloids
and Surfaces B: Biointerfaces 16:55 (1999).

118. N. Rapoport. Stabilization and activation of Pluronic mi-
celles for tumor-targeted drug delivery. Colloids and Sur-
faces B:Biointerfaces 16:93 (1999).

119. V. Alakhov, E. Klinski, S. Li, G. Pietrzynski, A. Venne,
E. Batrakova, T. Bronitch, A. Kabanov. Block copolymer-
based formulation of doxorubicin. From cell screen to
clinical trials. Colloids and Surfaces B: Biointerfaces 16:
113 (1999).

120. T. K. Bronich, A. Nehls, A. Eisenberg, V. A. Kabanov,
A. V. Kabanov. Novel drug delivery systems based on the
complexes of block ionomers and surfactants of opposite
charge. Colloids and Surfaces B: Biointerfaces 16:243
(1999).

121. Y. Yamamoto, Y. Nagasaki, M. Kato, K. Kataoka. Surface
charge modulation of poly(ethylene glycol)-poly(d,l-lac-
tide) block copolymer micelles: conjugation of charged
particles. Colloids and Surfaces B: Biointerfaces 16:135
(1999).

122. F. Kohori, K. Sakai, T. Aoyagi, M. Yokoyama, M. Ya-
mato, Y. Sakurai, T. Okano. Control of adriamycin cy-
totoxic activity using thermally responsive polymeric
micelles composed of poly(N-isopropylacrylamide-co-
N,N-dimethylacrylamide)-b-poly(d,l-lactide). Colloids
and Surfaces B: Biointerfaces 16:195 (1999).

123. B. Jeong, Y. H. Bae, S. W. Kim. Biodegradable thermo-
sensitive micelles of PEG-PLGA-PEG triblock copoly-
mers. Colloids and Surfaces B: Biointerfaces 16:185 (1999).

124. C. Allen, J. Han, Y. Yu, D. Maysinger, A. Eisenberg. Po-



Drug Delivery to the Nervous System 1097

lycaprolactone-b-poly(ethylene oxide) copolymer mi-
celles as a deliver vehicle for dihydrotestosterone. Journal
of Controlled Release 63:275 (2000).

125. K. B. Thurmond II, H. Huang, C. G. Clark, Jr., T. Kowa-
lewski, K. L. Wooley. Shell cross-linked polymer mi-
celles: stabilized assemblies with great versatility and po-
tential. Colloids and Surfaces B: Biointerfaces 16:45
(1999).

126. A. Maruyama, Y. Ohnishi, H. Watanabe, H. Torigoe, A.
Ferdous, T. Akaike. Polycation comb-type copolymer re-
duces counterion condensation effect to stabilize DNA du-
plex and triplex formation. Colloids and Surfaces B: Bio-
interfaces 16:273 (1999).

127. D. W. Miller, A. V. Kabanov. Potential applications of
polymers in the delivery of drugs to the central nervous
system. Colloids and Surfaces B: Biointerfaces 16:321
(1999).

128. H. Huai-Yun, D. T. Secrest, K. S. Mark, D. Carney, C.
Brandquist, W. F. Elmquist, D. W. Miller. Expression of
multidrug resistance–associated protein (MRP) in brain
microvessel endothelial cells. Biochemical and Biophysi-
cal Research Communications 243:816 (1998).

129. P. Lemieux, S. V. Vinogradov, C. L. Gebhart, N. Guerin,
G. Paradis, H. K. Nguyen, B. Ochietti, Y. G. Suzdaltseva,
E. V. Bartakova, T. K. Bronich, Y. St-Pierre, V. Yu. Alak-
hov, A. V. Kabanov. Block and graft copolymers and
Nanogel Copolymer networks for DNA delivery into
cell. Drug Targeting 8:91 (2000).

130. E. V. Batrakova, H. Y. Han, V. Y. Alakhov, D. W. Miller,
A. V. Kabanov. Effects of pluronic block copolymers on
drug absorption in Caco-2 cell monolayers. Pharmaceuti-
cal Research 15:850 (1998).

131. M. Ramaswamy, X. Zhang, H. M. Burt, K. M. Wasan.
Human plasma distribution of free paclitaxel and pacli-
taxel associated with diblock copolymers. Journal of
Pharmaceutical Sciences 86:460 (1997).

132. D. Kobayashi, S. Tsubuku, H. Yamanaka, M. Asano, M.
Miyajima, M. Yoshida. In vivo characteristics of in-
jectable poly(d,l-lactic acid) microspheres for long-acting
drug delivery. Drug Development and Industrial Phar-
macy 24:819 (1998).

133. W. P. Ye, Y. W. Chien. Dual-controlled drug delivery
across biodegradable copolymer. I. Delivery kinetics of
levonorgestrel and estradiol through (caprolactone/lac-
tide) block copolymer. Pharmaceutical Development and
Technology 1:1 (1996).

134. W. Cavett, Z. Cason, M. Tucci, A. Puckett, H. Benghuzzi.
The synergistic effect of sustained delivery of DHT,
DHEA, and E on the ventral prostate of adult male rodents.
Biomedical Sciences Instrumentation 34:30 (1997).

135. J. M. Kovarik, E. A. Mueller, J. B. van Bree, S. S. Fluck-
iger, H. Lange, Schmidt, W. H. Boesken, A. E. Lison, K.
Kutz. Cyclosporine pharmacokinetics and variability from
a microemulsion formulation—a multicenter investiga-
tion in kidney transplant patients. Transplantation 58:658
(1994).

136. A. M. Gewirtz, C. A. Stein, P. M. Glazer. Facilitating oli-

gonucleotide delivery: helping antisense deliver on its
promise. Proceedings of the National Academy of Sci-
ences of the United States of America 93:3161 (1996).

137. P. S. Eder, R. J. DeVine, J. M. Dagle, J. A. Walder. Sub-
strate specificity and kinetics of degradation of antisense
oligonucleotides by a 3′ exonuclease in plasma. Antisense
Research and Development 1:141 (1991).

138. L. Yakubov, Z. Khaled, L. M. Zhang, A. Truneh, V. Vlas-
sov, C. A. Stein. Oligodeoxynucleotides interact with re-
combinant CD4 at multiple sites. Journal of Biological
Chemistry 268:18818 (1993).

139. J. R. Perez, Y. Li, C. A. Stein, S. Majumder, A. van
Oorschot, R. Narayanan. Sequence-independent induction
of Sp1 transcription factor activity by phosphorothioate
oligodeoxynucleotides. Proceedings of the National Acad-
emy of Sciences of the United States of America 91:5957
(1994).

140. M. A. Guvakova, L. A. Yakubov, I. Vlodavsky, J. L. Ton-
kinson, C. A. Stein. Phosphorothioate oligodeoxynucleo-
tides bind to basic fibroblast growth factor, inhibit its bind-
ing to cell surface receptors, and remove it from low
affinity binding sites on extracellular matrix. Journal of
Biological Chemistry 270:2620 (1995).

141. C. A. Stein, Y. C. Cheng. Antisense oligonucleotides as
therapeutic agents—is the bullet really magical? Science
261:1004 (1993).

142. W. C. Broaddus, S. S. Pabhu, S. Wu Pong, G. T. Gillies,
H. Fillmore. Strategies for the design and delivery of anti-
sense oligonucleotides in central nervous system. Methods
in Enzymology 314:121 (2000).

143. S. Agrawal, J. Temsamani, J. Y. Tang. Pharmacokinetics,
biodistribution, and stability of oligodeoxynucleotide
phosphorothioates in mice. Proceedings of the National
Academy of Sciences of the United States of America 88:
7595 (1991).

144. H. Sands, L. J. Gorey-Feret, A. J. Cocuzza, F. W. Hobbs,
D. Chidester, G. L. Trainor. Biodistribution and metabo-
lism of internally 3H-labeled oligonucleotides. I. Compar-
ison of a phosphodiester and a phosphorothioate. Molecu-
lar Pharmacology 45:932 (1994).

145. K. J. Myers, N. M. Dean. Sensible use of antisense: how
to use oligonucleotides as research tools. Trends in Phar-
macological Sciences 21:19 (2000).

146. C. Beltinger, H. U. Saragovi, R. M. Smith, L. LeSauteur,
N. Shah, DeDionisio, L. Christensen, A. Raible, L. Jarett,
A. M. Gewirtz. Binding, uptake, and intracellular traffick-
ing of phosphorothioate-modified oligodeoxynucleotides.
Journal of Clinical Investigation 95:1814 (1995).

147. L. A. Yakubov, E. A. Deeva, V. F. Zarytova, E. M. Iva-
nova, A. S. Ryte, L. V. Yurchenko, V. V. Vlassov. Mecha-
nism of oligonucleotide uptake by cells: involvement of
specific receptors? Proceedings of the National Academy
of Sciences of the United States of America 86:6454 (1989).

148. G. Marti, W. Egan, P. Noguchi, G. Zon, M. Matsukura,
S. Broder. Oligodeoxyribonucleotide phosphorothioate
fluxes and localization in hematopoietic cells. Antisense
Research and Development 2:27 (1992).



1098 Maysinger et al.

149. R. M. Crooke. In vitro toxicology and pharmacokinetics
of antisense oligonucleotides. Anti-Cancer Drug Design
6:609 (1991).

150. W. M. Galbraith, W. C. Hobson, P. C. Giclas, P. J.
Schechter, S. Agrawal. Complement activation and hemo-
dynamic changes following intravenous administration of
phosphorothioate oligonucleotides in the monkey. Anti-
sense Research and Development 4:201 (1994).

151. S. P. Henry, J. Taylor, L. Midgley, A. A. Levin, D. J. Korn-
brust. Evaluation of the toxicity of ISIS 2302, a phosphoro-
thioate oligonucleotide, in a 4-week study in CD-1 mice.
Antisense and Nucleic Acid Drug Development 7:473
(1997).

152. J. P. Clarenc, G. Degols, J. P. Leonetti, P. Milhaud, B.
Lebleu. Delivery of antisense oligonucleotides by poly(l-
lysine) conjugation and liposome encapsulation. Anti-
Cancer Drug Design 8:81 (1993).

153. O. Boussif, F. Lezoualc’h, M. A. Zanta, M. D. Mergny,
D. Scherman, B. Demeneix, J. P. Behr. A versatile vector
for gene and oligonucleotide transfer into cells in culture
and in vivo: polyethylenimine. Proceedings of the Na-
tional Academy of Sciences of the United States of
America 92:7297 (1995).

154. C. F. Bennett, M. Y. Chiang, H. Chan, J. E. Shoemaker,
C. K. Mirabelli. Cationic lipids enhance cellular uptake
and activity of phosphorothioate antisense oligonucleo-
tides. Molecular Pharmacology 41:1023 (1992).

155. J. G. Lewis, K. Y. Lin, A. Kothavale, W. M. Flanagan,
M. D. Matteucci, R. B. DePrince, R. A. J. Mook, R. W.
Hendren, R. W. Wagner. A serum-resistant cytofectin for
cellular delivery of antisense oligodeoxynucleotides and
plasmid DNA. Proceedings of the National Academy
of Sciences of the United States of America 93:3176
(1996).

156. S. Wang, R. J. Lee, G. Cauchon, D. G. Gorenstein, P. S.
Low. Delivery of antisense oligodeoxyribonucleotides
against the human epidermal growth factor receptor into
cultured KB cells with liposomes conjugated to folate via
polyethylene glycol. Proceedings of the National Acad-
emy of Sciences of the United States of America 92:3318
(1995).

157. G. Citro, D. Perrotti, C. Cucco, I. D’Agnano, A. Sacchi,
G. Zupi, B. Calabretta. Inhibition of leukemia cell prolifer-
ation by receptor-mediated uptake of c-myb antisense oli-
godeoxynucleotides. Proceedings of the National Acad-
emy of Sciences of the United States of America 89:7031
(1992).

158. G. Y. Wu, C. H. Wu. Specific inhibition of hepatitis B
viral gene expression in vitro by targeted antisense oligo-
nucleotides. Journal of Biological Chemistry 267:12436
(1992).

159. N. H. Ing, J. M. Beekman, D. J. Kessler, M. Murphy, K.
Jayaraman, J. G. Zendegui, M. E. Hogan, B. W. O’Malley,
M. J. Tsai. In vivo transcription of a progesterone-respon-
sive gene is specifically inhibited by a triplex-forming oli-
gonucleotide. Nucleic Acids Research 21:2789 (1993).

160. J. P. Bongartz, A. M. Aubertin, P. G. Milhaud, B. Lebleu.

Improved biological activity of antisense oligonucleotides
conjugated to a fusogenic peptide. Nucleic Acids Research
22:4681 (1994).

161. S. Agrawal. Antisense oligonucleotides: towards clinical
trials. Trends in Biotechnology 14:376 (1996).

162. S. Vinogradov, E. Batrakova, A. Kabanov. Poly(ethylene
glycol)-polyethyleneimine NanoGel particles: novel
drug delivery systems for antisense oligonucleotides. Col-
loids and Surfaces B: Biointerfaces 16:291 (1999).

163. S. Vinogradov, E. Batrakova, S. Li, A. Kabanov. Polyion
complex micelles with protein-modified corona for recep-
tor-mediated delivery of oligonucleotides into cells. Bio-
conjugate Chemistry 10:851 (1999).

164. F. L. Graham, A. J. Eb. A new technique for the assay of
infectivity of human adenovirus 5 DNA. Virology 52:456
(1973).

165. C. D. Thompson, M. R. Frazier-Jessen, R. Rawat, R. P.
Nordan, R. T. Brown. Evaluation of methods for transient
transfection of a murine macrophage cell line, RAW
264.7. BioTechniques 27:824 (1999).

166. J. H. Lee, M. J. Welsh. Enhancement of calcium phos-
phate-mediated transfection by inclusion of adenovirus in
coprecipitates. Gene Therapy 6:676 (1999).

167. A. Haberland, T. Knaus, S. V. Zaitsev, R. Stahn, A. R.
Mistry, C. Coutelle, H. Haller, M. Bottger. Calcium ions
as efficient cofactor of polycation-mediated gene transfer.
Biochimica et Biophysica Acta 1445:21 (1999).

168. S. Y. Watanabe, A. M. Albsoul-Younes, T. Kawano, H.
Itoh, Y. Kaziro, S. Nakajima, Y. Nakajima. Calcium phos-
phate–mediated transfection of primary cultured brain
neurons using GFP expression as a marker: application for
single neuron electrophysiology. Neuroscience Research
33:71 (1999).

169. J. A. Nickoloff, L. N. Spirio, R. J. Reynolds. A compari-
son of calcium phosphate coprecipitation and electropora-
tion. Implications for studies on the genetic effects of
DNA damage. Molecular Biotechnology 10:93 (1998).

170. A. Watson, D. Latchman. Gene delivery into neuronal
cells by calcium phosphatase–mediated transfection.
Methods: A Companion to Methods in Enzymology 10:289
(1996).

171. R. A. Aubin, M. Weinfeld, R. Mirzayans, M. C. Paterson.
Polybrene/DMSO-assisted gene transfer. Generating sta-
ble transfectants with nanogram amounts of DNA. Molec-
ular Biotechnology 1:29 (1994).

172. H. Potter, L. Weir, P. Leder. Enhancer-dependent expres-
sion of human kappa immunoglobulin genes introduced
into mouse pre-B lymphocytes by electroporation. Pro-
ceedings of the National Academy of Sciences of the
United States of America 81:7161 (1984).

173. M. R. Capecchi. High efficiency transformation by direct
microinjection of DNA into cultured mammalian cells.
Cell 22:479 (1980).

174. A. G. Gitman, A. Graessmann, A. Loyter. Targeting of
loaded Sendai virus envelopes by covalently attached in-
sulin molecules to virus receptor-depleted cells: fusion-
mediated microinjection of ricin A and simian virus 40



Drug Delivery to the Nervous System 1099

DNA. Proceedings of the National Academy of Sciences
of the United States of America 82:7309 (1985).

175. E. Gilboa, M. A. Eglitis, P. W. Kantoff, W. French Ander-
son. Transfer and expression of cloned genes using ret-
roviral vectors. BioTechniques 4:504 (1986).

176. K. M. L. Gaensler, G. Tu, S. Bruch, D. Liggitt, G. S. Lip-
shutz, A. Metkus, M. Harrison, T. D. Heath, R. J. Debs.
Fetal gene transfer by transuterine injection of cationic li-
posome–DNA complexes. Nature Biotechnology 17:1188
(1999).

177. R. Fraley, R. M. Straubinger, G. Rule, E. L. Springer, D.
Papahadjopoulos. Liposome-mediated delivery of deoxy-
ribonucleic acid to cells: enhanced efficiency of delivery
related to lipid composition and incubation conditions.
Biochemistry 20:6978 (1981).

178. J. Y. Legendre, F. C. Szoka, Jr. Delivery of plasmid DNA
into mammalian cell lines using pH-sensitive liposomes:
comparison with cationic liposomes. Pharmaceutical Re-
search 9:1235 (1992).

179. A. V. Kabanov, V. A. Kabanov. DNA complexes with
polycations for the delivery of genetic material into cells.
Bioconjugate Chemistry 6:7 (1995).

180. A. A. Yaroslavov, E. G. Yaroslavova, A. A. Rakhnyan-
skaya, F. M. Menger, V. A. Kabanov. Modulation of
interaction of polycations with negative unilamellar lipid
vesicles. Colloids and Surfaces B: Biointerfaces 16:29
(1999).

181. K. B. Thurmond II, H. Y. Huang, C. G. Clark, Jr., T. Ko-
walewski, K. L. Wooley. Shell cross-linked polymer mi-
celles: stabilized assemblies with great versatility and po-

tential. Colloids and Surfaces B: Biointerfaces 16:45
(1999).

182. C. Chen, H. Okayama. High-efficiency transformation of
mammalian cells by plasmid DNA. Molecular and Cellu-
lar Biology 7:2745 (1987).

183. C. H. Wu, J. M. Wilson, G. Y. Wu. Targeting genes: deliv-
ery and persistent expression of a foreign gene driven by
mammalian regulatory elements in vivo. Journal of Bio-
logical Chemistry 264:16985 (1989).

184. G. Y. Wu, J. M. Wilson, F. Shalaby, M. Grossman, D. A.
Shafritz, C. H. Wu. Receptor-mediated gene delivery in
vivo. Partial correction of genetic analbuminemia in Na-
gase rats. Journal of Biological Chemistry 266:14338
(1991).

185. L. F. Cotlin, M. A. Siddiqui, F. Simpson, J. F. Collawn.
Casein kinase II activity is required for transferrin receptor
endocytosis. Journal of Biological Chemistry 274:30550
(1999).

186. V. S. Trubetskoy, V. P. Torchilin, S. Kennel, L. Huang.
Cationic liposomes enhance targeted delivery and expres-
sion of exogenous DNA mediated by N-terminal modified
poly(l-lysine)-antibody conjugate in mouse lung endothe-
lial cells. Biochimica et Biophysica Acta 1131:311 (1992).

187. I. Y. Galaev, B. Mattiasson. ‘Smart’ polymers and what
they could do in biotechnology and medicine. Trends in
Biotechnology 17:335 (1999).

188. S. J. Lee, K. Park. Hydrogels and Biodegradable Poly-
mers for Bioapplications (R. M. Ottenbrite, S. J. Huang,
K. Park, eds.). American Chemical Society, Washington,
D.C., 1996, pp. 1–268.





43

Glucose-Mediated Insulin Delivery from Implantable Polymers

Larry R. Brown
Harvard–Massachusetts Institute of Technology, Cambridge, Massachusetts

I. INTRODUCTION

In 1976, Langer and Folkman pioneered the sustained re-
lease of protein molecules from biocompatible hydropho-
bic polymers (1). Further work by Rhine et al. refined the
techniques for fabricating polymer matrices for the sus-
tained release of very water soluble proteins such as albu-
min (2). These polymeric delivery systems were ultimately
used to deliver therapeutic proteins such as insulin (3–6).
However, insulin represented a somewhat different macro-
molecule from those that had been studied before. Insulin’s
aqueous solubility was much lower than that of albumin,
and its release kinetics were slower than what had been
observed for more water soluble proteins like albumin.
Thus the research efforts in developing a sustained release
insulin delivery system became a study in the solubility
properties of insulin.

Ultimately, it became apparent that altering insulin’s
solubility within the polymer matrix could be used to alter
the insulin release in response to glucose concentration
changes. It was determined that changes in the solubility
of insulin as a function of pH could be used to control and
alter the delivery of insulin. The pH dependent solubility
properties of insulin were then used to develop a polymeric
glucose mediated insulin delivery system. An understand-
ing of the interrelationship between insulin and its solubil-
ity properties is necessary to appreciate fully the develop-
ment of a pH controlled insulin delivery system. Therefore
the topics covered in this article include
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1. Insulin’s role in physiology
2. Insulin’s structural and physical-chemical elements
3. Sustained insulin release from ethylene vinyl ace-

tate copolymer matrices
4. A glucose mediated insulin delivery implant

II. INSULIN’S ROLE IN PHYSIOLOGY

Insulin is a hormone produced by the beta cells of the en-
docrine pancreas. The hormone plays a major role in the
metabolism and absorption of carbohydrate, protein, and
fat. It is especially important in enabling the transport of
d-glucose by cells for energy and the transport of amino
acids for protein synthesis. It also increases glycogen syn-
thase activity, inhibits lipolysis, and inhibits proteolysis.
Insulin dependent diabetes mellitus occurs when the beta
cells of the pancreas do not make sufficient insulin to meet
the needs of the organism. Given these diverse insulin
functions, it is not surprising to discover that the secretion
of insulin from the beta cell islets varies in response to
many metabolic events.

When insulin was first discovered by Frederick Banting
and Charles Best in 1921 it was not fully appreciated that
insulin needed to be delivered in pulses in response to car-
bohydrate laden meals, and in an extended release form in
order to mimic basal insulin delivery (7). Thus one sees
an increase in plasma insulin concentration at meal times,
which returns to a lower basal concentration in between
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Figure 43.1 An idealized representation of the relative concen-
tration of circulating insulin is depicted over the course of a day.
Pulses of insulin are observed in response to meals, which is su-
perimposed on basal insulin secretion.

meals. The focus in insulin delivery research has been to
develop the systems and means that match the physiologic
plasma insulin concentration profiles seen in Fig. 1.

III. INSULIN’S STRUCTURAL AND
PHYSICAL-CHEMICAL ELEMENTS

A brief review of the structural, physical, and chemical
properties of insulin is presented as a background for the

Figure 43.2 The complete pork proinsulin structure shows the A, B, and C-peptide chains of insulin. There is minimal biological
activity associated with proinsulin compared to that of insulin. (From Refs. 15 and 16.) (Reprinted with permission from Lippincott
Williams and Wilkins.)

solubility dependent release properties of the molecule
from polymeric matrix implants.

A. Insulin Structure

Insulin is a polypeptide hormone produced by cells in the
islets of Langerhans in the pancreas. It is synthesized as
proinsulin shown in Fig. 2. Proinsulin is composed of 84
amino acids, of which 33 are cleaved as a posttranslational
modification of the synthesis of insulin (8–13).

This 33 amino acid peptide that is cleaved is known as
the connecting peptide or C-peptide (14). The C-peptide
is excreted into the urine, and its presence in the urine can
be used to determine if the organism is synthesizing any
endogenous insulin.

Two amino acid peptide chains remain after the cleav-
age of the C-peptide chain shown in Fig. 2. Chain A con-
sists of 21 amino acids, and Chain B consists of 30 amino
acids. Fig. 3 shows the primary amino acid structure of
human insulin. Insulin is a polypeptide hormone with a
molecular weight of approximately 5800 daltons in its
monomeric form (17). However, it is often found in its
dimeric or hexameric forms. There is remarkable homol-
ogy between insulin of different species. Historically, insu-
lin for human use was extracted from beef and pork pan-
creases. Today, recombinant human insulin has largely
replaced animal source insulin in the United States and
Europe. Table 1 compares the differences between human,
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Figure 43.3 The primary amino acid structure of A and B chains of human insulin is shown along with the two disulfide linkages
connecting the A-Cys(7) to B-Cys(7) and A-Cys(20) to B-Cys(19). A third intrachain disulfide linkage is found between A-Cys(6) and
A-Cys(11).

beef, and pork insulin. Pork insulin differs from human
insulin by one amino acid and from beef insulin by two
amino acids. As a result of this homology, there is no ap-
preciable difference in biological activity between insulin
forms derived from different species.

B. Fast Acting Insulin Forms

Recent developments have led to subtle changes in insu-
lin’s primary structure which yield insulin forms with
unique pharmacokinetic properties that do not alter the bio-
logical activity of these new insulin forms. For example,
on the B-chain of insulin, the number 28 and 29 amino
acids are Proline(28) and Lysine(29). Insulin forms have
been shown to have greater aqueous solubility when the
order of Lysine and Proline in the B-chain is reversed. In-
sulins have been engineered so that now Lysine is the num-
ber 28 amino acid and Proline is the number 29 amino
acid. The increase in Lys(28)Pro(29)-insulin’s aqueous
solubility has been attributed to a 300-fold inhibition of
hexameric insulin unit formation compared to regular insu-
lin. Thus Lys(28)Pro(29)-insulin tends to exist in the mon-
omer form, and this increase in insulin solubility enables

Table 43.1 Primary Structure Amino Acid Variations
Between Insulin of Different Species

Insulin source Chain A—position 8 Chain B—position 30

Human Thr Thr
Pork Thr Ala
Beef Ala Ala

fast absorption from an injection site. This results in a
faster onset of insulin action compared to regular insulin
(18). Lys(28)Pro(29) insulin is commercially known as
Humalog. There are other insulin analogues that have
been developed to exhibit a faster onset of action through
the same basic mechanism. These analogues include Asp
(B10)Lys(B28)Pro(B29)-human insulin and insulin Aspart
[Asp(B28)]-insulin (19). Furthermore, the decreased ten-
dency of these insulin analogues to associate into dimers
and hexamers has been attributed to its decreased tendency
to be coordinated with divalent zinc ions.

C. Physical-Chemical Elements

The solubility of insulin is strongly influenced by its inter-
action with zinc and the pH of the aqueous solutions in
which it is dissolved. These factors and others have been
used to develop new insulin forms that either are faster
acting or possess extended release properties.

1. The Role of Zinc in Insulin Solubility

As previously described, the A and B chains of insulin are
organized in a hexameric structure when in the presence
of divalent zinc anions (Zn��) and in a pH neutral solution.
In this hexameric structure, three insulin dimers are held
together by two Zn�� ions. Figure 4 shows a three-dimen-
sional depiction of the zinc anions in association with an
insulin dimer.

The presence of these zinc atoms profoundly affects the
pH solubility profile of insulin. Removal of the zinc from
the insulin molecule by chelating it with EDTA yields an
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Figure 43.4 Three-dimensional depiction of an insulin dimer
in the presence of zinc. The darker gray chain is the A chain of
insulin and the helical chain is the B chain. The A and B chains
are chemically bonded with two disulfide linkages. Solutions of
bovine insulin have been shown to contain two molecules of zinc
(Zn��) ions per each six base-molecule of insulin. (From Refs.
23 and 24.)

insulin whose water solubility is approximately 100-fold
greater than zinc containing insulin (4).

2. pH and Insulin Delivery

There have been numerous efforts to correlate exogenous
insulin action with physiologic action and delivery in order
to achieve the goal of normalized blood glucose levels.
Initially, investigators attempted to prolong the 2–4 hour
regular crystalline insulin action so that a 24 hour period
could be covered by a single insulin injection. Table 2 out-
lines several commercial insulin types and their pharmaco-
dynamics in terms of peak action and duration of action.

Regular crystalline insulin has an isoelectric point of
approximately 5.3. That is its point of electroneutrality and
of lowest solubility in aqueous solution occurs at about
pH 5.3. At the physiologic pH of 7.4, insulin’s aqueous
solubility is high enough to result in a relatively short dura-
tion of action due to its complete dissolution and absorp-
tion from the site of injection.

Table 43.2 Insulin Type and Pharmacodynamics

Onset Peak action Duration
Insulin type (hours) (hours) (hours)

Humalog 0.25 0.5–1.5 3–5
Regular 0.5 2–4 6–8
Lantus 2–4 4–24 24
NPH 2–4 6–8 12–15
Lente 1–3 6–12 18–26
UltraLente 4–8 12–18 22–30

3. Early Efforts to Prolong Insulin Action

Soon after the discovery of insulin, researchers tried to in-
crease its half-life by decreasing insulin’s solubility in the
body. Lewis (23) reported unsuccessful attempts to sustain
insulin release by injecting the hormone into oily suspen-
sions, acacia solutions, and lecithin solutions. Other inves-
tigators attempted to administer insulin in the presence of
epinephrine, posterior pituitary extracts, and astringent
metals. These attempts also proved to be unsuccessful.
Hagedorn (24) showed that insulin combined with prota-
mine would allow continuous action for 3–12 hours. Prota-
mine insulin actually has an isoelectric point that is near
physiologic pH (pI � 7.3), and therefore it dissolves
slowly following subcutaneous injection. This was a sig-
nificant advance toward a more continuous insulin release.
However, protamine insulin proved to be unstable. Scott
and Fischer (25) therefore developed protamine zinc insu-
lin, which overcame the instability problem of protamine
insulin. It provided a daily requirement of insulin in a sin-
gle injection. The preparation involved combining 0.20 mg
zinc and 1.5 mg protamine per 100 units of insulin. The
onset of activity of protamine zinc insulin is 6–8 hours
after injection, and it lasts for 24 hours. When used in con-
junction with rapidly acting insulin preparations, this pro-
vided a more effective method of continuous insulin avail-
ability throughout the day for the diabetic (26).

Other insulin preparations include globin zinc insulin,
which is an intermediate acting insulin that can normalize
glucose levels within 2 hours of injection and maintain
them for 16 hours. Isophane zinc insulin is modified prota-
mine zinc insulin consisting of 0.05 mg protamine per 100
units of insulin. Its action is similar to globin insulin with
an onset of action within 2 hours and lasting for 20 hours
(27).

Lente insulin was developed in 1952 by Hallas Moller
(28). This insulin begins to take advantage of the interac-
tion of zinc and insulin. Lente insulin is a combination
of zinc and insulin in an acetate buffer. The duration of
Lente insulin action can be varied by simply modifying
particle size. SemiLente insulin consists of amorphous
insulin particles and has 18 hours activity. UltraLente is
made of large particles with a 30 hour duration of activity.
Lente insulin, which contains 3 parts SemiLente insu-
lin and 7 parts UltraLente insulin, lasts 24 hours. Its lon-
gevity is due to the large insulin crystals and its neutrality
of suspension (pH 7.2), which retard its absorption.

Although these insulin preparations provide an ‘‘insulin
presence’’ in the blood of a diabetic for a 24 hour period,
their action is neither physiologic nor at a constant basal
level when not operating at peak activity. The final 4–6
hours of these 24 hour preparations are often marked by
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insufficient insulin concentrations in the blood to maintain
normal blood glucose levels throughout the night. Elevated
fasting blood glucose levels are often seen in diabetics
maintained by this regimen. Complete reduction in plasma
glucose levels by a single subcutaneous injection of rapid
or intermediate acting insulin is virtually never achieved
(29,30), and the long-term complications of the disease re-
main a serious threat to the normal life of the diabetic.

The Diabetes Control and Complications Trial (DCCT)
was a multicenter, randomized, clinical study designed to
determine whether an intensive treatment regimen directed
at maintaining blood glucose concentrations as close to
normal as possible will affect the appearance or progres-
sion of early vascular complications in patients with insu-
lin dependent diabetes. As a result of the DCCT study, it
was clearly shown that good metabolic control of the insu-
lin dependent diabetic resulted in a significant reduction
of the secondary complications of diabetes (31). Improved
metabolic control by continuous insulin delivery has been
achieved by the use of externally worn miniature infusion
pumps (32) and with new genetically engineered insulin
forms.

4. A New Insulin Analogue for Longer
Term Delivery

Recently a new insulin analogue was approved for use in
the United States (33). Lantus is a sterile solution of insu-
lin glargine for use as an injection. Insulin glargine is a
24 hour long acting recombinant human insulin analogue.
Insulin glargine differs from human insulin in that the
amino acid asparagine at position A21 is replaced by gly-
cine and two arginines are added to the C-terminus of the
B-chain. It has a molecular weight of 6063. Insulin glar-
gine is designed to have a low aqueous solubility at neutral
pH. It is injected in a pH 4 injection solution, where it is
completely soluble. The acidic solution is neutralized after
injection into the subcutaneous tissue, which leads to the
formation of microprecipitates from which small amounts
of insulin glargine are slowly released. This results in a
relatively constant concentration–time profile over 24
hours with no pronounced insulin peak. This profile allows
once daily dosing as a patient’s basal insulin.

IV. SUSTAINED INSULIN RELEASE FROM
ETHYLENE VINYL ACETATE
COPOLYMER MATRICES

The efforts to develop a feedback controlled, sustained re-
lease insulin delivery system began with the observations
that proteins could be continually released from polymer
matrices (1). However, initial attempts to develop a long-

term insulin delivery matrix implant using ethylene vinyl
acetate were impeded by two factors. One was the low
solubility of insulin which resulted in slow release kinetics
(3–5). The second factor was that the polymer matrix ge-
ometry employed up to this time resulted in release kinetics
that decreased over time (2). Therefore studies were under-
taken to address both the marginal solubility of insulin and
the nonoptimal insulin release profile from the matrices.

A. Methods and Materials

The following section describes the experimental tech-
niques used to fabricate insulin releasing ethylene vinyl
acetate copolymer matrices.

1. Insulin

Dry powdered zinc insulin from a beef source was the
starting material used in the fabrication of the delivery de-
vices. Each mg of insulin contained approximately 26 in-
ternational units of activity.

2. Conversion of Zinc Insulin to Zinc Free
Sodium Insulin

Zinc free insulin is much more soluble than crystalline zinc
insulin. Therefore zinc insulin was converted to sodium
insulin using the following method. Zinc insulin crystals
were dissolved at a concentration of 20 mg/mL in distilled
water that was adjusted to pH 3.0 with 0.1 M HCl. Sodium
EDTA was added to the insulin solution to achieve a final
concentration of 0.02 M, and NaCl was also added to yield
a final concentration of 3 M NaCl. This insulin solution
was adjusted to pH 8.2 with NaOH. NaCl was then added
until the solution turned hazy. Liquefied phenol was added
to a final concentration of 0.3%. This suspension was
stirred for 3 hours. The suspension was centrifuged, and
the supernatant was discarded. The resulting pellet was re-
suspended in a 2% NaCl solution. The aqueous solubility
of this zinc free insulin preparation was determined to be
120 mg/mL (4). The insulin was then lyophilized to a dry
powdered form.

3. Insulin Polymer Matrix Preparation

Zinc insulin powder or sodium insulin powder was sieved
to various particle size ranges through U.S. Standards
Sieves with mesh sizes of 75, 250, 300, and 425 µm. Flat-
slab insulin containing matrices were prepared by a sol-
vent-casting procedure (2). Washed ethylene vinyl acetate
copolymer was dissolved in methylene chloride to form a
10% (wt/vol) solution. Various weighed amounts of insu-
lin powder were added to the ethylene vinyl acetate co-
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polymer solution. The mixture was vortexed for 15 sec-
onds to give a homogeneous suspension of powdered
insulin particles in the polymer solution. The suspension
was quickly poured from corner to corner onto a leveled
square glass mold (5 � 5 � 1.5 cm) that had been pre-
cooled on a slab of dry ice for 10 minutes. The frozen slab
remained in the mold for 10 minutes. Then the slab was
pried loose with a spatula precooled on dry ice, transferred
to a nickle-coated wire screen, placed into a �20°C
freezer, and allowed to dry for 2 days. The methylene chlo-
ride evaporated without significant migration of the insulin
particles within the polymer matrix. The flat slab was dried
for an additional 2 days at room temperature under mild
vacuum (600 millitorr). Individual disks, 5 mm in diameter
and 0.8 mm thick, were excised from the resulting slab
with a #3 size cork borer.

4. Release Studies

The insulin polymer slabs were placed in release media
that generally consisted of 50 mM Tris-HCl buffer ad-
justed to pH 7.4. The polymer matrices were placed in a 22
mL glass vial containing the release medium. The matrices
were transferred to fresh release medium at appropriate
time points. The old release medium was then assayed for
insulin by ultraviolet absorption at 220 nm (34).

B. Results

The following experimental results show the effect of insu-
lin solubility on release and a discussion of the mechanism
of insulin release from the polymeric release devices. A
near-zero-order releasing polymer matrix implant was in-
vestigated, and results both in vitro and in vivo are re-
viewed.

1. Effect of Insulin Solubility on Release

The release kinetics of insulin from polymer matrices con-
taining either zinc insulin or sodium insulin are compared
in Fig. 5. The weight percent loading of insulin in the ma-
trices was 50% (wt/wt). The insulin particle size was se-
lected to be between 250 and 425 µm. The solubility of
the zinc insulin was measured to be 0.33 mg/mL, and the
solubility of the sodium insulin was measured to be 120
mg/mL in 50 mM Tris-HCl buffer.

The sodium insulin matrices released 75% of the origi-
nally incorporated insulin, whereas the zinc insulin matri-
ces released only 36% over a 36 day period. The initial
burst effect of insulin release lasted approximately 100
hours (t 0.5, 10 hours0.5) for the zinc insulin matrices and 50
hours (t 0.5, 7.1 hours0.5) for the sodium insulin matrices.
The second phase of release showed a lower release rate

Figure 43.5 The cumulative percentage release of insulin ver-
sus the square root of time graphed for matrices made with zinc
insulin and with sodium insulin. The matrices were released into
50 mM Tris buffer at pH 7.4 and 23°C. The sodium insulin matri-
ces showed greater cumulative percent release than the zinc insu-
lin matrices. Each point represents the mean of seven matrix sam-
ples. (Reproduced with permission from John Wiley & Sons.)

than the burst effect and a linear dependence of cumulative
percent release on the square root of time. During this sec-
ond phase of release, an additional 5.5% of the zinc insulin
and 41.4% of the sodium insulin was released over the 17
days after the burst effect. These results supported the use
of sodium insulin in order to obtain greater cumulative re-
lease from these sustained release polymer matrices.

2. Mechanism of Release

Bawa et al. previously showed that the release mechanism
of macromolecular drugs from these matrices involved the
influx of release medium into the matrix through pores
where the drug was dispersed (35). The dissolution of the
drug was followed by the slow diffusion of the drug
through the complex network of pores to the exterior of
the matrix. Figure 5 showed that insulin release from flat-
slab solvent cast matrices was divided into two phases. The
first phase was an initial burst of insulin release that can
be explained as the dissolution of particulate insulin at the
surface of the matrix. The second phase of release was
the further dissolution and diffusion of insulin through the
tortuous porous network. In the second release phase, the
cumulative percent release of incorporated insulin was ob-
served to be linear with the square root of time for the
flat-slab geometry. This is consistent with the diffusion of
molecules through a porous planar matrix as the rate lim-
iting step. An alternate model proposed by Higuchi sup-
ports a similar diffusion mechanism through a porous net-
work for drugs like insulin, which possess low solubility
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(36). A cross-sectional representation of a typical slab re-
lease device is shown in Fig. 6.

A simplified model of release from a matrix slab can
be represented by the equation

dQ

dt
�

CsDa2
i

R

where dQ/dt � release rate in mg/s, Cs � drug solubility
in mg/mL, D � diffusion coefficient in cm2/s, ai � length
of the side of the matrix slab in cm, and R � distance to
the releasing surface between the dissolved and dispersed
drug in cm.

This equation predicts that release rates will decrease
with time as the distance R increases.

An approach to achieving near constant release rates
was then hypothesized by altering the matrix geometry that
restricted the releasing surface to a small aperture in the
matrix (37). Figure 7 shows a cross section of a hemi-
sphere-shaped matrix that is coated with an impermeable
layer of polymer except for a small aperture on the top
surface of the matrix.

This geometry restricts release to a small aperture on
the surface of the polymer matrix. The increase in R, which
in the slab matrix resulted in decreased release rates over
time, now is compensated by an increase in the available

Figure 43.6 Cross section of a one-sided releasing flat-slab ma-
trix. A t � 0 drug is evenly dispersed throughout the matrix. At
some later time t the distance R to the releasing surface between
the dissolved drug and the dispersed drug increases. Thus R in-
creases with time and release rates decrease.

Figure 43.7 Cross section of hemisphere-shaped matrix coated
with an impermeable layer of polymer that restricts the release
of drug to the aperture. Release rates are predicted to be constant
when R �� ai hr. (Reprinted with permission from Harcourt Aca-
demic Press.)

drug for release. This geometry predicts that release rates
will be near constant when R is much greater than ai. The
release rate for the hemisphere-shaped geometry is shown
by

dQ

dt
� 2πCsDai� R

R � ai
�

where dQ/dt � release rate in mg/s, Cs � drug solubility
in mg/mL, D � diffusion coefficient in cm2/s, ai � inner
aperture radius in cm, and R � distance of aperture surface
to dispersed drug in cm.

3. Insulin Release from Coated Hemisphere
Matrices

In vitro and in vivo studies demonstrated that indeed near-
zero-order release rates are observed when a matrix is
formed utilizing the hemisphere geometry (3,4). Matrices
designed to release insulin at constant rates were fabricated
by coating them with an impermeable layer of ethylene
vinyl acetate copolymer and then opening an aperture on
the top surface. A 30-gauge needle was inserted into the
flat face of the matrix. The frozen matrix was then dipped
for 1 second into a solution of pure ethylene vinyl acetate
copolymer in methylene chloride. An aperture was drilled
in the same location after removal of the needle. The in
vitro release kinetics seen in Fig. 8 demonstrated that the
cumulative percentage release of insulin from these hemi-
spheric releasing matrices was directly proportional to
time. Thus constant release rates in vitro were observed.

4. In Vivo Insulin Delivery

The same sodium insulin hemisphere matrices were im-
planted into streptozotocin induced diabetic rats (38). Fig-
ure 9 shows that plasma glucose concentrations among
these animals were maintained in the normal range for
greater than 3 months. Thus a constant release of insulin
was observed both in vitro and in vivo (4,6).
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Figure 43.8 Cumulative percentage release of sodium insulin
from an aperture restricted hemisphere matrix design compared
to insulin release from an uncoated slab. The hemisphere matrix
sustained insulin release at near constant rates of approximately
5 units per day. In contrast, the uncoated slabs released greater
than 99% of the incorporated insulin in less than 4 days.

5. Diurnal Glucose Variations

Figure 10 shows the plasma glucose concentrations in nor-
mal rats and insulin matrix treated rats over a 26 hour pe-
riod. It is evident that the control animals remained nor-
moglycemic during the nocturnal time period when the rats
are awake and feeding. In contrast, the insulin matrix

Figure 43.9 Ethylene vinyl acetate copolymer matrix implants
using a hemisphere geometry were implanted into 8 diabetic rats.
Diabetes was induced by an intravenous injection of streptozo-
tocin on day �9. The insulin matrices were surgically implanted
on day 0. The data shows normalization of insulin release for over
100 days by a single implant. (From Refs. 4 and 6.) (Reproduced
with permission from the American Diabetes Association.)

Figure 43.10 Diurnal variation of plasma glucose is graphed
over a 26 hour period for normal rats (■) and insulin hemisphere
matrix treated diabetic rats (�). The lights were off for the time
period shown in the graph. The rats’ feeding period occurred dur-
ing this nocturnal time frame.

treated rats showed significant plasma glucose elevations
during this time period. In this group, plasma glucose con-
centrations started out below the normal glucose concen-
trations. Then when the lights were turned off, and the
feeding period began, plasma glucose levels rose and ex-
ceeded the concentrations of the normal control rats. This
data demonstrated that the sustained release of a basal level
of insulin from the polymer matrices was incapable of con-
trolling plasma glucose in a completely physiologic man-
ner. This example demonstrated the need to alter insulin
delivery rates in response to metabolic changes.

Thus implantable insulin polymer matrices could be ef-
fective in delivering consistent basal insulin levels to dia-
betic rats. However, these implants could not increase in-
sulin release rates in response to feeding periods. Therefore
the demonstrated solubility dependent nature of insulin re-
lease from the ethylene vinyl acetate copolymer matrices
encouraged further studies toward the development of a
glucose responsive system.

6. Effect of pH on Insulin Release

The next series of experiments focused on studying the
effect of pH on the release and solubility properties of insu-
lin from the insulin polymer matrices. The following ex-
periment was conducted in order to test the hypothesis that
the release of insulin could be controlled by the pH of the
release medium (4). In this experiment, crystalline zinc in-
sulin loaded matrices were fabricated according to the pro-
cedures described previously. These matrices were 50%
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by weight insulin sieved to a particle size less than 75 µm.
Nine matrices were released in pH 5.9 release medium
containing 0.9% NaCl. The matrices released into this me-
dium for 9 days. The release medium buffer was changed
to one buffered at pH 7.4. The results of this experiment
are shown in Fig. 11.

Figure 11 shows that during the first 9 days of release
at pH 5.9, release rates were less than 20 µg/h. However,
upon switching the release media to pH 7.4, an immediate
burst of insulin was observed. Release rates increased from
10 µg/h to 90 µg/h. During this burst, 13% of the origi-
nally incorporated insulin was suddenly released in a 6
hour period, whereas only 5.8% had been released over
the previous 9 days. After this burst, release rates fell to
45 µg/h over the next 3 days. This observation was further
supported by the pH and solubility profile of crystalline
zinc insulin.

7. Solubility Profile of Crystalline Zinc Insulin

Figure 12 shows that the aqueous solubility of zinc crystal-
line insulin is strongly affected by pH. The isoelectric point
of this insulin form is approximately 5.3. At pH’s above
and below the isoelectric point of the protein, its solubility
increases significantly. The observations in Fig. 11 show
that increasing the pH of the release medium from 5.9 to
7.4 appeared to be a result of the increased dissolution of
the insulin incorporated within the polymer matrix. This

Figure 43.11 The graph shows the release rate of zinc insulin
from ethylene vinyl acetate copolymer matrices over an 11.5 day
period. The insulin loading was 50% by weight and the particle
size of the insulin was less than 75 µm. The first 9 days of release
were carried out in pH 5.9 buffer. This buffer was replaced with
a pH 7.4 buffered medium at day 9. At this time, a large increase
in insulin release rate was observed.

Figure 43.12 The solubility dependence of crystalline zinc in-
sulin on pH. The graph shows that insulin solubility increases
markedly at pH’s above and below its isoelectric point of 5.3.

enabled the additional dissolved insulin to be released at
much higher release rates.

V. A GLUCOSE MEDIATED INSULIN
DELIVERY IMPLANT

The observations that insulin release could be extended for
months with the use of an implantable matrix, and that the
release of insulin could be increased by changes in pH,
gave rise to the possibility that a feedback controlled insu-
lin delivery system could be developed. The key was to
find a way to alter the microenvironmental pH of the poly-
mer matrix in a manner that would produce a burst of insu-
lin release such as the one seen in Fig. 10 in response to
changes in glucose concentration. The approach used in
these studies was to take advantage of the enzyme glucose
oxidase that converts glucose to gluconic acid:

glucose � O2 � H2O →
Glucose Oxidase

gluconic acid � H2O2

The glucose responsive system was realized by immobiliz-
ing glucose oxidase enzyme to sepharose beads, which
were incorporated along with zinc insulin into the polymer
matrix. When glucose in solution entered the insulin deliv-
ery system, gluconic acid was produced, causing a drop in
the microenvironmental pH of the matrix. This fall in pH
resulted in a rise in insulin solubility and consequently a
rise in the insulin release rate from the matrix (39–41).

The following studies review how the observations of
the sustained release of insulin from the polymer matrices
and the pH dependent solubility properties of insulin were
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combined to demonstrate a glucose responsive insulin de-
livery system.

A. Methods

The methods and procedures for incorporating the immobi-
lized glucose oxidase enzyme into the ethylene vinyl ace-
tate sustained release matrix are outlined.

1. Immobilization of Glucose Oxidase

Glucose oxidase was immobilized to cross-linked sepha-
rose CL-6B or 4B beads using the method of Kohn and
Wilchek (42). The sepharose beads were suspended in de-
ionized water, frozen at �20°C, and lyophilized to yield
a fluffy, pale-yellow-colored powder.

2. Polymer Matrix Preparation

Ethylene vinyl acetate copolymer matrices for the in vitro
and the in vivo studies containing immobilized glucose ox-
idase and/or insulin were prepared according to published
methods described previously. For these experiments the
sepharose beads containing the immobilized glucose oxi-
dase were coincorporated into the polymer matrix with ei-
ther regular crystalline zinc insulin or trilysine insulin. Tri-
lysine insulin has an isoelectric point of 7.4 (43).

3. In Vitro Release Studies

A flow-through spectrophotometer system was used to ex-
amine continuously the feasibility of increasing the insulin
release kinetics in response to a glucose stimulus in real
time. An insulin loaded matrix with immobilized glucose
oxidase was placed inside a filter holder. Distilled water,
adjusted to pH 5.3 and containing a glucose concentration
of 0 or 10 mg/mL, was delivered with a peristaltic pump
past the samples into a 65 µL flow cell of a spectrophotom-
eter. The in vitro experiments were conducted at pH 5.3
as regular crystalline insulin was used in these in vitro ex-
periments.

B. Results

In vitro and in vivo studies confirm that insulin release can
be increased in response to a glucose stimulus.

1. Solubility and pH Dependence of
Trilysine Insulin

Figure 13 shows the pH solubility profile of trilysine insu-
lin. For the proposed system to work in vivo, an insulin
form with a pI at physiologic pH was necessary. In this
way, production of gluconic acid by the glucose oxidase

Figure 43.13 The solubility dependence of trilysine insulin on
pH. The graph shows that insulin solubility increases markedly
at pH’s above and below its isoelectric point of 7.4. Trilysine
insulin is appropriate for systems to be tested at physiologic pH.

enzyme would result in an increase in trilysine insulin’s
solubility. If regular crystalline insulin with a pI of 5.3
were used, one would predict that a decrease in insulin
solubility would result, and release rates from the polymer
matrix would decrease (see Fig. 12).

2. In Vitro Release of Insulin in Response to a
Glucose Stimulus

The in vitro results in Fig. 14 demonstrate the kinetic re-
sponse of the immobilized glucose oxidase–regular crys-
talline insulin–ethylene vinyl acetate copolymer matrices

Figure 43.14 Glucose oxidase was immobilized to sepharose
beads. The beads were then incorporated with insulin into an eth-
ylene vinyl acetate copolymer matrix. This matrix was tested in
a flow-through system. Each insulin peak was preceded by a 35
minute continuous glucose infusion at a concentration of 500 mg/
dL through the flow-through apparatus, which monitored the in-
sulin concentration spectrophotometically. The influx of glucose
resulted in a significant increase in insulin release from the poly-
mer matrix.



Glucose-Mediated Insulin Delivery from Implantable Polymers 1111

to a change in glucose concentration. Flow-through release
medium containing no glucose was pumped through the
flow cell at a rate of 10 mL/hour to establish the baseline
insulin release from the system. After the baseline insulin
release rate was established, a 500-mg/dL solution of glu-
cose was infused through the system. Peak insulin release
from the matrix reached a maximum 35 minutes before the
release medium was changed to one containing no glucose.
Then the insulin concentrations decreased. Glucose infu-
sion was alternated with nonglucose containing medium
eight different times over a 3 hour period. Turning the glu-
cose on and off was shown to stimulate repeatedly the re-
lease of insulin from the polymer matrix.

3. Refractory Time Interval

Figure 14 showed that each glucose infusion was charac-
terized by a discrete burst of insulin release. The following
experiments were conducted to test whether the glucose
responsive matrix required a rest or refractory period for
maximal response to repeated glucose challenges. The du-
ration between successive glucose stimuli was varied, and
the magnitude of the response was measured to determine
the amplitude of insulin response. Figure 15 showed that
increasing the time between glucose stimuli from 5 to 60
minutes resulted in increasingly greater insulin release
from the matrix. Increasing the rest period in between glu-
cose stimuli from 60 to 130 minutes did not result in in-
creased insulin release from the matrix.

Figure 43.15 The maximum response of the glucose oxidase
insulin release is graphed as the concentration of insulin observed
in the release media as a function of the time intervals between
repeated glucose challenges applied to the insulin–glucose oxi-
dase matrix. The data shows that increasing the time interval be-
tween glucose stimuli resulted in greater insulin release until a
plateau was reached after a 60 minute interval. (Reproduced by
permission from John Wiley & Sons.)

Table 43.3 Weight Percent Composition of Insulin–Glucose
Oxidase Matrices

Ethylene vinyl
acetate

Matrix Sepharose-GO Sepharose copolymer Insulin
No. (wt%) (wt%) (wt%) (wt%)

1 0 29 48 23
2 9 20 48 23
3 20 0 48 23
4 29 0 48 23

Sepharose-GO matrices contained beads with immobilized glucose oxi-
dase enzyme. Sepharose matrices contained no immobilized enzyme.

4. Effect of Glucose Oxidase Concentration

In the following experiment, the effect of increasing the
glucose oxidase content on the concentration of insulin re-
leased was determined. Four different matrices were tested
using increasing percentages of glucose oxidase immobi-
lized sepharose beads in the matrix, as shown in Table 3.

Figure 16 shows that increasing the glucose oxidase
concentration resulted in increasing insulin release from
the matrix up to a matrix containing 20% by weight of
glucose oxidase immobilized to sepharose. Twenty percent
glucose oxidase–sepharose appeared to be the optimal
content for maximal response to a glucose stimulus.

C. In Vivo Study Methods

Sixteen female Sprague-Dawley rats weighing 210 � 10
g were used in this experiment. Diabetes was induced by

Figure 43.16 The glucose oxidase–insulin response increases
with increased glucose oxidase content in the matrix to a maximal
response when the polymer matrix contained 20% by weight glu-
cose oxidase. (Reproduced by permission from John Wiley &
Sons.)
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tail vein injection of streptozotocin (38). A glucose solu-
tion at a concentration of 2 M was infused through a cathe-
ter to these animals for 30 minutes. Blood samples for glu-
cose and insulin analyses were collected from the tail vein.
The glucose oxidase insulin matrices were implanted sub-
cutaneously in each rat. Seven rats received matrices con-
taining trilysine insulin and glucose oxidase–immobilized
sepharose beads. Three rats received matrices containing
regular insulin and glucose oxidase–immobilized sepha-
rose beads. Three rats received matrices containing regular
insulin alone. Three rats were used as diabetic controls
with no implants.

1. In Vivo Results

The in vivo effect on serum insulin concentrations with
this glucose responsive insulin–glucose oxidase matrix is
shown in Fig. 17, in which the serum insulin concentra-
tions (ng/mL) are plotted over time for the four groups of
rats containing different insulin matrix implants into dia-
betic rats. The 2 M glucose infusion was begun 15 minutes
into the experiment. The rats that received trilysine insu-
lin–glucose oxidase matrices showed a 180% rise in serum
insulin concentration that peaked 45 minutes into the ex-
periment. There was a subsequent decrease in plasma insu-
lin concentration 30 minutes after the initiation of the glu-
cose infusion. Those rats that received regular insulin–
glucose oxidase matrices exhibited a decrease in serum
insulin concentration. Those rats that received matrices
containing regular insulin but no glucose oxidase enzyme

Figure 43.17 Serum insulin concentration is graphed as a func-
tion of time among the four treatment groups. 2 M glucose was
infused at 15 minutes and was continued for the duration of the
experiment. Key (■) trilysine insulin and immobilized glucose
oxidase (n � 7 rats); (�) regular insulin and immobilized glucose
oxidase (n � 3 rats); (�) regular insulin and no enzyme (n � 3
rats); (�) diabetic controls, no treatment (n � 3 rats). (Repro-
duced by permission from John Wiley & Sons.)

or no insulin showed no change in serum insulin concentra-
tion. The diabetic control rats showed no change in serum
insulin concentration. There was no effect observed in the
plasma glucose concentrations in these rats (data not
shown). All four groups of rats showed an increase of 500
to 600 mg/dL in plasma glucose in response to the 2 M
glucose infusion. The diabetic controls began the experi-
ment with a glucose concentration of 450 mg/dL and at
105 minutes had reached a glucose concentration of 1050
mg/dL. In contrast, the three groups of rats that had re-
ceived insulin implants exhibited initial plasma glucose
concentrations of 50 mg/dL. Their plasma glucose levels
rose to 600 to 700 mg/dL in response to the glucose infu-
sion. Normal controls also displayed similar increases in
plasma glucose.

VI. DISCUSSION

The experimental results described helped characterize the
release of insulin from ethylene vinyl acetate copolymer
matrices in response to glucose (40,41). Glucose oxidase
was immobilized on sepharose beads that were incorpo-
rated along with one of two different insulin preparations
into an ethylene vinyl acetate copolymer matrix. These two
insulin preparations had different isoelectric points. The
immobilized beads were fixed in the matrix and could not
diffuse out of the matrix. Only the insulin could diffuse
out of the matrix. The effect of an increase in glucose con-
centration within the matrix on the immobilized glucose
oxidase was to lower the pH in the microenvironment of
the matrix by the production of gluconic acid according to
the following enzyme catalyzed reaction (44):

glucose � O2 � H2O →
Glucose Oxidase

gluconic acid � H2O2

The production of gluconic acid caused a decrease in the
microenvironmental pH of the matrix and a subsequent in-
crease in the insulin release rates from the ethylene vinyl
acetate copolymer matrix. The increased insulin release
was a result of the accelerated dissolution and diffusion of
the dry powdered insulin from the delivery system (4).

The solubility and dissolution of polypeptides or pro-
teins like insulin is dependent on the pH of the aqueous
environment. Proteins and peptides exhibit their lowest
solubility at the pI where there is no net charge on the
peptide (17). Thus the drug solubility is one important pa-
rameter that can be used to alter release rates of drugs from
diffusion controlled (36) and dissolution controlled (45)
release matrix systems. This system responded in vitro re-
peatedly, consistently, and in real time to challenges with
glucose solutions (Fig. 14).

The insulin used in the in vitro experiments had a pI of
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5.3. Peak insulin levels occurred 35 minutes after a 500
mg/mL glucose solution was introduced into the flow-
through system. Repeated glucose stimuli were shown to
induce a degree of refractory behavior (Fig. 15). It was
determined that at least 60 minutes were required between
glucose stimuli to observe a maximal response. The rise
to a peak in insulin concentration and the ensuing fall to
baseline levels following a glucose stimulus (Fig. 14)
could be attributed to several factors: (1) the inability of the
matrix to secrete insulin because soluble and undissolved
insulin might be depleted in the vicinity of the immobilized
glucose oxidase; (2) a reequilibration of the pH in the mi-
croenvironment of the matrix due to the buffering capacity
of dissolved insulin in the pores of the matrix; (3) a de-
crease in oxygen tension that is necessary to maintain the
enzymatic reaction; or (4) the inability of the glucose oxi-
dase enzyme to retain a pH gradient. The maximal system
response observed after a 60 minute rest period also sug-
gests that there is only a finite quantity of insulin available
for release after any glucose stimulus. This quantity of in-
sulin could be localized near or within the sepharose beads
or precipitated along the empty pores of the matrix.

The refractory period may represent the time necessary
for the local areas of insulin depletion to be replenished
before the next glucose stimulus, which is presumably re-
lated to the dissolution rate of insulin, the diffusion coeffi-
cient of insulin, and the porosity or the tortuosity of the
matrix. A similar finite insulin release observed in vivo is
shown in Fig. 16. These experiments also supported previ-
ous observations that the bioactivity of insulin is preserved
in the ethylene vinyl acetate copolymer matrix (5,6). The
absence of any effect on the plasma glucose concentrations
in the diabetic test animals can be attributed to the large
excess of glucose infused into the animals. The high con-
centration of glucose in these initial studies was used to
ensure that the subcutaneously implanted insulin delivery
device would be exposed to a sufficient glucose concentra-
tion to obtain an insulin response. One can calculate that
the quantity of glucose infused in the experiments de-
scribed here would result in an instantaneous plasma glu-
cose concentration of 1800 mg/dL when distributed in the
extracellular fluid compartment of a 200 gram rat if there
is no intracellular glucose uptake. Thus it is not surprising
that little or no effect on plasma glucose was observed in
any experimental animal group. Furthermore, similar large
increases in plasma glucose concentrations were also ob-
served in normal control rats. Thus even a physiologically
intact pancreas could not respond to the excess glucose
load presented to the rats during the time period described
in this study.

A maximal insulin response was observed when 20%
(w/w) of glucose oxidase immobilized on sepharose beads

was incorporated into the matrix (Fig. 16). The observation
that there is an apparent optimal immobilized glucose oxi-
dase concentration may be due to stearic hindrance of glu-
cose diffusion into the sepharose beads. A threefold in-
crease in serum insulin concentrations was observed for
those rats that received trilysine insulin–glucose oxidase
implants. The dependence of regular and trilysine insulin
solubility on pH is shown in Fig. 13. These results are
consistent with a fall in the microenvironmental pH of the
matrix and a rise in trilysine solubility and dissolution rate
within the matrix. Trilysine insulin has a pI of 7.4. Thus
when the glucose oxidase matrix system operates at physi-
ologic pH, the decrease in microenvironmental pH of the
matrix resulted in an increase in insulin solubility and con-
sequently in an increase in insulin release. Regular insulin
has a pI of 5.3. Thus the lowering of the pH below pH 5.3
resulted in increased release rates of insulin from the ma-
trix; the matrix was in a release media at pH 5.3. At physio-
logic pH, those rats treated with regular insulin–glucose
oxidase implants experienced a decrease in serum insulin
concentrations in response to glucose infusion (Fig. 17).
Rats with polymers containing regular insulin but no en-
zyme, and with no insulin or no enzyme, did not show a
serum insulin response to glucose infusion.

VII. CONCLUSIONS

Indeed, other approaches have been used to develop glu-
cose responsive insulin delivery systems, including micro-
encapsulated islets (46), a lectin bound insulin in which
glucose displaces a carbohydrate, such as maltose, to re-
lease the insulin (47), and membranes that alter their per-
meabilities in response to glucose (48). In another system,
insulin was esterified with methanol and connected to glu-
cose oxidase with a disulfide compound, 5,5′-dithiobis(2 -
nitrobenzoic acid). Then adding glucose to an aqueous so-
lution containing the hybrid enzyme resulted in the release
of modified insulin (49).

This review has summarized the scientific observations
and research efforts that have enabled the development of
an alternate approach to achieving a glucose responsive
polymeric insulin delivery system. The physiological role
of insulin in the treatment of diabetes mellitus was dis-
cussed. Scientific and historical efforts resulted in the de-
velopment of modified insulin forms that are either fast
acting or possess extended biological half-lives. The role
of zinc in determining insulin’s solubility properties
proved to be a critical parameter in allowing the long-term
release of insulin from ethylene vinyl acetate copolymer
matrices. Finally, the solubility properties of insulin were
exploited in order to demonstrate a glucose responsive
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feedback controlled insulin delivery system. Additional
studies are necessary to determine if an optimized system
could control the diurnal fluctuations in plasma glucose
concentration in diabetic animals. In addition, the in vivo
operating duration may be limited by the half-life of the
glucose oxidase and the degree of encapsulation of the
polymer implant over time (50). Others have observed sev-
eral months’ glucose oxidase activity in implantable glu-
cose biosensors (51). The ability of this system to dem-
onstrate a blood-glucose controlling effect in future
experiments might be observed by simply increasing the
surface area of the matrix so that more insulin is released
in response to a change in glucose concentration. Immobi-
lizing the enzyme on the polymer backbone instead of onto
the sepharose beads might also increase the sensitivity of
the system and might allow an increased payload of insulin
in the matrix with the elimination of the sepharose beads.
Other pH-sensitive insulins with greater solubilities might
be another possible approach.

The mechanism of an increase in dissolution rate of pro-
tein or polypeptide drugs in the microenvironment of a
polymer matrix may be a model for use with other pH-
sensitive proteins having an appropriate triggering enzyme
and substrate. The further development of this feedback
controlled release system may find application with the va-
riety of new genetically engineered proteins that are al-
ready approved for use or among those that are being re-
searched.
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I. INTRODUCTION

Drug therapy in general has improved greatly during the
last century. However, although it is successful in many
cases, drug treatment is often hampered by serious side
effects. This can be explained in that many drugs do not
exert their action at the desired site of action exclusively,
but either can perturb physiological processes in other
tissues/organs or can produce severe toxicity as well. The
occurrence of drug adverse effects can greatly affect the
patient’s therapeutic compliance.

To solve the problems related to side effects and create
more selectively acting drugs, it was already stated in 1906
by Ehrlich that specific targeting of drugs may result in an
increased drug accumulation in the cells to be aimed at,
relative to nontarget cells. This can lead to a reduction of
the required drug dosage and less side effects or toxicity
(1). A second application of drug targeting technology lies
in the development of pharmacological tools to obtain
more insight in the cellular aspects of pathophysiological
processes.

The kidneys constitute an important target, since phar-
macotherapy of renal disorders is frequently hampered by
side effects, e.g., cardiovascular [‘‘Angiotensin I Con-
verting Enzyme’’ (ACE) inhibitors] or gastrointestinal
(nonsteroidal anti-inflammatory drugs, NSAIDs) adverse
effects. Although the kidneys receive approximately 25
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percent of the cardiac output, and although many drugs are
more or less concentrated in the kidney, systemic concen-
trations are usually so high that extrarenal side effects can-
not be prevented.

In this chapter an introduction to renal anatomy and
physiology will be given in order to provide a rationale
for renal drug targeting. Subsequently, we will focus on
the renal targeting strategies applied in our laboratories,
considering potentials and limitations of renal targeting
with low-molecular-weight proteins (LMWPs) and, in par-
ticular, with lysozyme as the drug carrier. The chemical
features of LMWP conjugates will be described using ACE
inhibitors as model drugs. Furthermore, a number of tar-
getable drugs that can affect kidney functions will be dis-
cussed. Finally, we will present data that demonstrate the
effectiveness of the drug–lysozyme conjugates. For an ex-
tensive overview of various aspects of renal targeting strat-
egies, we recommend other comprehensive reviews (2,3).

II. THE KIDNEY AS THE TARGET ORGAN

A. Anatomy and Functions of the Kidney

The kidneys play a major part in the regulation of the vol-
ume and composition of the body fluids through the excre-
tion and retention of a large variety of solutes. It is also
an eliminating organ for the excretion of several endoge-
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nous and exogenous organic substances. To entertain this
function, the kidney exhibits a specific anatomical struc-
ture. Each kidney contains several millions of nephrons,
the functional urine-producing units in this organ. The
nephron consists of glomerular and tubular parts. The latter
can be subdivided in the proximal convoluted tubule, the
proximal straight tubule, Henle’s loop, the distal convo-
luted tubule, and the collecting duct.

In every nephron blood is supplied to the glomerulus
via the afferent arteriole. In the glomerulus, a portion of
the blood (approximately 20%) is filtered through the neg-
atively charged glomerular basement membrane. The re-
maining blood flows through the efferent arterioles and
extends in a close network of arterial and venous microcap-
illaries, the so-called peritubular capillaries, providing a
close connection between the blood circulation and the tu-
bular cells.

Macroscopically, the kidney can be divided into three
major parts. The outer shell, the cortex, consists mainly of
glomeruli and the proximal and distal tubuli; it receives
more than 80% of the arterial blood delivered to the kid-
ney. The inner part, the medulla, contains predominantly
Henle’s loops and collecting ducts of several nephrons. Fi-
nally, in the papilla, all of the collecting ducts come to-
gether and urine is excreted into the urether. A schematic
overview of the anatomical structure of the kidney is de-
picted in Fig. 1.

In the context of drug targeting, the kidney offers sev-
eral favorable characteristics: a relatively high blood flow,
an efficient filtration system, a spectrum of tubular trans-
port systems for inorganic and organic compounds, as well
as the presence of a versatile metabolic system.

B. Blood Flow and Filtration: The Glomerulus

In the glomerulus, the connecting tissue of Bowman’s cap-
sule that consists predominantly of endothelial cells, glo-
merular epithelial cells, and mesangial cells surrounds a
capillary network of afferent and efferent arterioles. In the
glomerulus, blood components with a size up to approxi-
mately 67 kDa can be filtered through the glomerular base-
ment membrane. The latter contains predominantly nega-
tively charged glycoproteins. Consequently, under normal
physiological conditions, small molecules will be filtered,
whereas large molecules (blood cells, immunoglobulins,
and relatively large plasma proteins) will remain in the cir-
culation. Net charge, size, and rigidity of the molecular
structure of proteins are important factors in determining
the sieving process (4).

In the glomerulus, the mesangial cells represent a suit-
able target for drug delivery. Not only do these cells play
an essential role in the development and progression of

Figure 44.1 The functional nephron with representative blood
supply in the cortical region.

both acute and chronic inflammatory processes, they can
also be reached quite easily since a continuous flow of
blood plasma flows along the mesangial cells through mes-
angial fenestrations (5).

C. Transport Systems: The Tubules

After filtration in the glomerulus, the preurine flows along
the proximal tubular cells, a cell group specializing in the
transport of sodium, water, glucose, and a variety of other
molecules. In the tubule, a monolayer of epithelial cells
separates the tubular lumen from the blood. In the tubular
cells, three different transport mechanisms can be distin-
guished, both located at the basolateral membrane and the
apical brush border membrane, facing the blood site and
the tubular lumen, respectively. Apart from simple passive
diffusion across the tubular membrane, the active transport
of compounds into and out of the tubular cells is mediated
by carrier proteins. In addition, endocytosis and trans-
cytosis occurs at both poles of these cells (6,7). At least
three categories of saturable and energy dependent carrier
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systems exist in the tubular membranes: for organic ca-
tions, for organic anions, and for uncharged compounds
(8). In fact, multiple carrier systems contribute to each of
these categories. Other basolateral secretory transport sys-
tems include the γ-glutamyl transport system and those for
glycoproteins (9,10). Finally, certain proteins (insulin,
EGF) seem to be transcytosed across the tubular cells via
receptor-mediated uptake (11).

On the other hand, valuable endogenous compounds,
though freely filtered in the glomeruli, only appear in the
urine to a small extent. These compounds are ‘‘rescued’’
during passage through the tubuli. These retention mecha-
nisms consist of a variety of, mostly, carrier-mediated pro-
cesses at the luminal site of the tubular cell. Substances
transported by reabsorptive systems include sugars (12),
amino acids (13), dipeptides (14), urate (15), folate (16),
nucleosides (17), and certain proteins (18). The tubular re-
absorption of low-molecular-weight proteins (LMWPs) as
a crucial mechanism in relation to renal drug delivery will
be discussed separately (see Section IV.A).

The proximal tubular cell also plays a central role in
the regulation of inflammatory processes in the kidney. A
wide variety of noxious triggers have been identified, in-
cluding cytokines, growth factors, hypoxia, ischemia,
nephron damage, and luminal obstruction. Finally, tubular
protein overload as a result of glomerular proteinuria and
high tubular delivery of glucose in the diabetic state is con-
sidered to be an important factor causing tubular activation
(19,20). The proximal tubular cell therefore is a central
target for drug delivery (21).

D. The Metabolic Function of the Kidneys

The kidneys are involved in the metabolism of many en-
dogenous and exogenous substances. These compounds
are concentrated in the kidney before being eliminated via
the urine. Therefore the driving force for metabolic conver-
sion can be high. Within the kidney, various enzymes are
involved in the biotransformation of many different com-
pounds. For metabolism of exogenous compounds such as
drugs, but also for some endogenous substrates, enzymes
involved in both phase I and phase II metabolic routes are
present in the kidney, e.g., cytochrome P450, cytochrome
b5, glucoronyl transferase, and sulfotransferase (22–26).
In addition, renal tubular cells contain various proteases
for the degradation of proteins and oligopeptides. These
enzymes are either located at the brush border membrane
or can be found in the smooth endoplasmic reticulum and
the lysosomes of these cells (27). Degradative enzymes
include a variety of endopeptidases, exopeptidases, and es-
terases (28–32). Due to this versatile metabolic apparatus,
the kidneys are also able to degrade macromolecular drug

carriers and can regenerate covalently coupled drugs
within intracellular compartments, like the lysosomes and
the cytoplasm.

III. LOW-MOLECULAR-WEIGHT
PROTEINS AS CARRIERS FOR RENAL
DRUG TARGETING

A. Renal Handling of Low-Molecular-Weight
Proteins

Low-molecular-weight proteins (LMWPs) are small pro-
teins with molecular weights up to approximately 25,000
Da. Their application for renal drug targeting was consid-
ered since it was demonstrated that radiolabeled LMWPs
accumulated specifically in the kidney (33). Autoradiogra-
phy of the kidney after administration of labeled probes
revealed a specific accumulation within the renal proximal
tubular cells. Besides in the kidney, LMWPs do not seem
to accumulate to a large extent in tissues elsewhere in the
body (Fig. 2). Comparison of the kinetic features of differ-
ent LMWPs revealed that all of the injected proteins are
rapidly cleared from the circulation by the kidney leading
to temporary accumulation in this organ. The fraction of
the LMWPs that is taken up by the kidney in such studies
ranges from 40 to 80% of the injected dose (34–36). In
some studies these values are inherently underestimations,
since part of the endocytosed protein was degraded during
the study, followed by transport of radiolabel out of the
kidney.

Within the kidney, the LMWPs are freely filtered in the
glomerulus and subsequently reabsorbed by the proximal
tubular cells through receptor-mediated endocytosis (37).
Christensen et al. have identified the megalin/gp 330 re-
ceptor to be responsible for this tubular uptake (38). After
endocytosis, an endocytic vesicle (endosome) is formed
that is subsequently transported to the lysosomes. The

Figure 44.2 Gamma-camera imaging after an intravenous in-
jection of a 123I-radiolabeled LMWP in the rat, showing the pre-
dominant uptake of the LMWP by the kidneys.
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LMWP is degraded intralysosomally into small peptides
and free amino acids by a variety of proteolytic enzymes,
such as proteases and hydrolases (39–41).

B. Low-Molecular-Weight Proteins as Renal
Specific Drug Carriers

We considered the possibility that through coupling a drug
to an LMWP, an inactive ‘‘prodrug’’ could be formed that
could potentially deliver coupled drugs to the kidney. The
tissue distribution of the drug could thereby be manipu-
lated in favor of the kidney. This in fact results from the
overruling of the physicochemical properties of the linked
drug by those of the LMWP. In the kidney, the drug–
LMWP conjugate follows the same pathway as endoge-
nous LMWPs and ends up in the lysosomes of the proximal
tubular cells. In the lysosomes, the drug is then released
from the protein, either by proteolytic or hydrolytic ac-
tions, and is excreted from the lysosomes into the cyto-
plasm of the cells. Subsequently, the released drug can act
either within the tubular cell or further downstream after
excretion into the urine or back into the renal venous circu-
lation (42). Figure 3 gives a schematic representation of
the renal handling of an LMWP–drug conjugate.

A number of essential variables in this concept require
closer examination. First, the LMWP carrier must contain

Figure 44.3 Schematic representation of the concept of renal
drug targeting with LMWPs. After filtration in the glomerulus,
the conjugate is reabsorbed by the proximal tubular cell and de-
graded in the lysosomes. The free drug diffuses out of the lyso-
somes and can diffuse out of the tubular cell at the luminal side
into the urine, or at the basolateral side into the renal interstitium.
From the interstitium the drug can diffuse into the blood vessel
or back into the proximal tubule. For some drugs the transport
out of the proximal tubular cell might also be mediated by carrier
proteins.

functional groups allowing drug attachment. The chemis-
try of drug–LMWP conjugates will be described in more
detail in Section IV.C, using ACE inhibitors as the model
drugs. Second, the physicochemical properties of the
LMWP should largely remain intact to ensure tubular up-
take and prevent loss of intact conjugate into the urine.
Third, the drug conjugate complex must be stable within
the circulation to prevent premature systemic side effects
of the free drug. Finally, after successful tubular uptake,
the drug must be released in the catabolically active lyso-
somes. For the individual drug targeting constructs, these
aspects will be addressed in more detail in Section V.

In addition, the ultimate effectiveness of the targeted
drug is also determined by the local redistribution of the
drug after endorenal release from the carrier. Transport
systems or simple passive reabsorption, described in detail
in Section II.B, can relocate the drug into either the pri-
mary urine or the systemic circulation. Reabsorption pro-
cesses therefore may impose limits on the cellular selectiv-
ity of drugs released endorenally.

C. Potentials and Limitations of Low-
Molecular-Weight Proteins as Renal
Drug Carriers

The processes responsible for the selective tubular reab-
sorption of LMWP–drug conjugates have been summa-
rized in the previous section. However, to be able to deter-
mine the in vivo effectiveness of such constructs, the
LMWP conjugates have to be administered for a longer
period of time in therapeutically appropriate dosages. The
required therapeutic drug dosage is governed by the phar-
macokinetic properties of the drug targeting preparations
as well as the pharmacokinetic and pharmacodynamic fea-
tures of the targeted drug.

Pharmacokinetic aspects of the free drug are of impor-
tance, in particular after the release from the protein carrier
in the desired target cell. First, an effective concentration
of the drug will only be reached if the drug is retained at
the target site after release at least to some extent. This
retention is dominated by the physicochemical properties
of the drug (diffusion out of the target cell) and its ten-
dency to act as a substrate for excreting carrier proteins
(see Sections II.C and III.B). Since the kidney is an organ
with a wide variety of carrier systems specialized to trans-
port compounds both into the cell and back into the sys-
temic circulation, it is obvious that these processes will
influence renal drug retention. Second, the targeted drug
may be inactivated due to metabolizing enzymes, thus in-
fluencing the cellular availability and duration of action of
the drug. The metabolizing capacity of the kidney for the
targeted drug has been described in Section II.D.
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The therapeutic response is, apart from delivery to the
desired cell type, determined by the intrinsic activity of
the drug, often expressed as the concentration in which
50% of the maximal effect is reached (EC50). For a drug
with a low EC50 relatively long-lasting therapeutic levels
have to be attained at the target site. Furthermore, this in-
trinsic potency of the drug, together with the number of
available coupling sites in the carrier molecule, determines
and therefore also influences the necessary amount of car-
rier protein. Thus both pharmacokinetic and pharmacody-
namic parameters have to be taken into account when de-
signing an LMWP–drug conjugate.

For the attachment of drugs, the amino groups of 7 ly-
sine moieties are available in the lysozyme molecule for
drug coupling. However, these amino acids do also con-
tribute to the solubility of the LMWP and may influence
the interaction with the megalin receptor that mediates tu-
bular reabsorption (39,43,44). Therefore only a limited
number of amino groups can be substituted to maintain
most of the physicochemical properties of the lysozyme
molecule. Kok et al. studied the effect of charge of the
carrier protein on the renal accumulation of a lysozyme
conjugate using fluorescein isothiocyanate (FITC) as a
model drug (45). They showed that 45 � 4% of a single
dose of 0.33 mg ⋅ kg�1 negatively charged FITC–lysozyme
was excreted intactly in the urine, versus 29 � 4% of non-
derivatized FITC–lysozyme (P � 0.05). After introduction
of extra positive charge in the FITC–lysozyme prepara-
tion, the conjugate seemed to be completely reabsorbed,
since it was not excreted into the urine intactly. However,
an organ distribution study with the latter 125I-radioiodin-
ated conjugate showed that only 12.0 � 0.1% of the dose
accumulated in the kidney. Apparently, the distribution
was no longer selective for the kidney and indeed signifi-
cant amounts were found in the liver (53 � 1%) and the
spleen (5 � 2%). Consequently, a proper balance of posi-
tive and negative charges has to be found for optimal renal
delivery.

Drug therapy with LMWP conjugates may require the
administration of relatively large amounts of lysozyme for
a longer period of time. It should be noted, however, that
Cojocel et al. showed that infusion of relatively high dos-
ages of lysozyme might lead to a dose dependent and time
dependent decrease of tubular reabsorption, as well as to
adverse effects on systemic blood pressure and renal func-
tion (46,47). Therefore we have recently investigated the
maximal amount of lysozyme that can be administered
with an efficient tubular reabsorption and minimal effect
on blood pressure and renal function. We compared contin-
uous infusion of different dosages of lysozyme with single-
dose injections in unrestrained rats. These studies showed
that continuous low-dose infusion of lysozyme is prefera-

ble over single high-dose injections, since infusion did
not affect systemic blood pressure in dosages up to 1000
mg ⋅ kg �1 ⋅ 6h�1. Additionally, total urinary lysozyme ex-
cretion was sixfold lower after infusion of lysozyme. How-
ever, infusion of the LMWP could not entirely prevent the
loss of intact lysozyme into the urine. About 8% of the
dose was renally excreted after 100 mg lysozyme ⋅ kg�1 ⋅
6h�1, while up to 33% of the dose was lost in the urine
following 1000 mg lysozyme ⋅ kg�1 ⋅ 6h�1. Dosages ex-
ceeding 100 mg ⋅ kg�1 also produced a decrease of renal
blood flow and glomerular filtration rate. Therefore the
amount of lysozyme that can be safely administered is lim-
ited. Using drugs with a high intrinsic activity (low EC50)
may therefore limit the required dose of lysozyme and may
prevent the occurrence of unwanted side effects on renal
hemodynamics (R. F. G. Haverdings et al., manuscript in
preparation).

Obvious disadvantages of the LMWP strategy for the
treatment of chronic renal disease are the requirement of
parenteral administration and the possible immunogenicity
of the drug conjugate. With respect to alternative adminis-
tration routes, it is encouraging that technologies for paren-
teral administration are being developed. This includes
pulmonary spray technology and programmable wearable
infusion pumps. Also it should be realized that parenteral
dosing of proteins is not uncommon, since insulin depen-
dent diabetic patients perform daily administration via sub-
cutaneous administration for extensive periods. If immu-
nogenicity is a serious limitation, in particular for chronic
treatment, alternatively a synthetic polymer may be used
as a ‘‘reabsorptive’’ carrier. For short-term clinical inter-
ventions, aiming to protect the kidney during acute reper-
fusion or preventing allograft rejection after transplanta-
tion, the prerequisite of parenteral administration does not
constitute a serious limitation anyway.

D. How Chemically to Link an ACE Inhibitor
to a Low-Molecular-Weight Protein

The characteristics of the bond between drug and protein
are very important for the stability of the conjugate, but
also for a proper release of the parent drug after the conju-
gate has accumulated in the target organ. Ideally, the bond
between drug and protein should be stable while the conju-
gate distributes throughout the body, but at the same time
it should be easily degradable after the drug has reached
its target site. Drug–protein conjugates, like those that
have been designed for renal drug delivery, are accumu-
lated in the target organ by adsorptive endocytosis and fol-
lowed by transport to the lysosomes (48). This cellular
compartment contains a variety of proteases and esterases
that can be instrumental in the enzymatic degradation of
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drug–protein conjugates. The regeneration of the parent
drug can be ensured by the insertion of a spacer molecule
between drug and protein (Fig. 4). Such a spacer moiety
can provide a linkage that can be degraded either enzymati-
cally or chemically under, for instance, influence of the
acidic pH of the lysosomes (49).

In the past years, many structurally different ACE in-
hibitors have been developed. Figure 5 gives an overview
of the chemical structures of currently available ACE in-
hibitors (50). Since these drugs have a similar pharmaco-
logical action, the most suitable drug for a particular conju-
gation strategy can be selected. Table 1 summarizes the
coupling strategies that are discussed in this chapter. This
table also gives examples of ACE inhibitors that can be
coupled via the various strategies, and the type of bond
that is formed between the drug and the linker. The strate-
gies are based on well-known synthetic procedures that
have been used for the preparation of drug–protein conju-
gates. They will be discussed in relation to the specific
functional groups that are used for the conjugation process.
Some functional groups are present in the structures of all
the listed ACE inhibitors, such as the carboxylic acid
group; other functional groups are unique for specific
agents in this therapeutic class.

1. Conjugation via the Carboxylic Acid Group

The first ACE inhibitors, captopril, enalapril, and lisino-
pril, were designed as analogues of peptides found in the
venom of a Brazilian viper (51). These drugs all contain
a proline carboxylic acid group. In the more recently devel-
oped ACE inhibitors, like quinapril and cilazapril, the pro-
line carboxyl group was replaced by conformationally re-
stricted analogues (52). Since lysosomal proteases should

Figure 44.4 Schematic representation of a drug–spacer–pro-
tein conjugate. The bond between drug and spacer must be biode-
gradable. The bond between spacer and protein might be either
nondegradable or degradable.

be able to degrade bonds with a peptidelike character, the
ACE inhibitors with a proline carboxylic acid group can
be coupled bioreversibly via a peptide spacer. We propose
two types of peptide spacers that can be tailored to differ-
ent classes of peptidases (Fig. 6). In both spacer concepts,
the proline carboxylic acid group is coupled via a natural
peptide bond to the α-amino group of the spacer, thus
forming a bond that should be cleavable by peptidases.

The first spacer consists of a specific sequence of amino
acids that is a substrate for a lysosomal endopeptidase, for
instance one of the cathepsins. The drug is coupled to the
N-terminal amino group of the spacer, while the spacer
itself is conjugated at its C-terminal carboxyl group to the
carrier protein. The release of the parent drug can be the
result from a single-step degradation of the prolyl–spacer
bond (Fig. 7A) or via the formation of a drug–amino acid
intermediate product, which is further degraded to the par-
ent drug by a carboxypeptidase (Fig. 7B). Several peptide
sequences have been reported as endopeptidase sensitive
spacers (Table 2). Of these sequences, the spacers that have
been used for the cytostatic drug methotrexate (MTX),
which also has peptidic carboxyl groups, are attractive can-
didates for the conjugation of an ACE inhibitor to a LMWP
carrier. The other peptide spacers in Table 2 have been
optimized for the coupling of drug molecules that contain
a primary amino group, for instance the cytostatic drug
doxorubicin. Lysosomal degradation studies of those spac-
ers with isolated lysosomal endopeptidases, like cathepsin
B, D, and L, showed that these enzymes cleave the peptide
spacer gly-phe-leu-gly either next to the drug moiety or
between phe and leu, followed by removal of the re-
maining peptide fragment by an aminopeptidase (53,54). If
the gly-phe-leu-gly spacer is used for the proline carboxyl
drugs, the release of the parent drug is likely to result from
the two-step degradation route as depicted in Fig. 7B.

The other type of peptide spacers that we propose for
conjugation of an ACE inhibitor via the proline carboxyl
group are the exopeptidase sensitive spacers. Figure 8
shows how the drug is coupled to the free α-amino group
of the spacer, which is subsequently linked to the LMWP
carrier via its side chain functional group. Since the spacer
has a free α-carboxyl group, it should be degradable by
lysosomal carboxypeptidases (Fig. 8A). We tested the car-
boxypeptidase sensitive spacer concept by incubating the
model compound di(Z-pro)-lysine with lysosomal en-
zymes. This conjugate was degraded to Z-proline and Z-
pro-ε-lysine, which proves that carboxypeptidases are in-
deed capable of digesting peptides in which the side chain
group is modified. Interesting candidates for this spacer
concept are amino acids with a reactive side chain, for in-
stance the thiol-containing amino acid cysteine. After at-
tachment of the drug to the amino group of this spacer, the



Drug Targeting to the Kidney 1123

Figure 44.5 Chemical structures of ACE inhibitors.

Table 44.1 Linkages That Can Be Used for the Conjugation of an
ACE Inhibitor to an LMWP

Functional group Drug Linkage

Proline carboxylic Captopril, enalapril, Amide bond
acid lisinopril, alacepril Ester bond

Other carboxylic acid Other ACE inhibitors Ester bond
Primary amine Lisinopril Acid sensitive

amide bond
Thiol Captopril Disulfide bond
Phosphinic acid Fosinopril Phosphoramide bond
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Figure 44.6 Concepts for peptidase sensitive spacers. The release of the parent drug is the result of degradation of the bond between
drug and spacer mediated by either an endopeptidase or an exopeptidase.

Figure 44.7 Endopeptidase sensitive spacers: routes of drug release. (A) Direct attack of endopeptidase at bond between drug and
spacer. (B) Attack of endopeptidase at bond in spacer, followed by exopeptidase-mediated degradation of bond between drug and
remaining spacer amino acid.
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Table 44.2 Peptide Spacers That Have Been Used as Spacers in
Lysosomotropic Drug Delivery

Drug Spacer Reference

Conjugation at carboxylic
acid group of the drug

Methotrexate ala-leu-ala-leu 138
gly-gly-gly
gly-gly-phe
gly-phe-ala

Conjugation at amino group 49
of the drug

Doxorubicin, daunomycin ala-leu-ala-leu
gly-gly-gly-leu
gly-gly-phe-gly
gly-phe-leu-gly

5-Fluorouracil gly-phe-leu-gly-leu-gly
Mitomycin C ala-leu-ala-leu

gly-phe-ala-leu
gly-phe-leu-gly

Primaquine ala-leu-ala-leu

Figure 44.8 Exopeptidase sensitive spacers: routes of drug release. (A) Direct attack of endopeptidase at bond between drug and
spacer. (B) Aspartic acid spacer. The bond between spacer and protein can undergo acid-catalyzed degradation. In a second degradation
step, the drug is released from the spacer by exopeptidase-mediated degradation.
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conjugation of the spacer to the LMWP can be performed
under mild conditions by reacting the thiol group of cyste-
ine with a LMWP that has been thiolated with N-succini-
midyl 3-(2-pyryldithio) propionate (SPDP) or modified
with maleimido groups with m-maleidobenzoyl-N-hy-
droxysuccinimide ester (MBS). A similar conjugation pro-
cedure, using cystamine as the linker, has been described
for the coupling of MTX and several peptides to macro-
molecules (55–57).

Another amino acid that can be used as an amino acid
spacer is aspartic acid, which has been reported as an acid
sensitive spacer for the conjugation of doxorubicin (58).
This spacer might undergo enzymatic degradation, as well
as acid-catalyzed degradation of the spacer–LMWP bond
followed by enzymatic degradation of the drug–spacer
bond (Fig. 8B).

A major drawback of the conjugation of a proline-con-
taining ACE inhibitor via its carboxylic acid group is the
formation of undesired condensation products. We consid-
ered enalapril as the representative example of this class
of ACE inhibitors, since this drug does not have functional
groups that have to be protected during the conjugation
reaction. However, the activated proline carboxylic acid
group of enalapril can react with the secondary amino
group of the ACE inhibitor structure itself, resulting in the
formation of a piperazinedione internal condensation prod-
uct (R. J. Kok, unpublished data) (Fig. 9). This type of
condensation products has also been described as one of
the few metabolic products of enalapril (59). The cycliza-
tion reaction can also occur with lisinopril, but not with
captopril. However, the free thiol group of captopril can
interfere with the conjugation reactions at the carboxyl
group and therefore it needs to be protected during the syn-
thesis of the conjugate. Since a conjugate with a free thiol
group can induce an immunogenic response, thiol group
protection is also preferable in vivo (60). This could be
achieved by protecting the thiol group as a thioester, since
such a group is metabolized in vivo to the free thiol group,
as was shown for the ACE inhibitor prodrug alacepril (Fig.
5) (61). The preparation of a captopril-protein conjugate

Figure 44.9 Internal condensation reaction of enalapril. The ac-
tivated carboxylic acid group is attacked by the secondary amino
group of the ACE inhibitor.

could be started with alacepril, in which case the prodrug
moiety at the carboxylic acid group can be regarded as the
first amino acid of the peptide spacer.

In order to test whether the amino acid spacer could
also be useful for drugs with carboxyl groups that have
nonpeptide characteristics, we synthesized the model com-
pound cilazapril–phenylalanine. Degradation experiments
with lysosomal proteases indicated that this nonpeptide
conjugate could not be cleaved by proteases (R. J. Kok et
al., unpublished data). Similar lysosomal degradation ex-
periments were performed with amino acid conjugates of
naproxen, an anti-inflammatory drug with a nonpeptide
carboxylic acid group (62). All of the model compounds
proved to be resistant to lysosomal degradation. The use
of an α-hydroxy acid, instead of an α-amino acid, as spacer
proved to be a feasible solution for obtaining a biodegrad-
able conjugate of naproxen (62,63). Such a spacer, of
which l-lactic acid is a typical example, contains a hy-
droxyl group that can be used for the conjugation of the
drug via an ester bond, and a carboxyl group that is used
for the conjugation of the spacer to the protein (Fig. 10).
The naproxen-l-lactic conjugate was sufficiently stable for
renal drug delivery. Lysosomal degradation experiments
with this conjugate showed that the lysosomal degradation
of the ester bond was even slower than the degradation of
the carrier backbone itself (63).

Although ester bonds have been used frequently for the
preparation of small prodrugs, they have not been fre-
quently employed as biodegradable spacers in macro-
molecular drug conjugates (64). A disadvantage of the use
of an ester bond is its relative instability in the circulation
due to degradation by plasma esterases (65).

2. Conjugation via the Amino Group: Lisinopril

The ACE inhibitor lisinopril contains a free primary amino
group that has similar characteristics to the lysine side
chain. Lysosomal degradation experiments have demon-
strated the inability of lysosomal enzymes to degrade am-
ide bonds that are formed with such an amino group.

Figure 44.10 Concept of an esterase sensitive spacer: l-lactic
acid spacer. After conjugation of the drug to the hydroxyl group
of l-lactic acid, the spacer is coupled to a lysine side chain by
activation of the carboxylic acid group.
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Therefore we propose the use of an acid sensitive spacer
instead of aiming at enzymatic degradation for conjugated
lisinopril via its amino group. Acid sensitive spacers are
stable at neutral pH but undergo autocatalytic degradation
at the acidic pH of the lysosomal compartment. Acid sensi-
tive spacers that have been used for drug delivery are de-
picted in Fig. 11. Of these spacers, the cis-aconitic anhy-
dride (cis-ACO) spacer has been used frequently for the
conjugation of doxorubicin to different macromolecular
carriers (66–70). This spacer is commonly reacted with
the amino group of the drug, followed by an 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide (EDCI) catalyzed
conjugation of one of the cis-carboxyl groups with an
amino group of the carrier. If this cis-ACO spacer is ap-
plied for the conjugation of lisinopril, the carboxyl groups
of the drug itself should be protected beforehand, for in-
stance by esterification with ethanol. The above-described
conjugation route is depicted in Fig. 12 and has recently been
carried out (R. J. Kok et al., manuscript in preparation).

The extra protection of the carboxylic acid groups of
lisinopril is not necessary when one of the other cis-diacid
spacers is used, since the conjugation reaction of those
spacers to the carrier protein is aimed at functional groups
that are not present in lisinopril. Another disadvantage of
the cis-ACO linker is that the conjugation of the spacer to
the LMWP will not take place exclusively at the γ-carboxyl
group but also at one of the cis-carboxyl groups (66). This
results in the abolishment of acid sensitivity in some of
the conjugated drug molecules. Therefore we also aim at

Figure 44.11 Acid sensitive spacers. P denotes the attachment
site for the protein, D denotes the drug attachment site. (1) cis-
ACO (66); (2) 4-(iodoacetamide)-1-cyclohexene-1,2-dicarbox-
ylic acid (139); (3) l-aspartic acid (58); (4) cis-ribofuranomaleic
acid (140); (5) 3-substituted 2-N-(S-acetyl-thioacetyl)amino ma-
leic anhydride (141).

Figure 44.12 Conjugation of lisinopril via the cis-ACO acid
sensitive spacer. In the first reaction step, the carboxylic acid
groups of lisinopril are esterified with ethanol. Following conju-
gation of cis-ACO to the primary amino group of lisinopril, the
spacer is activated with EDCI and coupled to an amino group of
the LMWP.

preparing a lisinopril conjugate using the acid sensitive
spacer 4-(iodoacetamide)-1-cyclohexene -1,2-dicarboxylic
acid (R. J. Kok et al., manuscript in preparation).

3. Conjugation via the Thiol Group: Captopril

The ACE inhibitor captopril contains a free sulfhydryl
group that offers several possibilities for the conjugation
of the drug to an LMWP. Since thiol groups are the most
reactive nucleophilic groups in proteins, these groups can
be reacted selectively in the presence of other amino acid
side chains at neutral pH (71). Many protein cross-linking
procedures that have been developed are based on the spe-
cific reactivity of thiol groups (72). These reagents form
either a disulfide bond, which can be cleaved by reducing
agents, or a thioether bond (73). Since the latter thioether
bonds were not degradable when applied in drug targeting
conjugates like immunotoxins, this type of conjugation
seems not suitable for the preparation of ACE inhibitor
protein conjugates (74). In contrast, disulfide bond cross-
linked immunotoxins proved effective in vivo. Several di-
sulfide cross-linking reagents have been applied for the
preparation of immunotoxins (72). Of these reagents, the
heterobifunctional cross-linker SPDP was used most fre-
quently (75). Other reagents that were developed to intro-
duce free thiol groups into macromolecules are 2-iminothi-
olane (2-IT) and S-acetylmercaptosuccinic anhydride
(SAMSA) (76,77). Since the unhindered disulfide bonds
that are formed with these reagents can undergo premature
reduction in the circulation, other cross-linkers have been
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developed that contain sterically hindered disulfide bonds
(74,78–84). Figure 13 shows representative examples of
disulfide cross-linking reagents. The stability of the disul-
fide bond can be increased by the introduction of bulky
substituents next to the disulfide moiety. The steric effect
of the phenyl group in the ethyl S-acetyl 3-mercaptopropi-
onthioimidate (AMPT) spacer is greater than that of the
methyl group, but the reduced hydrophilicity of the phe-
AMPT decreases the reactivity of the spacer (82). Al-
though the introduction of substituents results in an in-
creased stability of immunotoxins both in vitro and in vivo,
no major differences were found in cytotoxicity, a process
for which intracellular disulfide bond degradation is a pre-
requisite (74,81).

Some of the disulfide spacers have a 2-pyridyl-sulfide
protecting group at their thiol group. This protecting group
reacts readily with free thiols to yield a disulfide bond.
The other reagents contain a thioacetyl group that can be
deprotected with hydroxylamine and subsequently acti-
vated with 2-2′ dipyridyl disulfide (2-DP) (72). The second
coupling site of these bifunctional linkers is directed to a
primary amino group of the protein. Figure 14 shows the
conjugation routes of captopril with three different spacers,
resulting in conjugates with a differently charged linker.
Since the net charge of a protein might influence its phar-
macokinetic behavior, it is interesting to compare the in-
fluence of these linkers on the drug targeting properties of
these conjugates.

4. Conjugation via the Phosphinate Group:
Fosinopril

The ACE inhibitor fosinopril belongs to a class of ACE
inhibitors that contains a phosphinate group as the Zn bind-
ing ligand (50). The prodrug fosinopril is hydrolyzed in the
gastrointestinal mucosa and liver to the active metabolite

Figure 44.13 Disulfide cross-linking reagents (72).

Figure 44.14 Conjugation of captopril via a disulfide linkage.
The three proposed conjugation routes yield conjugates with a
differently charged linkage. The conjugation of captopril to the
SPDP spacer can be performed directly after the reaction of SPDP
with the protein. The SAMSA spacer has to be deprotected with
hydroxylamine (NH2OH), and subsequently activated with 2,2-
dipyridyl disulfide (2-DP). Conjugation of captopril to the 2-IT
spacer also proceeds via 2-DP activation of the spacer.

fosinoprilate (85). In this section we propose procedures
for the conjugation of fosinoprilate via its phosphinate
group, thus replacing the prodrug group of fosinopril by a
linkage to a proteinaceous carrier. These conjugation strat-
egies are based on the structures of prodrugs that have been
developed for nucleotides that also contain phosphate or
phosphonate groups (86,87). Due to the polarity of the neg-
atively charged phosphate group, drugs with this group ex-
ert a low bioavailability and a low diffusion rate across
lipid bilayers (86). Various substituents have been attached
to the phosphate group to increase the lipophilicity of these
drugs. Of the linkages used in these prodrugs, the phos-
phoramide would be the most attractive for the preparation
of a fosinoprilate–protein conjugate, since this linkage is
acid sensitive (87). The phosphoramide linkage has been
applied for the lysosomotropic drug delivery of nucleotides
to the liver and macrophages using neoglycoproteins or
lactosaminated polylysine as drug carriers (88–90). Figure
15 shows the conjugation strategy that can be followed
to prepare a fosinoprilate conjugate with a phosphoramide
linkage. To prevent the concomitant reaction of the pro-
line-carboxyl group, this group should be esterified in a
procedure similar to the one applied to lisinopril in the
conjugation strategy described in Section III.D.2.

5. Discussion and Conclusions

In this review multiple conjugation routes that can be ap-
plied for the conjugation of an ACE inhibitor to a protein
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Figure 44.15 Conjugation of fosinoprilate via a phosphoramide
linkage. After protection of the carboxylic acid group of fosino-
pril by esterification, the phosphonate group can be activated and
reacted to a primary amino group of the LMWP.

are listed. The availability of structurally different but
pharmacologically equivalent ACE inhibitors offers the
possibility to choose between various biodegradable link-
ages between the drug and the carrier molecule. Although
the presented strategies were designed for a specific class
of drugs, the particular linkages can also be used to prepare
drug–protein conjugates for other types of drugs, that is,
if they contain a free carboxylic acid, amino, sulfhydryl,
or phosphate group.

Of the above presented conjugates, the ones in which
the proline carboxylic acid group of the drug is conjugated
via a peptide spacer will be the most stable in the blood-
stream. Premature liberation of the drug from the conju-
gate, i.e., before the conjugate is accumulated in the lyso-
somal compartment of the target cells, is least likely to
happen with this type of linkage. However, the stability
of the amide bond also limits the applicability of peptide
linkages to a small subset of drugs. Another disadvantage
of this conjugation route is that the first step in the synthe-
sis route will suffer a serious loss of starting compound
when the synthesis is performed with enalapril. We suggest
the use of alacepril in order to avoid this problem.

For the ACE inhibitor captopril, we have suggested sev-
eral strategies that are aimed at the free thiol group. The
formation of such a linkage can be accomplished in a
straightforward reaction with a commercially available
linker. Although disulfide bonds can undergo premature
degradation in the circulation, this aspect is of limited im-
portance if the conjugate is accumulated rapidly in the tar-
get organ. Disulfide bonds as drug carrier linkers have been
incorporated into many conjugates and exhibit only a mod-
erate immunogenic response (91,92). The availability of
a spectrum of coupling reagents with differently charged
linkers could be instrumental in the fine-tuning of the phys-
icochemical properties of the conjugate.

Alternative conjugation strategies are those in which ei-
ther lisinopril or fosinoprilate are conjugated via an acid
sensitive linkage. The degradation of this type of linkages
is a nonenzymatic process and is therefore less dependent

on the physicochemical properties of the drug than enzy-
matic degradation. With the conjugation of lisinopril, the
selective conjugation of the spacer to the protein is the
critical step. Recently, we prepared such lisinopril-ACO
derivatives and linked them to the LMWP lysozyme. These
conjugates might show an improved stability compared to
disulfide bound captopril–lysozyme conjugates.

IV. DRUGS FOR RENAL DRUG
TARGETING AND THEIR
EFFECTIVENESS AFTER
CONJUGATION TO LYSOZYME

A. Introduction

Currently, several kinds of drugs can be used for the treat-
ment of renal disorders. At present, angiotensin-converting
enzyme (ACE) inhibitors are the first-choice drugs for the
treatment of chronic kidney diseases that are characterized
by loss of proteinuria and renal function. In practice, these
drugs exhibit only moderate side effects. However, renal
targeting of an ACE inhibitor may improve the therapy in
certain cases. For example, when proteinuria is accompa-
nied by normal blood pressure, hypotension due to ACE
inhibition limits the amount of drug that can be given.

Renal inflammations like glomerulonephritis and tubu-
lointerstitial inflammation may be treated with corticoste-
roids or NSAIDs. These drugs, however, can have serious
side effects, and renal targeting of these drugs may allow
a more aggressive treatment of the inflammation. Also, a
local suppression of the immune system may be useful to
prevent transplant rejection. However, it is as yet unknown
whether suppression of the local immune system is suffi-
cient or whether the systemic system should also be sup-
pressed to prevent rejection.

Renal tumors are characterized by insensitivity to the
common antitumor drugs. This is probably due to an unfa-
vorable kinetic profile of these drugs. By renal targeting,
an antitumor drug may reach the renal tumor in higher con-
centrations while the extrarenal side effects may be re-
duced.

B. Nonsteroidal Anti-Inflammatory Drugs

Nonsteroidal anti-inflammatory drugs (NSAIDs) are
among the most commonly used drugs in the world. Their
application ranges from the treatment of headaches to that
of rheumatoid arthritis. The inhibition of cyclo-oxygenase,
responsible for the synthesis of prostaglandins, causes the
well-known analgesic, anti-inflammatory, and antipyretic
effects of the NSAIDs. However, the inhibited prostaglan-
din synthesis is also responsible for frequently observed
adverse effects such as gastrointestinal ulcerations and
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bleedings, impairment of renal perfusion, and induction of
acute airway obstruction responses. The number and sever-
ity of the adverse reactions increases with dose and time.
With respect to the kidney, the inhibition of prostaglandin
synthesis can have disastrous consequences, in particular
when prostaglandin synthesis is required to maintain renal
perfusion. This is crucial, for example, during hypovo-
lemia or sodium restriction or in diabetic and cirrhotic pa-
tients (93–95). A significant number of people having used
NSAIDs chronically now require hemodialysis.

However, the application of NSAIDs in the case of sev-
eral renal diseases is feasible. Before the development of
ACE inhibitors, treatment with NSAIDs formed the com-
mon therapy to lower proteinuria in diabetic patients (96).
Their application is still of importance when an ACE in-
hibitor is poorly effective or side effects hamper further
treatment. In addition, the treatment of glomerulonephritis
may benefit from a short-term application of NSAIDs. Fi-
nally, NSAIDs may be used for the treatment of tubular
defects seen in Fanconi and Bartter’s syndromes. There-
fore the development of renal-selective NSAID conjugates
with minimum effect on renal hemodynamics forms a chal-
lenge.

1. Naproxen–lysozyme

Although a conjugate with an ester spacer is favorable
compared with a conjugate with a direct peptide linkage,
we continued our research using a conjugate with naproxen
coupled directly to lysozyme, since the synthesis of the
conjugate with an ester spacer (naproxen-l-lactic acid-ly-
sozyme) is cumbersome (Fig. 16). Fortunately, the catabo-
lite of the conjugate with direct peptide linkage (na-
proxen–lysine) appeared to have an equipotent inhibitory

Figure 44.16 Chemical structure of naproxen–lysozyme. Na-
proxen-N-hydroxysuccinimide was reacted with lysozyme, re-
sulting in the naproxen–lysozyme conjugate with a peptide link-
age between the free carboxylic group of naproxen and one of
the free amino groups of lysozyme.

Figure 44.17 Urinary excretion of PGE2 (panel A), sodium
(panel B), and water (panel C) after twice daily intravenous
administration of vehicle (white bars, n � 6) or naproxen
(10 mg ⋅ kg�1 ⋅ 24h�1, black bars, n � 6) treated rats. Furosemide
10 mg ⋅ kg�1 was given subcutaneously on days 4 and 5 addi-
tionally to all groups of rats. Urine parameters were determined
in urine collected during the daytime. Data are expressed as
mean � SEM. Difference of naproxen versus vehicle treated
rats: *, p � 0.05; #, p � 0.005.

effect on prostaglandin synthesis in vitro as the parent drug
(63,97).

The coupling of 2 moles of naproxen to 1 mole of lyso-
zyme did not affect the renal uptake or catabolism of the
lysozyme carrier in the rat. The conjugate, like native lyso-
zyme, rapidly accumulated in the kidney. Focusing on the
drug moiety of the conjugate, it was shown that the conju-
gation of naproxen to lysozyme distinctly altered the kinet-
ics of the drug. Conjugation to lysozyme resulted in a 70-
fold increase in naproxen concentrations in the kidney
(Fig. 17). After delivery to the kidney, naproxen was grad-
ually released from the conjugate in the form of naproxen–
lysine. This catabolite was subsequently eliminated from
the kidney, and after a single injection, drug levels in the
renal tissue gradually decreased with a half-life of 160 min.
Since no detectable amounts of naproxen or its lysine con-
jugates are found in the plasma after administration of con-
jugate, it can be inferred that excretion into the urine is
the crucial process determining the elimination half-life.
The lack of diffusion to the bloodstream is favorable in
relation to unwanted extrarenal effects (98).

Having obtained this promising kinetic profile, it was
investigated whether naproxen–lysozyme exhibits renal
effects in the rat. Naproxen, as an inhibitor of cyclo-oxy-
genase, blocks prostaglandin synthesis. Among others, na-
proxen reduces furosemide-stimulated urinary excretion of
prostaglandin E2 (PGE2) as well as the natriuretic and di-
uretic effects of furosemide. Studies with the conjugate
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Figure 44.18 Urinary excretion of PGE2 (panel A), sodium
(panel B), and water (panel C) after twice daily intravenous ad-
ministration of vehicle (white bars, n � 6) or naproxen–lysozyme
(10 mg ⋅ kg�1 ⋅ 24h�1, black bars, n � 6) treated rats. Furosemide
10 mg ⋅ kg�1 was given subcutaneously on days 4 and 5 addition-
ally to all groups of rats. Urine parameters were determined in
urine collected during the daytime. Data are expressed as
mean � SEM. Difference of naproxen versus vehicle treated
rats: *, p � 0.05; #, p � 0.005.

showed that naproxen–lysozyme treatment clearly pre-
vents furosemide-induced excretion of PGE2. This oc-
curred in a dose of naproxen that was not effective in the
unconjugated form (Fig. 17A and 18A) (99).

Surprisingly, this effect occurred in the absence of a
change in natriuretic and diuretic response to furosemide
(Figs. 17B and 18B). In this respect, the pharmacological
effect differed from treatment with a high dose of free na-
proxen. An explanation for these differences remains to be
found. One possibility is that there is a difference in intra-
renal kinetics of the NSAID conjugate compared with the
parent drug. Free naproxen is extensively reabsorbed in the
distal tubule of the kidney, via which route it may effec-
tively inhibit prostaglandin synthesis in the medullary in-
terstitial cells. On the other hand, naproxen–lysine is more
hydrophilic and may be unable to reach these sites of pros-
taglandin synthesis involved in the furosemide-induced ex-
cretion of sodium and water. These data show that renal
drug targeting preparations can also be used as tools to
unravel the mechanisms of renal therapeutic effect.

C. Angiotensin Converting Enzyme Inhibitors

1. The Renin Angiotensin System

Angiotensin converting enzyme (ACE) inhibitors form a
relatively new class of antihypertensive drugs acting on the
renin angiotensin system (RAS). The RAS is an enzymatic

system that results in the formation of angiotensin II, via
two consecutive steps. In the first step, angiotensinogen,
synthesized in the liver, is cleaved by the soluble protease
renin into the decapeptide angiotensin I. In the second step
angiotensin I is converted to the bioactive octapeptide an-
giotensin II by the membrane bound protease ACE, lo-
calized at the luminal side of epithelial cells in the gastro-
intestinal tract, the renal proximal tubule, and at the
endothelium of vascular cells (100). Finally, degradation
of angiotensin II into angiotensin 1–7 and angiotensin 2–
8 by ACE or other endopeptidases occurs rapidly (Fig. 19).

In the classical view, the RAS serves as a ‘‘circulating
endocrine system.’’ The presence of many components of
the RAS in other tissues has led to the concept of a local
acting tissue RAS (101–105). Particularly, the detection
of much higher concentrations of angiotensin II in the renal
tubular fluid than in the plasma has focused attention on
a possible physiological role for the RAS in the kidneys
(106,107). However, the exact contribution of this local
renal RAS has not been elucidated so far (see Section
IV.C.2). In providing a renal specific ACE inhibitor, drug
targeting constructs may offer a pharmacological approach
to determine the effects of renal ACE inhibition.

2. Effects of Angiotensin II and ACE Inhibitors

Angiotensin II exerts numerous actions both systemically
and intrarenally. The regulation of systemic blood pressure
is among the most important roles of angiotensin II. A
number of different mechanisms contribute to the blood-
pressure-stimulating activity. First, angiotensin II produces
sodium (and water) retention through a direct effect on the
proximal tubular cells as well as the release of aldosterone
from the adrenal gland (108,109). Additionally, angioten-
sin II regulates systemic blood pressure and renal hemody-
namics resulting from its strong vasoconstrictive proper-
ties. Intrarenally, this leads to an increased glomerular
capillary pressure and a reduction of the renal blood flow
(105,109). Several studies have investigated the contribu-
tion of intrarenal angiotensin II production on systemic
blood pressure (110), renal blood flow, and urinary sodium
excretion (111–114) using intrarenal or intra-arterial ad-
ministration of low dosages of ACE inhibitor to obtain a
renal specific ACE inhibition. These studies made clear
that local ACE inhibition is likely to have profound effects
on renal physiology and pathology as well as on systemi-
cally related parameters. However, the techniques used in
these investigations all required special surgical proce-
dures. Moreover, the contribution of extrarenal ACE inhi-
bition cannot be fully excluded in these investigations due
to the administration of active ACE inhibitor. A systemi-
cally inactive renal specific ACE inhibitor–LMWP conju-
gate may provide a pharmacological tool to solve the prob-
lems of surgery and extrarenal effects.
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Figure 44.19 The renin angiotensin system (RAS). In the circulating RAS, liver-derived angiotensinogen is converted by kidney-
derived renin into angiotensin I in the circulation. Angiotensin I is converted into angiotensin II by angiotensin converting enzyme
(ACE) in the lungs during the passage of the blood through the pulmonary circulation. ACE is a membrane bound protein, oriented
with its active site at the outside of the cell. In the tissue RAS, the soluble components (renin, angiotensinogen, or angiotensin I) of
the RAS are either synthesized locally or acquired from the circulation. Angiotensin II can be generated locally when both ACE and
angiotensin I are present.

Besides the hemodynamic actions, angiotensin II also
has trophic effects on vascular smooth muscle cells and
mesangial cells (108,115). Angiotensin II has direct effects
on cell growth, as well as indirect effects by stimulating
the expression of other growth factors and an activation of
the immune system (21,115,116). Finally, angiotensin II
is probably an important mediator of cytokine release and
progressive inflammation processes causing renal function
loss during chronic renal disease (21).

The development of ACE inhibitors caused a break-
through in the drug treatment of renal failure in particular.
These drugs were shown to reduce proteinuria and retard
the chronic progression of renal function loss in both dia-
betic and nondiabetic renal disease (117–120). The mecha-
nisms by which the ACE inhibitors could show their reno-
protective effect are summarized in Table 3. An important
renoprotective mechanism of ACE inhibitors is their in-
fluence on the glomerular capillary pressure, caused

Table 44.3 Postulated Renoprotective Mechanisms of ACE
Inhibitors

Normalization of systemic blood pressure
Control of glomerular capillary pressure
Decreased mesangial macromolecular deposition
Decreased mesangial proliferation
Improved glomerular permselectivity
Decreased proteinuria
Decreased tubulointerstitial injury
Decreased procollagen formation
Improved serum–lipid profiles

by vasodilation of the arterioles in the glomerulus
(105,121,122). This pressure lowering results in an im-
proved glomerular permselectivity and a marked decrease
of proteinuria (120,123,124). Since proteinuria is now con-
sidered as an independent risk factor for renal function loss
(125), the reduction of proteinuria may be related to the
long-term renoprotective effect (120). However, ACE in-
hibition using standard drug dosages does not always guar-
antee an adequate reduction of proteinuria. Further incre-
ment of the dose is hampered by the concomitant fall of
systemic blood pressure. Since intrarenal production of an-
giotensin II is believed to play an important role in the
development and progression of renal disorders, renal spe-
cific ACE inhibitor–lysozyme conjugates may provide a
way to improve renal drug therapy.

3. Captopril–Lysozyme

We have coupled the ACE inhibitor captopril to the
LMWP lysozyme via a disulfide bond (see Section III.D.3,
Fig. 20). Conjugation of captopril to lysozyme resulted in
a sixfold increase of captopril accumulation in the kidney.
This modest enrichment, as compared to naproxen–lyso-
zyme, is due to the fact that free captopril is highly cleared
by the kidney itself. After renal uptake, captopril was rap-
idly released from the conjugate as indicated by the rapid
decrease of renal captopril levels in time. The difference
in renal half-life of naproxen and captopril after delivery
is likely to be due to an unequal rate of release from the
lysozyme conjugates (126). Whereas naproxen–lysozyme
requires a peptidase for cleavage, captopril is released from
the conjugate enzymatically by β-lyase and/or nonenzy-
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Figure 44.20 Chemical structure of the captopril–lysozyme
conjugate. Captopril is coupled via a disulfide bond to the thiol
group of the SMPT spacer. The amine-reactive end of the spacer
is linked to a lysine residue of lysozyme.

matically by thiol-disulfide exchange with endogenous thi-
ols. To reduce the rate of captopril–lysozyme breakdown,
two different cross-linking reagents, SPDP and SMPT,
were tested. Although an SMPT link between two proteins
is in principle less susceptible to disulfide reduction, no
difference in degradation rate was found between the
SPDP and SMPT captopril–lysozyme conjugates (127).

In an ex vivo experiment in the rat, we measured the
extent of ACE inhibition in plasma and the kidney after a
single intravenous injection of the conjugate and an equi-
molar dosage of free captopril. Captopril–lysozyme
caused a similar but more sustained renal ACE inhibition
(Fig. 21B). The inhibition of plasma ACE activity was also
markedly reduced but not entirely prevented (Fig. 21A).
Possibly, the disulfide bond is partly degraded within the
circulation. However, transportation of free captopril back
into the circulation after renal degradation of the conjugate
provides an alternative explanation for the observed
plasma ACE inhibition. The rapid intracellular release may
provide a sufficient driving force for transport across the
basolateral membranes (R. F. G. Haverdings et al., manu-
script in preparation).

Importantly, captopril–lysozyme did not significantly
affect systemic blood pressure, whereas an equimolar dose
of captopril itself largely decreased blood pressure (Fig.
22). While free captopril (5 mg ⋅ kg�1 ⋅ 6h�1) completely
prevented the angiotensin-I-induced pressor response, this
response was more maintained after infusion of equimolar

amounts of captopril–lysozyme. However, in line with the
direct ACE activity measurements in renal tissue and
plasma, the angiotensin-I-induced pressor response was
still present in captopril–lysozyme treated rats, but also
less than in untreated rats, suggesting that systemic activity
was not fully prevented (R. F. G. Haverdings et al., manu-
script in preparation).

Both free and conjugated captopril did not affect glo-
merular filtration. Renal plasma flow increased to the same
extent during treatment of free and conjugated captopril (1
mg ⋅ kg�1 ⋅ 6h�1). Although a complete dose–effect relation
was not performed, we can conclude that captopril still
provides clear effects on the renal plasma flow after conju-
gation to lysozyme. Whether this effect is determined by
intrarenal or systemic ACE inhibition remains to be
studied.

At the moment, the synthesis of lysozyme conjugates
with ACE inhibitors other than captopril is studied. Some
of these ACE inhibitors may be advantageous for renal
delivery; an example is lisinopril. The amount of conjugate
required for therapy can be significantly reduced when us-
ing lisinopril, which has a higher affinity for ACE. Further-
more, the plasma stability of the conjugate may be in-
creased by using an ACE inhibitor that is conjugated to
lysozyme via a linkage that is more stable in plasma (e.g.,
lisinopril can in principle be coupled via an acid sensitive
spacer).

D. Doxorubicin

The antineoplastic agent doxorubicin (adriamycin) is a
standard drug in the chemotherapy of a variety of cancer
diseases, including bladder carcinoma. However, although
effective, the repeated administration of these drugs retro-
gradically via the urethra is a rather patient-unfriendly
method (128,129). Unfortunately, the intravenous applica-
tion is restricted due to the low urinary excretion of doxo-
rubicin and the occurrence of cardiac toxicity, which is
related to the total cumulative doxorubicin dose. Drug tar-
geting may be able to prevent the occurrence of these side
effects after intravenous administration and may form an
alternative approach to bladder instillation.

During in vivo testing of doxorubicin conjugates it is
important to realize, however, that the doxorubicin toxicity
in rodents is shifted toward the kidney. The degeneration
of the negatively charged glycoproteins in the glomerular
basement membrane is followed by progressive loss of
glomerular permselectivity. As a consequence, serum pro-
teins are excreted in the urine (proteinuria) once the tubular
protein reabsorption transport is overloaded. Moreover, the
excessive amounts of reabsorbed protein congest the lyso-
somal compartment, causing tubular protein cast formation
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Figure 44.21 ACE activity in plasma (panel A) and kidneys (panel B) after single intravenous administration of captopril–lysozyme
(lysozyme (0.2 mg ⋅ kg�1 captopril, corresponding to 33 mg ⋅ kg�1 lysozyme, striped bars, n � 6) and unbound captopril–lysozyme
(0.2 mg ⋅ kg�1 captopril plus 33 mg ⋅ kg�1 lysozyme, black bars, n � 6). The shaded area indicates the 95% confidence interval of the
ACE activity of control rats. Data are expressed as mean � SEM. Difference of conjugate versus captopril treated rats: *, p � 0.05.

and rupture of lysosomes. Due to the release of aggressive
enzymes from the lysosomes in the cytosol, cell death oc-
curs. This vicious circle leads to a progressive loss of neph-
rons and a fall of renal function with time (130–134).

Since the doxorubicin-induced proteinuria in rodents re-
sembles the nephrotic syndrome in man, this animal model
is generally used to study the effectiveness of antiprotein-
uric drugs (135,136) such as our newly developed renal
specific antiproteinuric drug conjugates.

1. Doxorubicin–Lysozyme

In previous sections the selective accumulation of LMWPs
and drug–lysozyme conjugates in the renal proximal tubu-
lar cell has been discussed. Furthermore, in Section III.B
we stressed the importance of positive charges in the lyso-
zyme molecule for this tubular uptake. For tubular reup-
take only a limited number of amino groups can be substi-
tuted to prevent loss of conjugate via the urine, and
excessive drug loading may alter the favorable tissue dis-
tribution (45).

Note that tubular reabsorption should be prevented
when using LMWPs for drug delivery to the distal urinary
tract. We have considered the possibility of reacting all
available free amino groups of the LMWP with drug mole-
cules to prevent the tubular uptake process. Doxorubicin
was coupled to lysozyme via the cis-aconityl acid-labile
spacer, with an average coupling degree of 6.3 mol doxoru-
bicin to 1 mol of lysozyme (Fig. 23). Since lysozyme con-
tains seven free amino groups, an almost complete deriva-
tization was obtained. In vitro studies showed a time
dependent release of doxorubicin up to 45% after 6 hours
at pH 4.5 and 37°C (137).

Figure 44.22 Systemic blood pressure during 6 hour infusion
of vehicle (open circles, n � 6), lysozyme (100 mg ⋅ kg�1 ⋅ 6h�1,
closed circles, n � 6), captopril (1 mg ⋅ kg�1 ⋅ 6h�1, open dia-
monds), captopril, (5 mg ⋅ kg�1 ⋅ 6h�1, open squares, n � 6) or
captopril–lysozyme (5 mg ⋅ kg�1 ⋅ 6h�1, corresponding to 100
mg ⋅ kg�1 ⋅ 6h�1 lysozyme, closed squares, n � 6). Values given
at t � 0 h represent mean baseline values of 2 hour vehicle infu-
sion in all groups. Data are expressed as mean � SEM.
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Figure 44.23 Chemical structure of the doxorubicin–aconityl–lysozyme conjugate.

The urinary kinetics of doxorubicin–lysozyme and free
doxorubicin were studied in healthy rats. Following a sin-
gle intravenous injection of 2 mg ⋅ kg�1 free doxorubicin,
only 4% of the dose was recovered in the urine 24 hours
after administration. In contrast, doxorubicin–lysozyme
resulted in a much higher urinary excretion of doxorubicin:
27% and 39% of the dose after injection of 2 and 10
mg ⋅ kg�1, respectively. In the same study, the development
of proteinuria was followed. After a single injection of 2
mg ⋅ kg�1 free doxorubicin, all rats developed a marked
proteinuria and glomerulosclerosis with a maximum of ap-
proximately 450 mg protein per day. Rats treated with ei-
ther 2 or 10 mg ⋅ kg�1 doxorubicin–lysozyme did not de-
velop proteinuria or glomerulosclerosis (Fig. 24) (137).
Studies on the efficacy of this conjugate for the treatment
of bladder cancer are now in progress. Rapid release of
sufficient doxorubicin from the conjugate present in the
bladder lumen can in principle be produced by acidifica-
tion of the urine. This may provide sufficiently high con-
centrations in the bladder, enabling diffusion into the
tumor.

V. CONCLUDING REMARKS

In this chapter we have pointed out that the kidney is a
feasible target organ for drug delivery. The kidney offers
a number of characteristics including a high blood perfu-
sion and efficient uptake mechanisms that may retain the
tubular delivered drug. Since a number of renal diseases
can still not be effectively treated, or serious adverse ef-
fects hamper drug treatment, selective drug delivery to the

Figure 44.24 Time course of urinary protein excretion after
single intravenous administration. Open squares: 2 mg ⋅ kg�1 un-
bound doxorubicin (n � 5); black/white squares: 2 mg ⋅ kg�1

doxorubicin–aconityl–lysozyme (n � 6); closed squares: 10 mg
⋅ kg�1 doxorubicin–aconityl–lysozyme (n � 5). Data are ex-
pressed as mean � SEM.

kidney, leading to local accumulation of drugs, could help
to overcome some of these problems. In this chapter we
have described the low-molecular-weight protein approach
to target the proximal tubular cell in the kidney. Since this
cell type is essential in the regulation of sodium and fluid
homeostasis as well as in the induction of renal inflamma-
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tory processes, it appears a suitable target for drug deliv-
ery. At present, we have investigated the effectiveness of
ACE inhibitors and NSAIDs, drugs that are presently used
in the drug treatment of renal disorders. Coupling of these
drugs to the renal carrier resulted in a marked increase in
renal selectivity as well as a change in their pharmacologi-
cal profile. Additionally, we showed that charge modifica-
tions in the lysozyme molecule can be applied in the selec-
tive delivery of doxorubicin to the urinary bladder.

In future, these developments may not only improve the
safety and efficacy of drug treatment, but therapy may also
benefit from new pathophysiological insights provided by
organ selective pharmacological tools.
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Arthroplasty, 84

silicone joint, 84
Artificial joints, 563

high-density polyethylene (HDP), 564
Artificial larynx, 85

silicone tracheosophageal valve, 85
Artificial tears, 391

benzalkonium chloride, 391
poloxamer, 391, 407
poly(vinyl alcohol), 391
sodium hyaluronate, 391

Artificial teeth, 438
porcelain, 438

ASGP receptors, 976
asialoorosomucoid, 976
distribution, 976
galactose-modified materials, 976
ligand, 976
physiological function, 976

Autologous chondrocytes, 18
neocartilage, 18

Barriers of the mucous membrane,
1033

metabolic, 1034
physicochemical, 1034

Biocompatibility, 334
cytotoxicity, 334

Bilayers, 783
Binary lipids, 790

thermodynamic properties, 790
Bioabsorbable composites, 547

cellular response, 548
poly(D-lactic acid), 548
poly(L-lactic acid), 548
self-reinforced, 547

Bioabsorbable fixation, 550, 555
ankle fractures, 552
bioabsorbable rods, 550
bioabsorbable screws, 551
glenoidal rim fractures, 550
humeral capitellum, 551
humeral condyle, 550
orthopaedic surgery, 552, 554
osteochondritis dissecans, 554
osteotomies, 553
proximal humerus, 550
rheumatoid arthritis, 554
soft tissue, 555
talocrural arthrodesis, 553
traumatology, 554

Bioabsorbable implants, 546, 556
clinical foreign-body reaction, 556
complications, 556
drug delivery, 547
porous composites, 547
suture, 546

Bioabsorbable polymers, 545, 975
clinical foreign-body reaction, 556
complications, 556
poly(glycolic acid), 546
polyesters, 545

Bioactive bone cement, 580
AW glass ceramic, 580
hip prosthesis, 582

Bioactive filler, 581
clinical foreign-body reaction, 556
complications, 556

Bioadhesion, 1064
bioadhesive force, 1065
mechanisms, 1064
peel test, 1065
tensile stress, 1065

Bioadhesive buccal patch, 1072
eudragit, 1073
insulin, 1072

Bioadhesive devices, 1072, 1074
alginate, 1074, 1075
alginate-chitosan microcapsules, 1075
buprenorphine, 1072
gastrointestinal tract, 1074
glyceryl trinitrate, 1072
hydroxypropylmethylcellulose, 1072
metronidazole, 1072
oral cavity, 1072
pectin, 1075
peptide delivery, 1072
polycarbophil, 1074
polylysine, 1075
poly(acrylic acid), 1072
testosterone, 1072

Bioadhesive drug delivery, 1063, 1067
bioadhesion, 1063
characterization, 1067
mucoadhesion, 1063
nonspecific bioadhesion, 1063
specific bioadhesion, 1063

Bioadhesive polymers, 1067
amine function, 1071
carbopol, 1071
carboxylic function, 1071
charge/pH, 1071
chitosan, 1071
α-chymotrypsin, 268
cross-linking, 1068
drug/excipient concentration, 1071
hydration levels, 1070
hydrophilic functional groups, 1068
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[Bioadhesive polymers]
ionic bioadhesive polymers, 1071
molecular weight, 1070
pharmaceutical applications, 1067
poly(acrylic acid), 1071
poly(ethylene oxide), 1071
poly(vinyl alcohol), 1071
poly(vinyl pyrrolidone), 1071
polymer combinations, 1071
polysaccharides, 1068
segment mobility/flexibility, 1070
6-O-carboxymethyl chitin, 39
vinyl polymers, 1068

Bioartificial pancreas, 983, 991, 995
agarose microcapsules, 996
Ba-alginate microcapsules, 996
Ca-alginate microcapsules, 996
chitosan, 997
conformal microcapsules, 998
conventional-size microcapsules, 999
diabetes mellitus, 983
insulin-dependent type I, 983
insulin-dependent type II, 983
islet graft destruction, 991
macrocapsules, 995
macrodevices, 995
poly(ethylene glycol) microcapsules, 997
poly(hydroxyethyl methacrylate-co-methyl methacrylate)

microcapsules, 997
Biocompatibility, 336, 340

blood interaction, 338
elastomers, 340
hemocompatibility, 338
humans, 340
intercutaneous reactivity, 336
local reactions, 341

Bioconjugation, 854, 860
aldehyde groups, 857, 861
amine groups, 857, 861
antibodies, 856
breaking point, 862
carboxylic groups, 857, 861
coupling reactions, 858, 860
functional groups, 857
N-succinimidyl 3-(2-pyridyldithio)propionate, 857
polypeptides, 854
polysaccharides, 856
sulfhydryl groups, 857
sulfhydryl-reactive methods, 859
Traut’s reagent, 857

Biodegradable polyurethane, 351
biocompatibility, 351

Biodegradation, 339
Biodegradable inserts, 398

dexamethasone, 399
gelatine derivatives, 399

[Biodegradable inserts]
Gelfoam, 399
polyesters, 399

Biohybrid artificial pancreas, 983
islet graft immunoisolation, 988
islets, 987
macrodevices, 988
microcapsules, 989
physical configuration, 988

Bioinjectable materials, 83
collagen, 84
polydimethylsiloxane, 84
polytetrafluoroethylene, 83

Biolex, 136
Biological adhesives, 724

fibrin tissue, 724
Biological systems, 73

structural organizations, 73
Biological textile, 520

autologous, 520
heterologous transplants, 520
homologous transplants, 520

Biomaterials, 1, 123, 141, 254, 361, 363, 366, 459, 492
biochemical modifications, 368
biodegradable, 123
calcification, 141
cells, 361
dermocosmetic polymers, 459
hydrophilicity, 367
hydrophobicity, 367
microgrooved surfaces, 369
microporous surfaces, 369
microtextured, 370
morphological modifications, 368
nitric oxide, 123
physicochemical modification, 367
polysaccharides, 1
staplers, 492
surface functionalization, 254
surface modification, 366
surface roughness, 369
suture materials, 492
tissue adhesives, 492
wound closure, 492

Biomimetic actuators, 140
poly(vinyl alcohol), 140

Biomimetics, 63, 64
biofunctional molecules, 64

Biomimetics-derived material, 73
processing methods, 73

Biomineralization, 73
calcium phosphate nanoparticles, 73

Biomolecule-responsive hydrogels, 971
DNA, 971
poly[6-(acryloyloxymethyl)uracil], 971
RNA, 971
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Bioprosthetic vascular grafts, 23
heparin, 23

Biosensor, 277, 284
amperometric enzyme immunoassay, 277
colorimetric enzyme immunoassay, 277
immobilized biopolymer layers, 284

Blood, 611, 613
clot formation, 615
coagulation, 613
coagulation control, 616
coagulation inhibitors, 616
contact system, 614
fibrinolytic system, 615
intrinsic pathway, 614
platelet activation, 615
primary haemostasis, 613
thrombin, 615

Blood coagulation, 618
plastics, 618

Blood compatibility, 628
antithrombogenic materials, 629
polymeric surfaces, 628
protein adsorption, 628

Blood-contacting polymers, 624
antitumor activity, 624
contrast agents, 625
drug delivery, 624
5-fluorouracil (5-FU), 624
immunoadjuvant, 625
thrombogenic, 625

Bone cement, 577
poly(methyl methacrylate), 578

Bone morphogenetic proteins, 18
alginate scaffolds, 19

Bone prostheses, 84
silicone, 84

Brucela polysaccharide, 2
antigen, 2

Buccal drug delivery, 1072
chitosan/ethylcellulose, 1073
Orabase, 1073
Zilactin, 1073

Buccal tablets, 1042
carbopol, 934, 1042
hydroxypropylcellulose, 1042
insulin, 1043
isosorbide dinitrate, 1043
triamcinolone acetonide, 1042

Burn dressing, 451
biomaterials, 451

Cadherins, 362
adhesion, 362
glycoproteins, 362

Calcium alginate, 13, 14, 15, 16, 17, 172
ampicillin, 16

[Calcium alginate]
drug delivery, 15, 172
fibroblasts proliferation, 17
gel, 13
haemorrhage, 17
indomethacin, 16
nucleic acids, 14
nicardipine HCl, 15
regenerate cartilage, 17
surgical infections, 17
tiramide, 16
tissue engineering, 17
wound dressing, 17

Calcium alginate-chitosan salt, 16
nicotinic acid, 16

Canavalin A, 741
glycosylated insulin, 741

Cancer therapy, 723, 823
liposomes, 823

Captopril-lysozyme, 1133
Carbomer, 383

mucoadhesion, 383
pilocarpine, 383

Carbopol, 389, 391
flurbiprofen, 389,
ocular tolerance, 391

Carboxymethyl starch, 10
vancomycin, 10

Carboxymethyl chitosan, 38
Cardiovascular device, 85, 86

valvuloplasties, 85
silicone-coated tubing, 86

Catgut, 494
linen, 493
multifilament, 494

Cationic amphiphile, 945
N-t-butyl-N′-tetradecyl-3-tetradecylaminopropionamidine,

945
Cationic lipid, 930, 931, 944, 787, 933, 944, 945, 946

boc-arginine dimyristylamide, 946,
cationic lipid/DNA complex, 930
DC-chol/DOPE, 933
1,2-dimyristyloxypropyl-3-dimethyl-

hydroxyethylammonium bromide, 944
1,2-dioleyl-3-(4′-trimethylammonio)butanoyl-sn-glycerol,

944
1,2-dioleyloxy-3-(trimethylammonio)propane, 944
dioctadecylamidoglycyl-spermine, 944
dioctadecyldimethylammonium chloride, 944
N-[1-(2,3-dioleyl)-propyl]-N,N,N-trimethylammonium

chloride (DOTMA), 943
dioleyl phosphatidylethanolamine, 930
N-[2,3-(dioleoyloxy)propyl]-N,N,N-trimethylammonium

chloride, 787, 930
3β [n′,N′-(dimethylaminoethane)-carbamoyl]cholesterol,

946
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[Cationic lipid]
N-[1-(2,3-dioleoyloxy)-propyl]-N-[(1-hydroxy)ethyl]-N,N-

dimethylammonium iodide, 945
gene transfection, 931
head-group, 931
lipofectAmine, 933
lipofectin, 933,
phosphatidylethanolamine, 943

Cationic liposomal vectors, 930
cationic liposome, 930
cholesterol derivatives, 930
3β [N-(n′,N′-dimethylaminoethane)-carbamoyl]-cholesterol,

930
Cationic liposome-entrapped, polycation-condesed DNA

(LPD-I), 932
in vivo gene transfer, 934
structure, 934

Cationic liposomes, 808, 947
DNA complexes, 808
protein delivery, 946

Cationic polymer/DNA complexes, 847
systemic distribution, 847

Cell migration, 366
actin cytoskeleton, 366

Cells, 361
adhesion, 361

Cellophane, 269
immobilization of α-chymotrypsin, 269
surface topography, 270

Cellular anchorage, 361
Celluloseacetatephthalate, 387

pilocarpine, 387
Celluloseacetate, 3

hallow fibber, 3
membrane, 3

Cellulosecarbamate, 4
hemocompatibility, 4
cellulose derivatives, 381, 486
ethylcellulose, 486
ethylmethylcellulose, 486
hydroxyethylcellulose, 382, 486
hydroxypropylcellulose, 382
hydroxypropylmethylcellulose, 382
methylcellulose, 381
sodium carboxymethylcellulose, 382

Cellulosesulfate, 5
anti-HIV, 5

Cellulose, 3, 745
blood purification, 3
dialysis membranes, 3
hemodialysis, 3
membrane, 3
poly(acrylic acid), 745
poly(2-methacryloyl-oxyethyl)phosphoacrylcholine, 3
regenerated, 3

Cementing technique, 583

Cervical drug delivery, 1076
bioadhesive devices, 1076
cervical cancers, 1076
5-fluorouracil, 1076
poly(vinyl chloride), 1076
uterine cancers, 1076

Chemoimmunoconjugates, 864, 872
antibodies, 865
antigenic targets, 865
clinical trials, 865
cytotoxicity, 872
doxorubicin-BR96-immunoconjugate, 867
methotrexate-KS1/4-conjugate, 868
monoclonal antibody, 865

Chitin gels, 193
properties, 193,

Chitin, 26, 192
gels, 192,
water-soluble, 26

Chitosan derivatives, 38, 176
N-alkyl-, 176
polyethylene glycol grafted, 176

Chitosan glutamate, 219
8-L-arginine vasopression, 219
9-desglycinamide, 219
insulin, 220

Chitosan microspheres, 227
capillary extrusion, 229
controlled release of drugs, 227
crosslinked, 227
interfacial acylation, 227
ionic gelation, 228
oxytetracycline, 227
precipitation technique, 228
sodium diclofenac, 228, 229
solvent evaporation, 228
spray-drying technique, 228

Chitosan nanoparticles, 225
tripolyphosphate, 225
vaccine carrier, 225

Chitosan nanospheres, 226
crosslinked, 226
macromolecular drugs, 226

Chitosan oligomers, 224
plasmid complexes, 224

Chitosan scaffolds, 174
mechanical properties, 175
porous membranes, 175

Chitosan sponge, 37
growth factor-BB, 37

Chitosan, 24, 26, 27, 28, 31, 35, 37, 38, 39, 173, 174, 187,
190, 193, 201, 213, 219, 220, 222, 224, 225, 226,
229, 231, 1071

alginates, 31, 173
5-aminosalicylic acid, 29
angle of response, 232
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[Chitosan]
antibacterial action, 25
anticalcification agents, 30
antiresorption agents, 30
bacteriostatic properties, 200
berberine, 31
binding efficiency, 232
bisphosphonate, 30
bioactivity, 201
bioadhesivity, 25
biocompatibility, 25, 199
biodegradability, 199
biomaterials, 25, 26
biomedical applications, 187
blood compatibility, 25
buserelin, 219
cancer therapy, 28
carboxymethylcellulose, 35
cholesterol, 25
chondroitin sulphate, 37
cisplatin, 28
cell adhesion, 200
cell proliferation, 200
celluloseacetatebutyrate, 27
crosslinked, 27
chemical properties, 173
colon-specific drug delivery, 231
complex coacervation of DNA, 223
crystallinity, 193
cytocompatibility, 200
DNA interaction, 29, 38
DNA complexation, 37, 174, 223
delivery system for plasmids, 223
deoxycholic acid, 223

groups, 38
disintegrate, 232
drug delivery systems, 26
electrostatic interactions, 197
ethylcellulose, 27
ethylene diamine tetraacetic acid, 31
fibbers, 25, 196
flakes, 195
fungistatic properties, 200
5-Fluorouracil, 39, 206
gadolinium, 29
gene delivery, 222, 223
gelatine, 36
gels, 30
gentamicin, 30
hemocompatibility, 199
heparin, 31, 173
hydrocortisone acetate, 29
hydrochloride form, 194
hydrogen bonding, 197
hydrophobic interactions, 197
hydrolysed, 174

[Chitosan]
α-hydroxy acids, 206
immune response, 227
immuno stimulants, 28
immunology, 174
implantable, 229
indomethacin, 29
insulin, 36
insulin absorption, 231
interactions with biomolecules, 173
interactions with cells, 173
interaction with lipids, 198
ionic complex, 173, 174
ketoprofen, 27
lucifer Yellow VS dye, 30
macromolecular produgs, 39
membranes, 25
6-mercaptopurine, 36
microcapsules, 27, 28
microparticules, 196
microspheres, 27, 28
molecular organizations, 191
morphine-6-glucuronide, 220
mucoadhesive, 25
mucociliary transport rates, 220
mucosal adjuvant, 225, 226
mucosal vaccination, 227
nasal absorption, 36
nanospheres, 224
nonviral delivery, 222
origin, 187
oxidized cellulose, 36
pH-sensitive hydrogels, 220
peptide, 29,
permeability, 226
pharmaceutical excipient, 231, 232
physical properties, 173
physicochemical properties, 196,
plasmid complexes, 224
pluronic, 31
polyelectrolyte complexes, 31, 198
polyphosphoric acid, 36
polymorphism, 194
poly(acrylic acid), 173
powders, 195
prednisolone sodium phosphate, 29
preparation, 187, 213
properties, 187
proteins, 28
protein complexation, 174
radiopharmaceutical drug, 28
rheological properties, 215
rosemary oil, 30
scaffolds, 36
sodium diclofenac, 27
solid state, 193
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[Chitosan]
solubility, 190
solutions, 188
sponges, 196
sterilization, 39
structure, 187
tablets, 26
tissue response, 174
tissue scaffolds, 174
tripolyphosphate, 36
vaccines, 28
vaccine carrier, 225
van der Waals interactions, 197
wound healing, 28
xanthan, 32

Chitosan-DNA compelexes, 37, 38, 224
biodistribution, 224,
gene delivery, 37
gene immunization, 38

Chitosan cytrate, 38
drug delivery, 38

Chitosan succinate, 38
drug delivery, 38

Chitosan-ethylenediaminetetraacetic acid conjugate, 218
aminopeptidase N, 218
Bowman-Birk inhibitor, 218
carboxypeptidase A, 218

Chitosan-poly(ethylene glycol diacrylate), 221
interpenetrating polymer networks, 221

Chitosan-poly(ethylene oxide), 222
interpenetrating polymer networks, 221

Chitosan-poly(L-lysine), 15
DNA, 15

Chitosan-poly(propylene glycol), 221
interpenetrating polymer networks, 221

Chitra mitral valve, 594
Chitra valve, 592, 594, 607

ceramic, 592
Delrin AF, 592
Delrin ST, 592
EKONOL, 592
survival rates, 607
synthetic sapphire disc, 592
titanium nitride, 592

Chloramphenicol acetyltransferase, 944
Cholesterol pullulan, 7

adriamycin, 7
1-aminolactose, 7
insulin, 7

Cholesterol, 946
bis-guanidium-spermidine-cholesterol, 946
bis-guanidium-tren-cholesterol, 946

Chondrocytes, 17, 18
alginate beads, 18
cartilage, 17

Chondrogenesis, 18
alginate, 18

Chromaffin cells, 36
chitosan gels, 36

Citrobacter, 74
hydroxyapatite, 74

Coagulation control, 616
glycosaminoglycans, 617

Coagulation inhibitors, 616
antithrombin, 616
heparin cofactor, 616
thrombin, 616

Cold plasma, 239, 245, 254, 255
antifouling layers, 245
chemistry, 255
functionalized surfaces, 239
immobilized enzymes, 264,
modification of surface, 257
molecular manufacturing systems, 239
reactors, 256
surface functionalization, 254

Collagen elastomers, 329
Collagen, 84, 137, 168, 169, 426

biological properties, 168
enzymatic digestion, 168
fibbers, 168
gels, 168, 169
glycosaminoglycans association, 169
haemostatic agent, 169
IL-2, 137
ionic complexes, 169
porous matrices, 169
scaffolds, 169
tissues, 169

Collagenases, 472
Collagen-chitosan lattices, 37

human foreskin fibroblasts, 37
Collodion, 3
Colloidal silver, 262

dense medium plasma reactor, 263
DMP reactor, 262

Composite-dentin bonding, 435
Connective tissue, 425

cells, 425
extracellular matrix, 425

Contact lenses, 135
oxygen permeation, 135
poly(1-vinyl-2-pyrrolidone), 135
poly(2-hydroxyethyl methacrylate), 135

Copoly(lactide-mandelate), 95
Copolyesters, 326
Coral, 12

glycosaminoglycans, 12
Crystalline zinc insulin, 1109

solubility profile, 1109
Cuprophan, 3

membranes, 3
Curdlan sulfate, 5

anti-HIV, 5
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Curdlan, 5
clinical application, 5

Cyanoacrylates, 717
adhesion, 718
anionic polymerization, 719
arteriovenous malformations, 720
chemistry, 719
degradability, 720
dermabond, 718
drug carriers, 720
formaldehyde release, 720
Histoacryl, 718
Indermil, 718
isobutyl cyanoacrylate, 718
ophthalmology, 720
soft tissues, 720
structure, 717
surgical use, 720
toxicity, 719

Cyclodextrin, 8
bioavailability of drugs, 8
drug release, 8
femoxetine, 8
indomethacin, 8
phenylbutazone, 8
pirprofen, 8

Cytomegalovirus, 14
Cytotoxicity, 334

cell lines, 334
controls, 336
material preparation, 334
sterilization, 334
tests, 335

Dacron surfaces, 654
125I-thrombin, 654
antithrombin activity, 654

Dacron, 647, 650, 653
albumin basecoat, 652
basecoat layer, 651
hydrolysis, 650, 653
modified surfaces, 654
type IV collagen basecoat, 652

Delivery of antisense oligonucleotides, 1089
micelles, 1089

Delivery of DNA, 1092
interpolyelectrolyte complexes, 1092
micelles, 1092

Delivery of neuractive agents, 1088
brain endothelial cells, 1088
micelles, 1088

Dendrimers, 291, 293, 299, 302, 304
biological applications, 295
carbohydrate conjugates, 299
hydrophilic, 294
hydrophobic, 294
microstructure, 293

[Dendrimers]
nanoscopic scaffolds, 295
nucleic acid conjugates, 304
oligonucleotide conjugates, 304
peptide conjugates, 302
structure, 292
synthesis, 294, 296

Dendritic carbohydrate, 299
pathogenic infections, 299

Dental impression, 442
alginates, 442
elastomers, 442
hydrocolloids, 442

Dental amalgam, 434
Dental impression materials, 86

silicone, 86
Dental surgery, 423

polymers, 423
Dentin, 436

bonding materials, 436
Dentistry, 430

biomaterials, 431
materials, 430
nonbiodegradable materials, 430

Dermal substitutes, 454
allogenic dermits, 454
collagen, 454
laminin, 454
polyglactin mesh, 454

Dermis, 470
collagen, 470
cutis, 470
elastin fibers, 470
fibroblasts, 470

Dermoepidermal junction, 469
anchoring fibrils, 470
hemidesmosomes, 469
Lamina densa, 469
Lamina fibroreticularis, 469
Lamina lucida, 469

Desmosine, 472
Dextran conjugates, 881

anthracyclines, 881
mitomycin C, 881

Dextrin, 7
dextran hydrogel, 8
hemostasis, 7

Diabetes mellitus, 983
classification, 984
clinical features, 984
epidemiology, 984
insulin therapy, 985
pathogenesis, 984

DNA, 15
gastrointestinal protection, 15

DNA/lipid complex, 933
polylysine, 933
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DNA-(poly-L-lysine) complex, 979
dextran, 979
poly[N-(2-hydroxypropyl)methacrylamide], 979
poly(ethylene glycol), 979

DNA-(poly-L-lysine)-ASGP conjugates, 977
delivery, 977

Doxorubicin, 1133
doxorubicin-lysozyme, 1134

Doxorubicin-aconityl-lysozyme conjugate, 1135
chemical structure, 1135

Drug conjugates, 864, 872, 874, 878
blood protein albumin, 872
chemoimmunoconjugates, 864
cytokines, 874
with dextrans, 80
epidermal growth factor, 875
growth factors, 874
monoclonal antibodies, 864
with polysaccharides, 880
transferrin, 872
transforming growth factor, 875

Drug delivery, 1031, 1037, 1083
gastrointestinal tract, 1044
mucosal routes, 1031
nasal, 1037
nervous system, 1083
oral cavity, 1042
pulmonary, 1039

Drug delivery to the nervous system, 1084
block copolymer micelles, 1087
block copolymer vesicles, 1087
cationic liposome-DNA, 1086
choline acetyltransferase, 1086
drug-polymer conjugates, 1084
genetically engineered cells, 1087
granulocyte colony-stimulating factor, 1086
growth factor, 1086
implantable polymeric systems, 1084
implants, 1085
injectable polymeric systems, 1084
liposomes, 1086
microparticles, 1085
nanoparticles, 1085
osmotic pumps, 1085
plasmid DNA-cationic liposome, 1086
poly(D,L-lactic-co-glycolic acid), 1086
polyanhydride, 1086
stem cells, 1087

Drug delivery intranasally, 1037
adding bioadhesive, 1038
chitosan microparticles, 1038
drops, 1037
insulin, 1038
liposome, 1038
powder, 1038
spray systems, 1038

Drug loading, 795
active loading, 797
hydrophobic molecules, 796
passive loading, 796
reconstitution of proteins, 796
water-soluble solutes, 796

Drug permeation to skin, 1022
electroporation, 1023
iontophoresis, 1023
phonophoresis, 1022
physical approaches, 1022
ultrasound, 1022

Dual stimuli-responsive release, 140
drug release, 140

Elastases, 472
Elastin, 471

biosynthesis, 471
Elastomers, 311, 332, 345, 346

biocompatibility, 311
biocompatibility evaluation, 332
carcinogenic reactions, 346
copolymerisation, 314
crosslinking, 315
degradation, 345
formulation, 315
general use, 311
homopolymerization, 314
polyadition, 314
polymerization, 313
reinforcement, 315
silicones, 347
special, 311
structure, 313
thermoplastic, 312
tumorigenesis, 346

Enamel, 435
dental structures, 435

Endodontic treatment, 436
cements, 436
gutta-percha cones, 437
pastes, 436
thin cones, 436

Enzyme-prodrug, 895, 899
antibody-directed enzyme-prodrug therapy,

899
therapies of cancer, 895, 897, 899

Epidermal growth factor, 461, 875
anticancer drugs, 876
conjugation with ricin, 876
conjugation with toxic glycoprotein, 876
conjugation with mammalian pancreatic ribonuclease,

876
radionuclides, 876
toxins, 876

Epidermal substitutes, 455
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Epidermis, 461
basic fibroblast growth factor, 461
epidermal growth factor, 461
epidermopoiesis, 461
interleukins, 461
transforming growth factor alpha, 461

Epidermopoiesis, 462
chalones, 462
inhibitory factors, 462
interferons, 462
transforming growth factor beta, 462
tumor necrosis factor, 462

Esophageal prostheses, 85
silicone, 85

Esophageal stents, 85
silicone, 85

Esophageal tube, 85
silicone, 85

Esthetic facing, 438
bridge prosthetics, 438
ceromers, 438
veneering in crown, 438

Ethylcelluose, 4
drug delivery, 4

Ethylene vinyl acetate copolymers, 404
cyclosporine, 404
dexamethasone, 404
5-FU, 404
ganciclovir, 404
pilocarpine, 404

Extracellular matrix, 429
noncollagenous proteins, 429

Extracorporeal circuit, 24
heparin, 24

Extremozymes, 278
glucoamylase, 279
immobilized on ceramic, 277
organophosphorus hydrolase, 279

Fecal incontinence, 83
Fibrin adhesives, 727, 728

clinical applications, 728
drug delivery, 727

Fibrin glues, 724
Beriplast, 725
Biocol, 725
Tissucol, 725

Fibrin sealants, 726, 727
antibiotics, 728
tissue joining agents, 726

Fibrin tissue ahesives, 724, 725, 726
adhesion, 726
cerebral surgery, 724,
degradation, 726
factor XIII, 725
fibrinogen, 725

[Fibrin tissue ahesives]
fibrinolytic inhibitors, 725
glues, 724
tensile strength, 726
thrombin, 725

Fibrinolytic system, 615
fibrinogen, 615
plasmin, 615
plasminogen, 615

Fibroblast growth factor, 877
conjugation of toxins, 877

Fibronectin, 473
Filling materials, 434

composite resins, 434
Fluorinated elastomers, 330

polytetrafluoroethylene, 332
Focal adhesion kinase, 364

mitogen-activated protein kinase, 364
Folate antagonist methotrexate, 873

anticancer drug, 873
Folate antagonist methotrexate-HSA conjugates,

873
anticancer drug, 873

Fracture treatment, 550
bioabsorbable fixation, 550

Fucan sulfates, 10
anticoagulant, 10

Functionalization, 241
cold plasma, 243
natural supports, 241
synthetic supports, 241

Fusogenic proteins, 978

γ–Immunoconjugates, 870
calicheamicin, 870

Gastrointestinal tract, 1044
anatomy, 1044
barriers, 1046
large intestine, 1044
metabolic barrier, 1047
physiology, 1044
small intestine, 1044
stomach, 1044

Gelatin, 138, 139
bFGF, 139
biodegradable, 139
bone regeneration, 139
growth factor, 138

Gelatine-resorcinol-formaldehyde, 722
aortic dissections, 722

Gelfoam, 399
pilocarpine, 399

Gellan, 390
bioavailability, 391
methylprednisolone, 390
timolol, 390
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Gelling, 386
cellulose acetate phthalate, 387
gellan gum, 390
gerlite, 390
pH-sensitive polymers, 387
pseudolatexes, 387
thermoreversible hydrogels, 388

Gelperm, 136
Gelrite, 391

ocular tolerance, 391
pilocarpine, 391

Gene delivery, 929, 937, 943, 949, 952
cationic lipids, 930
cell culture, 943
cystic fibrosis transmembrane conductance regulator,

949
fusogenic peptides, 952
humans, 949
lipid/DNA complexes, 929
lipoplexes, 943
melanoma nodules, 949
nonviral vectors, 929
systemic delivery, 937
transgene-derived RNA, 949
viral vectors, 929

Gene-directed enzyme-prodrug therapy (GDEPT), 902
carboxypeptidase G2, 906
cytosine deaminase, 904, 905
cytotoxic drug, 902
deoxycytidine kinase, 906
E. coli nitroreductase, 906
5-Fluorocytosine, 905
5-Flurocytidine, 904
ganciclovir, 904
ganciclovir-triphosphate, 904
herpes simples virus-tk/ganciclovir, 904
nitroreductase, 906
thymidine phosphorylase, 906
viral thymidine kinase, 904

Gene-directed enzyme-prodrug, 898
therapies of cancer, 898

Genitourinary devices, 83
silicone-based prosthesis, 83

Genosomes, 813
liposome-DNA complexes, 813

Genotoxicity, 340
Glaupex, 393

pilocarpine, 393
Gliforan, 5

antitumor, 5
Glucan, 478

anti-irritant, 479
carboxymethylated β-(1,3) glucan, 479
cosmetic industry, 478

Glucose oxidase, 274
biosensors, 274

Glucose responsive unit, 741, 746
canavalin A, 741
glucose dehydrogenase, 746

Glucose sensing devices, 746
implantable, 746
noninvasive, 746

Glucose-containing polymers, 741
canavalin A, 741
poly(2-glucosyloxyethyl methacrylate), 741
SAol-gel phase, 742

Glucose-responsive hydrogels, 960
alkylamido-phenyl boronic acid, 964
glucose oxidase immobilized, 962
insulin, 962
phenylboronic acid, 964
poly(methacrylic acid-g-ethylene glycol), 963
poly[N,N-(diethylaminoethyl methacrylate)-co-2-(hydroxy-

propyl methacrylate)], 963
poly[(N-vinyl-2-pyrrolidone)-co-(acrylamido)phenylboronic

acid], 964
Glucose-responsive insulin hydrogels, 966

concanavalin A, 966
glycosylated insulin derivative, 966
lectin, 966
poly(2-glycosyloxyethyl methacrylate)-Con A, 967
succinyl-amidophenyl-glucopyranoside insulin, 966

Glucose-responsive unit, 743
glucose oxidase, 744
phenylboronic aicd, 743

Glucose-sensitive hydrogels, 740, 744, 746
concavalin A, 740
glucose dehydrogenase, 740
glucose oxidase, 740
glucose sensors, 746
insulin delivery, 740
phenylboronic acid, 740
poly(methacrylic acid-g-ethylene glycol), 745

Glycol chitosan, 36
potassium metaphosphate, 36

Glycolide, 91
synthesis, 91

Glycosaminoglycans, 176, 472
anticoagulant, 177
biomaterials, 176
extracellular matrix proteins, 178
fibroblast growth factor, 178
heparin, 177
hyaluronic acid, 178

Glycosaminoglycans-containing biomaterials, 176
heparin, 178
tissue response, 178

Growth factors, 139
gelatin, 139

Guar gum, 5
diltiazem, 6
functionalizing, 6
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[Guar gum]
indomethacin, 6
nifedipine, 6

Gums, 482, 485
arabic, 482
ghatti, 483
karaja, 482
tragacanth, 482
xanthan, 485

Hair, 474
Heart valve prosthesis, 589

porcine aortic valve, 589
pyrolytic carbon, 590
teflon, 590

Heart valves, 602
animal studies, 604
clinical studies, 605
durability, 602
follow-up, 606
late mortality, 606
postoperative function, 606

NYHA status, 606
Hemocompatibility, 338

tests, 338
Haemostasis, 617

endothelial cell control, 617
thrombin, 617

Heparan sulphate, 139
bFGF, 139

Heparin, 22, 280, 675, 678, 692
anticoagulant, 22
aspirin, 22
chemical structure, 675
chitosan, 22
functional biochemistry, 676
fibroblast growth factor, 22
immobilized, 280, 692
low molecular weight, 22
pulmonary embolism, 23
skin necrosis, 22
thrombosis, 23
thrombocytopenia, 678
tissue engineering, 22

Heparin-like materials, 631
polyethylene, 631
polysaccharides, 631
poly(styrene sulfonates), 631
polyurethane, 631
vinylic polymers, 631

Hepatocyte, 18, 36
alginate, 18
chitosan gels, 36

Heteropolysaccharides, 482
branched, 482
linear, 482

High-velocity powder injection, 1044
PowderJect, 1044

Hirudin, 692
immobilization, 692

Homopolysaccharides, 481
branched, 481
linear, 481

Horney layer cells, 468
ceramides, 468
cholesterol, 468
fatty acids, 468
phospholipids, 468

Human amnion, 452
Human allograft, 452
Hyaluronan, 12

scaffolds, 12
Hyaluronate, 12

alginate, 12
Hyaluronic acid, 11, 12, 137, 473, 477

bactereostatic, 11
biomaterials, 11
composite, 12
cosmetic industry, 477
dermal implantation, 12,
drug delivery, 11
gentamicin, 11
insulin, 11, 137
isodium butirate, 11
poly(ethylene glycol) grafted, 11
prodrugs, 11

Hyaluronic acid anticancer drug conjugates, 882
daunorubicin, 882
doxorubicin, 882

Hydrocolloids, 480, 484
agar, 484
alginates, 485
carrageenan, 484
pectins, 485
polysaccharides, 480

Hydrogel membrane, 138
immunoisolate islets, 138

Hydrogels, 66, 133, 136, 138, 139, 191, 328, 351, 352, 381,
389, 391, 723, 739, 744, 745, 959

anionic polyelectrolytes, 745
biocompatibility, 351, 352
biomedical applications, 133
carbopol, 382
carrageenans, 386
cationic polyelectrolytes, 744
cellulose derivatives, 381
chitosan, 386
chemical crosslinking, 134
chondroitin sulfate, 386
classification, 133
contact lens, 135
dextrans, 386
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[Hydrogels]
dressing, 136
drug delivery system, 136
environment-sensitive, 739
enzymatically degradable, 66
glucose-sensitive, 740
lubricant, 135
medical applications, 135
ocular tolerance, 391
permeability, 135
pharmaceutical applications, 133
pH-sensitive, 740, 960
pH and temperature-sensitive, 745
physical gels, 191
poloxamer, 389
poly(ethylene glycol), 723
polysiloxane, 328
polyurethane, 328
poly(vinyl alcohol), 385
poly(vinyl pyrrolidone), 386
preparation, 134
sodium hyaluronate, 384
stimuli-responsive, 139, 959
surgical sealants, 723,
swelling ratio, 134
synthetic, 134
tissue engineering, 138
water content, 134
xanthan, 386

Hydrolysed Dacron, 661
125I-collagen, 661

Hydroxyethylstarch, 9
blood coagulation, 10
volume expander, 10

Hydroxyethylcellulose, 5
ibuprofen, 5

Hydroxypropylmethylcellulose, 5
indomethacin, 5
peptide delivery, 5

IgA, 3
antibodies, 3

IgG, 3
antibodies, 3

Immunoconjugates, 868, 870, 871
antigenic heterogeneity, 872
γ-calicheamicin, 870
daunorubicin/chlorambucil, 869
desacetylvinblastine, 868
intercavitary route administration, 871
interferon-α, 872
interferon-γ, 872
KS1/4-desacetylvinblastine, 868
KS1/4-desacetylvinblastine-3-carboxyhydrazide,

868
mitomycin C, 869
N-acetylmelphalan, 869

[Immunoconjugates]
neocarzinostatin, 869
tumor necrosis factor α, 872

Immunoglobulins, 362
adhesion, 362

Immunoisolated islet transplantation, 992
allograft immunity, 992
autoimmune recurrence, 992
xenograft immunity, 992

Immunoisolation, 137
poly(lysine)-alginate, 137
polysulfone, 137

Immunotoxins, 878
with human IL-4, 878
with interleukin-2, 878
with interleukin-4, 878
with interleukin-6, 880
with interleukins, 878

Implantable chitosan, 229
bisphosphonates, 229
human coagulation factor IX, 230
mitoxantrone, 230
suberoylbisphosphonate, 229
uracil, 229

Implantable polymers, 1101
glucose-mediated insulin delivery, 1101

Inflammatory response, 620
anaphylatoxis, 621
chemotaxis, 621
complement system, 621

Injectable preparation, 405
viscous nonaqueous, 405

Insoluble inserts, 397
matrix systems, 397
reservoir, 397

Insulin analogue, 1105
insulin glargine, 1105
Lantus, 1105

Insulin delivery implant, 1109
ethylene-vinyl acetate copolymer, 1110
glucose mediated, 1109
glucose oxidase concentration, 1111
glucose oxidase immobilization, 1110
glucose stimulus, 1110
in vitro release, 1110
in vivo study, 1111
refractory period, 1111
solubility, 1110

Insulin delivery, 1104
globin zinc insulin, 1104
insulin analogue, 1105
Lente insulin, 1104
protamine insulin, 1104
SemiLente insulin, 1104
UltraLente insulin, 1104

Insulin dependent diabetes mellitus, 985
automatic treatment, 985
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[Insulin dependent diabetes mellitus]
islet cell transplantation, 985
whole pancreas transplantation, 985

Insulin sustained release, 1105
coated hemisphere matrices, 1107
diurnal glucose variations, 1108
effect of pH, 1108
ethylene-vinyl acetate copolymers, 1105
in vivo delivery, 1107
mechanism release, 1106
release kinetics, 1106
zinc free sodium insulin, 1105
zinc insulin, 1105

Insulin, 28, 161, 1101
anionic mucoadhesive polymer, 162
microcapsules, 28
microspheres, 28
oral administration, 160
solubility, 1103
structure, 1102

Integrins, 362, 427
activation, 363
affinity, 363
cell adhesion receptors, 362
conformation, 363
focal adhesions, 364
growth factors, 365,
ligands, 363

Intercutaneous reactivity, 336
animals, 336
biological reactivity, 337
implantation, 337
irritation, 337
material preparation, 336

Interleukin-1, 64, 461
biomimetic, 64

Intramedullary plug, 583
apaptite-wollastonite-glass ceramic, 583
polyethylene plugs, 583

Intraocular delivery, 400
intracapsular administration, 400
intraocular injections, 400
subretinal injections, 400
sub-Tenon’s injections, 400

Intraocular implants, 400
bioerodible polymers, 400
copolymers, 400
dexamethasone, 402
etoposide, 403
fluorometholone, 402
5-fluorouracil, 401
5-fluorouridine, 403
ganciclovir, 402
indomethacin, 402
nonbiodegradable polymers, 404
poly(α-hydroxy acids), 400
poly(glycolic acid), 400

[Intraocular implants]
poly(lactic acid), 400
polyanhydrides, 403
polycaprolactones, 402
taxol, 403

Intraocular pathologies, 379
cytomegalovirus retinitis, 379
endophthalmitis, 379
glaucoma filtration surgery, 379
posterior capsule opacification, 380
posterior uveitis, 380
proliferative vitreoretinopathy, 379
retinal degenerative, 380

Islet graft destruction, 991
allograft, 991
autoimmunity, 992
cellular immunity, 991
immunomediated, 991
naked islet transplantation, 991
xenograft, 992

Islet microencapsulation, 994
membrane configuration, 994

Islet transplantation, 992
not immunomediated, 993

Keratin, 469
actin, 469
keratinocytes, 469
myosin, 469
proteins, 469
tubulin, 469

Kidney, 1117
anatomy, 1118
drug targeting, 1117
functions, 1118
glomerulus, 1118
low-molecular-weight protein, 1117
metabolic function, 1119
tubules, 1118

Klebsiella pneumoniae, 2

Lactide, 91
synthesis, 91

Lactide/glycolide copolymers, 93, 107
biocompatibility, 107

α-Lactone, 92
ring-opening polymerization, 92

Lactosylated chitosan, 224
cell targeting, 224

Laminin, 473
glycoprotein, 473

Laryngeal prostheses, 85
silicone, 85

Laryngeal stent, 85
silicone, 85

Laryngectomy, 85
artificial larynx, 85
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Lectins, 10
drug delivery, 11
plant, 11

Lentinan, 5
antitumor, 5

Lipid/DNA complexes, 932
gene delivery, 932
liposome entrapped, 932

Lipid-DNA particles, 814
hydrophobic intermediates, 814

Lipids, 6, 787
anionic, 786
chemical structures, 786
thermodynamic properties, 787
zwitterionic, 786

Lipoplexes, 946, 947, 949, 952
endocytosis, 952
gene delivery in vivo, 947
in vivo transfection efficiencies, 948
intracytoplastic delivery, 949
intraperitoneal injection, 948
intravenous injection, 948
lipofectin, 946
serum-resistant, 953
steric stabilization, 953

Lipoplex-mediated gene delivery, 949, 950
barriers, 949
lipoplex targeting, 949
mechanisms, 949
nuclear localization signal, 951
nucleus delivery, 951

Lipopolysaccharide, 2
gram-negative bacteria, 2

Liposomal antibiotics, 817
Liposomal anticancer drugs, 824, 834

anthracyclines, 830
antibody-coated liposomes, 835
application paradigm, 832
blood proteins, 825
camptothecins, 830
cisplatin, 827
components, 824
controlled release systems, 831
cysplatin derivative PSC, 833, 835
cytosine arabinose, 825
diaminocyclohexane platinum analog, 827
doxorubicin loaded, 831
doxorubicin, 825, 829, 831, 834
epirubicin, 834
fusogenic, 831
hydrophobic drugs, 826
liposomal vincristine, 832
liposome extravasation, 829
liposomal multidrug resistance modulators, 835
methotrexate, 827
multidrug resistance, 834
multifunctional liposomes, 831

[Liposomal anticancer drugs]
palmitoyl asparaginase, 827
permeability, 825
poly(ethyle glycol), 829
protein P-glycoprotein, 835
site selective, 832
solid tumors, 828
steric stabilizing lipids, 828
sterically stabilized, 830
targeted, 831
therapeutic properties, 828
tumor targeted immunoliposomes, 831
vascular endothelial growth factor, 828
vascular permeability, 828
vinca alkaloids, 830
vincristine, 825

Liposomal vaccine, 818
hepatitis A, 818

Liposomes, 783, 785, 790, 800, 808, 817, 818, 824, 945, 946
Abelcet, 809
activosomes (polymorphic), 807
aerosol, 808
AIDS treatment, 812
AmBisome, 809
Amphotec, 809
amphotericin B, 809
antibiotics, 809
anticancer therapy, 811
antineoplastic agents, 809
antisense oligonucleotide, 809
antivirals, 809
bilayer membrane, 824
cationic, 808
cationic amphiphile, 945
characterization, 800
chemical structures, 786
cream, 808
cytokines, 812
cytosine arabinose, 809
DNA, 809, 813
DaunoXome, 811
detergent dialysis, 794
diagnostics, 817
direct hydration, 791
Doxil, 811
drug delivery, 783, 808
drug loading, 795
drug permeability, 824
dry powder, 808
ethanol injection, 793
ether injection, 793
ethylphosphatidylcholine, 946
extrusion, 791
functionality, 804
gene therapy, 813
infectious diseases, 809
interferons, 812
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[Liposomes]
interleukins, 812
lamellarity, 803
lipid vesicle formation, 794
mechanical dispersion, 791
medical applications, 809
minoxidil, 809
mucosal delivery, 818
oral delivery, 818
preparation, 790
RNA, 809
reverse-phase, 793
ribozymes, 809
size determination, 802
solute release, 803
solvent injection, 793
sonication, 792
sterically stabilized, 805
suspension, 808
targetable, 807
trapped volume, 803
trapping efficiency, 803
tumor necrosis factor, 812
vaccination, 817
water-in-oil emulsions, 793

Liver targeting, 976
receptor-mediated DNA, 976

Local reactions, 341
adherence of cells, 343
fibrinogen, 342
fibroblasts, 344
fibronectin, 342
fibrotic capsules, 344
Hageman factor, 342
histiocytes, 344
inflamatory cells, 343
platelets, 344
protein adsorption, 341

Low-density lipoprotein receptor (LDL-R), 977
liver delivery systems, 976

Low-molecular-weight proteins, 1119, 1120
angiotensin I converting enzyme inhibitors, 1121
drug conjugate, 1120
renal drug targeting, 1119
renal handling, 1119
renal specific drug carriers, 1120

Low-molecular-weight proteins-drug conjugates, 1120
limitations, 1120
pharmacokinetic aspect, 1120
potentials, 1120

Lubricants, 86
silicone, 86

Macromolecular carriers, 851
anticancer agents, 852
enhanced permeability and retention (EPR effect),

851

Macromolecules, 844
pharmacokinetics, 844

Mandibule, 84
silicone, 84

Matrix inserts, 398
benzalkonium chloride, 399
chloramphenicol, 398
contact lenses, 398
pilocarpine, 398
poly(vinyl pyrrolidone), 399
prednisolone sodium phosphate, 399
tetracycline, 398

Maxillofacial surgery, 423, 438
bone loss replacement, 438
facial outward prostheses, 438
fracture immobilization, 438
liquid silicone, 439
paraffin, 439
plastic surgery, 439
polymers, 423
preprosthetic surgery, 439
reconstructive surgery, 439
sutures, 439
temporomandibular joint surgery, 439

Maxillofacial reconstructive surgery, 84
silicone, 84

Mechanical valve closure, 598
cavitation bubbles, 599
rigid leaflet, 602

Melanin, 464, 466
melanogenesis, 464
tyrosinase, 464

Melanogenesis, 465, 466
epidermal melanocytes, 465
photobiology, 465
photochemistry, 465

Membranes, 3, 739
cellulosic, 3
glucose-sensitive, 739
haemodialysis, 3
hydrogel, 739

Methoxy poly(ethylene glycol), 909
enzyme CPG2 conjugated, 909

Methyl glycol chitosan, 36
potassium metaphosphate, 36

Micellar delivery systems, 1088
biodegradable block copolymer, 1088
poly[caprolactone-b-poly(ethylene oxide)], 1088

Microcapsules, 15, 989
alginate-poly(l-lysine)-alginate, 15
alginic acid derivatives, 989
alogeneic islets, 990
conventional-size microcapsules, 989
poly-l-lysine, 989
poly-l-ornithine, 989
technical procedures, 989
xenogeneic islets, 990
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Microcrystalline cellulose, 5
peptide delivery, 5

Microgrooved, 369
Microorganisms, 252

adherence, 252
Microparticles, 392, 753

drug carriers, 753
eye drop, 392
poly(alkyl cyanoacrylate), 392
polyacrylamide, 392
poly(methyl methacrylate), 392

Microspheres, 407, 755
acyclovir, 408
adriamycin, 408
basic fibroblast growth factor, 408
cytarabine, 408
5-FU, 408
glaucoma filtering surgery, 407
intraocular applications, 407
intravitreal injection, 407
mucosal delivery, 756
phosphorylcholine, 756
pluronic F68, 755
poly(vinyl alcohol), 755
retinoic acid, 408
subretinal administration, 408
thyroglobulin, 756
vaccines delivery, 756

Mitogenic agents, 652
recombinant vascular endothelial growth factor, 652

Molecular biology, 295
monovalent interactions, 298
polyvalent interactions, 295

Molecular imprint hydrogels, 970
Morphological modifications, 368

micropatterining, 368
photolithography, 368

Mucilages, 485
Aloe barbadensis, 485

Mucins, 147
secreted, 147

Mucoadhesion, 149, 157, 159, 160
buffer system, 159
chemical principles, 149
controlled release, 160
covalent bonds, 149
entanglements of polymer chains, 150
enzyme inhibition, 157
interpenetration effect, 149
methods to evaluate, 150
mucus dehydratation, 150
noncovalent bonds, 149
permeation enhancement, 159
physical principles, 149

Mucoadhesive evaluation, 150
in vivo methods, 152
rheological techniques, 151

[Mucoadhesive evaluation]
rinsed channel, 151
rotating cylinder, 150
spectroscopic techniques, 152
tensile tests, 151
visual tests, 150

Mucoadhesive polymer inhibitor conjugate, 159
Mucoadhesive polymers, 152, 158, 1072

ambiphilic, 154
anionic, 152
bioadhesive strength, 1072
cationic, 153
chitosan, 154
chitosan-EDTA conjugates, 154
covalent binding polymers, 155
enzyme inhibitors, 158
multifunctional, 157
nonionic, 154
polyacrylates, 153
polymer-cysteine conjugate, 156
sodium carboxymethylcellulose, 153

-cysteine conjugate, 156
thiolated polymers, 156

Mucous membrane, 1031
basement membrane, 1033
Lamina propria, 1033
muscularis mucosa, 1033
permeability, 1033
surface epithelium, 1032

Mucus gel, 147
composition, 147

Multinucleated foreign body giant cells, 67
Multivalent interaction, 298

enthalpy, 298
entropy, 298

N-(2-Hydroxypropyl)methacrylamide, 907
anthracycline, 907
enhanced permeability and retention effect, 907

N,N,N-Trimethyl chitosan, 225
galactose conjugate, 225

Nails, 474
lanula, 474

Naked DNA, 937
targeted delivery, 937
vector, 937

Naltrexone, 98
drug delivery, 98

Nanocapsules, 754, 763, 771
arabic gum, 763
characterization, 763
ethylcellulose, 763
gelatine, 763
hydroxypropylcellulose, 763
oral administration, 765
phthalocyanines, 771
poly(ethylene glycol), 771
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[Nanocapsules]
poly(alkyl cyanoacylate), 763
poly(D,L-lactide), 763
poly(ε-caprolactone), 763
preparation, 763
surfaces, 764
surfactants, 763
therapeutic applications, 765
zeta potential, 764

Nanoparticles, 406, 753, 767, 769, 770
acyclovir, 406
bioadhesive, 767
drug carriers, 746, 770
ganciclovir, 406
intrvitreal injection, 406
nonspecific bioadhesive, 767
poly(isobutyl cyanoacrylate), 768
poly(styrene), 768
poly(ethyl cyanoacrylate), 406
oral bioavailability, 770
phagocytic cells, 770
specific bioadhesive, 769

Nanospheres, 392, 754, 757, 758, 760, 762,
765

albumin, 759
atovaquone, 766
betaxolol, 767
carteolol, 767
diclofenac, 766
doxorubicin, 760
eye drop, 392
indomethacin, 766
intracellular infections, 760
metipranolol, 767
muramyl tripeptide cholesterol, 766
natural macromolecules, 759
ocular delivery, 766
oligonucleotide delivery, 762
parental administration, 766
passive targeting to macrophages, 766
poly(glycolide), 758
poly(lactide), 758
poly(alkyl cyanoacrylate), 757
polymerization, 757
preparation, 757
preformed polymers, 758
rifabutine, 766
therapeutic applications, 759
treatment of cancer, 760

Nasal drug delivery, 1077
bioadhesive devices, 1077
protein, 1077

Nasal mucosa, 1037
anatomy, 1037
barriers, 1037
physiology, 1037

Native unfractionated heparin, 669

Natural rubbers, 352
biocompatibility, 352

Neuroactive agents, 1083, 1084
delivery to central nervous system, 1083
hydrophilic agents, 1083
intraventricular infusion, 1084
lipophilic agents, 1084
nerve growth factor-mimetics, 1083
neurosteroids, 1084
neurotensine mimetics, 1083

Nitric oxide, 124
antiviral, 124
biological functions, 124

Nitroxyl radical, 128
release, 128

N-Lauryl-carboxynethyl chitosan, 39
taxol, 39

Nonabsorbable surgical mesh, 522
Marlex, 523
Mersilene, 523
pore structure, 522
teflon, 523

Nonabsorbable suture, 493
cotton, 493
linen, 493
skin, 493

Nonbiodegradable polymers, 404
ethylene vinyl acetate copolymers, 404

Noncollagenous proteins, 427
dentin, 427

Nonviral delivery systems, 1083
nervous system, 1084

N-Succinyl chitosan, 39
mitomycin C, 39

N-Succinyl-chitosan-mitomycin C, 230
implant, 230

N-Trimethyl chitosan, 220
absorption enhancer, 220

Obturating prostheses, 440
poly(methyl methacrylate), 440

Ocular drug delivery, 1077
bioadhesive devices, 1077
hydroxypropyl cellulose, 1078
poly(acrylic acid), 1078
progesterone, 1078

Ocusert, 397
pilocarpine, 397

Oligonucleotides, 285
synthesis, 285

Oligopeptides, 68
synthesized, 68

Operative dentistry, 432
cavities, 432
glass-ionomer cement, 432
varnishes, 432
zinc polycarboxylate cement, 432
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Ophthalmic inserts, 393
cellulose acetate phthalate, 396
cellulose derivatives, 396
collagen, 396
dexamethasone phosphate, 396
ethylcellulose, 396
Eudragit, 396
gentamicin sulfate, 396
gentamicin, 396
Lacrisert, 396
natural polymers, 396
poly(vinyl alcohol), 396
semisynthetic polymers, 396
synthetic polymers, 396

Ophthalmic pathologies, 378
glaucoma, 379
inflammation, 378
keratoconjuctivitis sicca, 378

Ophthalmology, 380
polymeric hydrogels, 380

Oral cavity, 1037
anatomy, 1042
barriers, 1042
drug delivery, 1042

buccal tablets, 1042
films, 1042
patches, 1042
semisolid systems, 1042
solutions, 1042
tablets, 1042

physiology, 1042
Oral controlled drug delivery, 1047

bioadhesive polymers, 1047
carbopol 934P, 1047
enterio-coated systems, 1049
lectin, 1048
latex conjugates, 1048
microspheres, 1047
poly(fumaric-co-sebacic acid), 1048

Oral mucosal administration, 1044
ointments, 1044

Oral mucosal patches, 1043
gingival patch, 1043
hydroxyethyl cellulose, 1044
hydroxypropyl cellulose, 1044
polycarbophil, 1043
poly(vinyl alcohol), 1044
poly(vinyl pyrrolidone), 1044
sublingual patch, 1043

Oral surgery, 423, 438
tooth, 424

Orthodontics, 442
ceramic, 442
polycarbonate, 442

Orthopaedic surgery, 84, 554
children, 554
metallic pins, 554

[Orthopaedic surgery]
pelvic osteotomy, 555
physeal fractures, 554
silicone devices, 84

joint, 84
prostheses, 84

Oxidized cellulose, 4
hemostasis, 4,

Papain, 272
immobilization, 272

Partially bioabsorbable devices, 547
Pectin, 20

anticarcinogenic, 21
antidiarrhea, 20
antimutagenic activity, 20
antireflux agent, 20
bacteriostatical action, 21
colon-specific delivery, 22
hypercholesterolemia, 20
tablet formulation, 22

Penetration enhancers, 1035
action on tight junction, 1035
altering the permeability, 1035
enhanced transcellular transport, 1036
inhibition of enzymatic activity, 1037
mucus layer, 1035
solubility of drugs, 1037

Penile implants, 84
polysiloxane, 84

Peptide-nucleic acid, 938
naked DNA, 938

Peptide-poly(ethylene glycol)-peptide hydrogels, 67
human dermal fibroblasts cells, 67

Percutaneous absorbtion, 1008
appendageal pathways, 1009
intracellular pathways, 1009
transcellular pathways, 1009

Periodontology, 440
antibiotic-releasing materials, 442
bioresorbable grafting materials, 441
bioresorbable barrier membranes, 441
bone grafts, 441
guided tissue regeneration, 441
hydroxypropylcellulose, 442
periodontal disease, 440
periodontal dressing, 441
poly(α-hydroxy acids), 441

Permanent skin substitutes, 452
dermal substitutes, 454

Permeability of the mucous membrane, 1033
mechanisms, 1033
paracellular pathway, 1034
transcellular pathway, 1034

Permeation-enhancing effect, 159
chitosan, 159
immobilization cysteine, 159
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pH responsive hydrogels, 960
cationic protein immobilized, 960
lysozyme immobilized, 960
poly(2-hydroxyethyl methacrylate-co-methacrylic acid), 960
poly(methyl methacrylate-co-N,N-dimethylaminoethyl

methacrylate), 960
poly(N-isopropylacrylamide-co-methacrylic acid), 960

Pilopex, 393
pilocarpine, 393

Plasma coagulation, 670
Plasma circulation, 843

extravasation of polymers, 843
Plasma, 267

functionalization of natural supports, 267
functionalization of synthetic supports, 267

Plasmapheresis, 4
Poloxamers, 136

drug delivery system, 136
Polycations, 975

DNA binding, 975
Poly(alkyl cyanoacrylate), 757, 762

nanosphere, 757
oligonucleotide delivery, 762

Poly(α-hydroxy acids), 179
bioactivity, 179
copolymers, 179
degradation, 179
poly(glycolic acid), 179
poly(lactic acid), 179
tissue scaffolds, 179

Poly(amides), 98, 109
biocompatibility, 109
biodegradation, 98
natural polymers, 109
synthesis, 98

Poly(β-hydroxybutyrate), 97
biodegradation, 97
properties, 97
synthesis, 97

Poly(butyl cyanoacrylate), 393
pilocarpine, 392

Poly(caprolactone), 95, 108
biocompatibility, 108
biodegradation, 96
block copolymers, 96
properties, 96
synthesis, 95

Poly(desaminotyrosyl-tyrosine hexyl ester-iminocarbonate),
110

biocompatibility, 110
Poly(dihydropyrans), 98

drug delivery, 98
Poly(DL-lactide), 93
Poly(DTH-iminocarbonate), 110

biocompatibility, 110
Poly(etherurethane urea), 275

glucose oxidase immobilisation, 275

Poly(ethylene glycol), 140, 180, 367
derivatives, 180
diacrylate derivatives, 140
peptide, 140
protein absorption, 367

Poly(ethylene oxide), 253, 254
deposition of silver, 254
surface functionalized, 253

Poly(ethylene terephthalate), 24
heparin, 24

Poly(glucosyloxyethyl methacrylate), 139
bFGF, 139

Poly(glycolic acid), 93, 94
biodegradation, 94
properties, 93

Poly(hexyl cyanoacrylate), 768
in vivo adsorbtion, 768

Poly(isobutyl cyanoacrylate), 765, 768
adsorption isotherm, 768
insulin, 765
octreotide, 766

Poly(isohexyl cyanoacrylate), 760, 761, 770
ampicillin, 760
cyclosporin, 770
doxorubicin, 761
vincamin, 770

Poly(lactic acid), 93, 94, 95
biodegradation, 94
branched, 95
properties, 93

Poly(lactic-co-glycolic acid), 93, 94
biodegradation, 94
properties, 93

Poly(lactide), 367
protein absorption, 367

Poly(lactide-co-glycolide), 755
cholecystokinin analog delivery, 755
cholecystokinin octapeptide, 755
microspheres, 755

Poly(methyl methacrylate), 579
glass ceramic composites, 579

Poly(N-palmitoyl hydroxyproline ester), 109
biocompatibility, 109

Poly(organo phosphazenes), 101
biodegradation, 100

Poly(ortho esters), 101, 111, 405
biocompatibility, 111
crosslinked, 102
5-FU, 406
hydrolysis, 103
injectable bioerodible, 406
mitomycin, 406
processing, 103
synthesis, 101

Poly(p-dioxanone), 98
sutures, 98

Poly(phosphate esters), 99
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Poly(phosphazene), 101
microspheres, 101

Poly(phosphoesters-urethanes), 100
Poly(propylene fumarate), 98

drug delivery, 98
Poly(sebacic acid), 111

biocompatibility, 111
Poly(styrene-co-maleic anhydride)-co-metalloporphyrin, 65

superoxide dismutase activity, 64
Poly(tetrafluoroethylene), 273, 351

biocompatibility, 351
surface modification, 273

Poly(vinyl alcohol), 136
protein-releasing, 137

Poly(vinyl alcohol)-guar gum, 5
microspheres, 6

Poly(vinyl chlorides), 327, 351
biocompatibility, 351

Polyacrylate, 330
methyl methacrylate, 330

Polyamides, 329
nylon 66, 329

Polyamidoamine dendrimer, 293, 303, 304
biotin, 304
dendrimer-chelating agent, 303
gene transfer, 305
structures, 293

Polyanhydrides, 103, 106, 111
biocompatibility, 111
eurucic acid, 106
hydrolysis, 105
inflammatory response, 112
maleic acid, 106
melt polycondensation, 104
oleic acid, 106
processing, 106
properties, 105
ricinoleic acid, 106
ring-opening polymerization, 105
sebacic acid, 106
solution polymerization, 104
tumor angiogenic factor, 112

Polyanhydrideimides, 106
Polycaprolactones, 95
Polycarbonate urethanes, 349

biocompatibility, 349
Polycarbonates, 97

biodegradation, 97
syntheis, 97

Polycation-condesed DNA (LPD), 932
cationic polymers, 932
polybrene, 932
poly(D-lysine), 932
poly(L-lysine), 932
poly(L-ornithine), 932

Polycations, 975
DNA binding, 975

[Polycations]
galactosylated poly(l-lysine), 975
polyethyleneimine, 975
polylysine, 975

Polyelectrolyte complexes, 847
steric stabilization, 847

Polyesters, 91, 107, 326, 351
biocompatibility, 107, 351
glycolide, 91
lactide, 91

Polyesterurethanes, 348
biocompatibility, 348

Polyetherurethane urea, 282, 348
biocompatibility, 348,
functionalized, 282
heparin, 282

Polyetherurethane, 324
hydrolysis, 324

Polyethylene, 261, 274, 352
aldehyde functionalization, 261
biocompatibility, 352
glucose oxidase immobilisation, 274

Polyethyleneglycol-peptide-polyethyleneglycol block copoly-
mer, 67

Polyethylenimine, 979
receptor-mediated systems, 979

Polyionic hydrogel, 32
biocompatibility, 34
chitosan, 32
xanthan, 32

Poly-l-lysine conjugated, 978
receptor-mediated systems, 978

Poly-l-lysine-ASGP conjugates, 977
hepatocytes, 977

Polylysine dendrimers, 300
Polylysine/DNA complex, 933
Polymer conjugates, 846

clinical pharmacokinetics, 846
Polymer drug conjugates, 907

N-(2-hydroxypropyl)methacrylamide copolymer, 907
Polymer-directed enzyme prodrug therapy (PDEPT), 910

cathepsin B, 911
Polymeric cardiovascular devices, 622

biodegradation, 622
calcification, 622
soluble polymers, 623

Polymeric materials, 66, 253
antimicrobial, 253
peptide/protein biomimetics, 66

Polymeric occluders, 589
tilting disc heart valve prostheses, 589

Polymeric prosthesis, 622
infection, 622

Polymers surfaces, 620
coagulation, 620
contact system, 620
inflammatory response, 620
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Polymers, 91, 147, 152, 167, 252, 254, 261, 285, 377, 545,
563, 611, 618, 625, 627, 632, 846

anticoagulant drug-releasing, 629
artificial joints, 563
bioabsorbable, 545
biodegradable, 91
blood-contacting, 611
chemical modification, 625
deposition of silver, 254
fibronectin adsorbtion, 619
functionalized, 285
grafting, 626
hemocompatibility, 627
immune response, 632
inflammatory response, 632
mechanical compliance, 627
microorganisms, 252
mucoadhesive, 147, 152
noncarcinogenicity, 627
ophthalmic drug delivery, 377
orthopaedic surgery, 545
protein adsorption, 618
silver deposition, 261
therapeutic proteins, 846
tissue engineering, 167

Polypeptide elastomers, 329
Polyphosphazenes, 100, 110, 329

biocompatibility, 110, 111
bioerosion, 111
fluorinated, 329
synthesis, 100

Polypropylene, 277
Plasma functionalised, 277

Polysaccharides, 1, 3, 170, 481, 633
bacterials, 1
biomaterials, 170
capsular, 1
complement activator, 633
gels, 170
pneumococcal conjugates, 3
structure, 481
tissue engineering, 171

Polysiloxanes, 80
elastomers, 81
gels, 81
poly(dimethyl siloxane), 80
rubber, 81

Polystyrene, 24
heparan sulfate, 24
heparin, 24

Polysulfone, 405
capillary fibber, 405
carboxyfluorescein, 405
daunomycin, 405

Polyurethane adhesives, 721
biodegradable, 721
Ostamer, 721

Polyurethane elastomers, 320, 325
biodegradation, 322
biostable, 323
grafted, 325
manufacture, 320
modified, 325
segmented, 321

Polyurethanes, 348, 350
biocompatibility, 348, 350

PowderJect delivery system, 1044
lidocaine hydrochloride, 1044
testosterone, 1044

Precoagulation regulation, 617
Pressure-sensitive adhesives, 703

deactivating, 710
electroporation, 710
iontophoresis, 709
sonophoresis, 710
thermally deactivated, 710
trauma-free removal, 710

Prostaglandins, 462
Prosthetic arterial grafting, 647

acute thrombosis, 648
delayed failure, 648
late graft failure, 648
surface modification, 649

Prosthetics, 437
artificial teeth, 438
cements, 438
esthetic facing, 438
poly(methyl methacrylate), 437
removable dental prosthetic bases, 437

Protein adhesives, 728
Cell-Tak, 728
mussel adhesive, 728
synthetic analogous, 729

Protein conjugates, 873
anthracyclines, 873
chlorambucil, 873
daunorubicin, 873
doxorubicin, 873

Protein delivery, 947
cells, 947

Proteinlike structural motif, 74
Proteoglycans, 472
Pseudopoly(amino acids), 98, 109, 180

biocompatibility, 109
biodegradation, 98
poly(N-acylhydroxyproline esters), 98
Tyrosine-based polymers, 180

Pullulan, 6
Aureobasidium pullulans, 6
cholesteryl group, 7
diethylenetriamine pentaacetic acid-pullulan, 6
interferon, 6

Pullulan, 7
nifedipine, 7



1164 Index

Pulmonary drug delivery, 1039
aerosols, 1040
antiallergic drugs, 1040
anticholinergics, 1040
barriers, 1039
bronchodilators, 1040
corticosteroids, 1040
dry powders, 1041
emulsion, 1041
hydroxypropylmethyl cellulose phthalate, 1041
insulin, 1040, 1041
liposomes, 1041
oral inhalation, 1040
poly(lactic acid-co-glycolic acid), 1041

Quaternary chitosan, 225
galactose, 225

Radiolabelled dendritic biotin, 307
Random copolymers, 99
α-amino acids, 99

Recombinat vascular endothelial growth factor (VEGF), 658
covalent binding, 658
migration properties, 660
mitogenic properties, 658, 658

Reconstituted collagen sutures, 494
Reconstructive surgery, 84

maxillofacial, 84
silicone prostheses, 84

Rectal drug delivery, 1050, 1075
bioadhesive devices, 1075
carbopol 934P, 1050
enemas, 1050
5-aminosalicylic acid, 1050
foams, 1050
hydrogels, 1050
indomethacin, 1050
insulin, 1050
lidocaine, 1050
morphine sulfate, 1050
nicotine, 1050
permeability, 1075
poloxamer, 188, 1050
poly(ethylene glycol), 1050
poly(vinyl alcohol), 1050
propanolol HCl, 1050
suppositories, 1050

Renal drug targeting, 1129
drugs, 1129
naproxen-lysozyme, 1130
nonsteroidal anti-inflammatory, 1130

Reservoir inserts, 397
Ocusert, 397

Restorative materials, 434
compomers, 435
composite resins, 434
glass-ionomer, 434

Retina, 82
retinal detachment, 82
silicone oil, 83

RhinoVax, 2
Ring-opening polymerization, 92

poly(lactic acid), 91
Rubbers, 328

Scaffolds, 167, 169, 302, 370
biodegradability, 167
collagen-glycosaminoglycans composite,

169
mechanical properties, 371
poly(D,L-lactic-co-glycolic acid), 370
poly(glycolic acid), 370
poly(L-lactic acid), 370
polyamidoamine dendrimer, 302
porosity, 371

Sebaceous glands, 474
holocrine glands, 474
sebum, 474
sweat glands, 475

Selectins, 362
adhesion, 362

Sensory receptors, 463
adaptation, 463
itch, 463
temperature sensation, 463
tickle, 463

Serum proteins, 872
drug conjugates, 872

Silicone, 79, 81, 84, 347, 367
breast implants, 81
chemical properties, 79
cytotoxicity, 347
hemocompatibility, 347
optic devices, 82
physical properties, 81
penile implants, 84
protein absorption, 367

Silicone devices, 84
hand, 84

Silicone elastomers, 316
copolymerisation, 317
denucleation, 319
fillers, 318
graft copolymers, 318
homopolymerization, 317
manufacturet, 316
plasma deposition, 319
properties, 316
RTV silicones, 317
surface grafting, 319
surface treatment, 319
vulcanization, 317

Silicone implant, 84
synovitis, 84
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Silver, 254
antimicrobial, 254

Skin permeation, 1015
1,3-didodecylurea, 1017
1,3-diphenylurea, 1017
1-dodecylurea, 1017
alcohols, 1020
alkyl dimethylbenzylammonium halides, 1020
alkyl pyridinium halides, 1020
alkyl trimethylammonium halides, 1020
amides, 1016
amines, 1017
Azone, 1018
chemical penetration enhancers, 1015
chlorpheniramine, 1017
cyclodextrins, 1020
dimethylsulfoxide, 1016
diphenhydramine, 1017
dodecyltrimethylammonium bromide, 1019
ethanol, 1020
fatty acids, 1021
fatty alcohols, 1021
isopropyl myristate, 1017
laurocapram, 1018
N-[2-(decylthio)ethyl]-2-pyrrolidone, 1018
N,N-dimethylacetamide, 1016
N,N-dimethylformamide, 1016
N,N-dimethyl-m-toluamide, 1017
nicotine, 1017
N-methyl-2-pyrrolidone, 1017, 1018
n-octanol, 1017
N-octyl-β-D-thioglucoside, 1017
nonionic surfactants, 1019
oleyl oleate, 1017
polydimethylsiloxane, 1021
polymeric enhancers, 1021
polyvinylbenzyldimethylalkyl ammonium chloride, 1021
pyrrolidone derivatives, 1018
sodium dodecyl sulfate, 1019
sodium oleate, 1017
sorption promoters, 1015
sulfoxides, 1016
surfactants, 1019
terpenes, 1020
urea, 1017
water, 1015

Skin photoprotection, 466
Skin prototypes, 466

Caucasian subjects, 466
Skin substitutes, 452

temporary, 452
Skin, 451, 460, 462, 463, 467, 468, 475, 477, 1007, 1010

acylglucosyl ceramides, 467
anatomy, 1007
arteries, 463
arteriovenous anastomoses, 463
basement membrane, 460

[Skin]
Ca-dependent phospholipase, 467
calcium homeostasis, 468
capillaries, 463
cutaneous circulation, 464
innate immunity, 468
defence system, 477,
dermis, 460
drug diffusion, 1010
encapsulated receptors, 462
epidermis, 460
fatty acids, 468
functions, 451, 467
glucans, 478
hair, 461
horny layer, 467
hyaluronic acid, 476
hydration, 475
lipids, 467
melanin, 464
percutaneous absorbtion, 1008
pigmentary system, 464
sebaceous glands, 461
sensory system, 462
structure, 451
subcutis, 461
sweat glands, 461
vascular system, 463
veins, 463
vitamin D3, 468

Sodium alginate, 13
antitumor activity, 13

Sodium alginate-chitosan, 17
silver sulfadiazine, 17
wound dressing, 17

Soiling, 84
perianal injection, 84
silicone ring, 84

Solution of chitosan, 187, 191, 192
applications, 191
conformation of chitosan, 191
degree of acetilation, 189
intermolecular hydrogen bonds, 189, 190
ionic strength, 190
molecular weight, 189
molecular organizations, 191
physical gels, 192
stability, 191

Squeezing hydrogels, 745
Stabilized plasmid-lipid particles, 816

cationic lipid, 816
DNA encapsulated, 816

Starburst dendrimers, 304, 305
gene transfer, 305

Starch derivatives, 487
Starch microparticle, 9

silicone grafted, 9
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Starch microspheres, 9
arterial emmobilization, 9

Starch, 8, 486
epichlorohydrin, 8
microcapsules, 8
microspheres, 8

Stealth particles, 770
macrophages, 770

Stenotic trachea, 85
silicone, 85

Stimuli-responsive polymers, 140
drug delivery, 140
invertase, 140

Streptavidin-antibody conjugate, 306
Styrene copolymers, 327, 328
Subcellular biomimetics, 72

protein matrix, 72
Succinyled albumin, 873

daunorubicin, 872
Sulfonated polyurethane, 350

biocompatibility, 350
Sulfopropyl curdlan, 5

anti-HIV, 5
Sulfhydryl-reactive methods, 859

haloacetyl derivatives, 860
maleimides, 859
pyridyl disulfides, 860

Superoxide dismutase, 64
biomimetic, 64

Surface epithelium, 1032
pseudostratified columnar epithelium, 1033
simple columnar epithelium, 1033
simple squamous epithelium, 1033
stratified epithelium, 1033

Surface thrombosis, 649
bioactive oligopeptides, 650
endothelial cells adhesion, 650
growth factors, 650
heparin-coated, 649

Surgical meshes, 519, 520
biological textile, 520
flexual rigidity, 522
nonabsorbable, 520
synthetic textile, 520

Suture materials, 439, 492, 496
absorbable, 492
biocompatibility, 513
biodegradation, 516
capillarity, 511
classification, 507
fluid absorption, 511
glycolide-caprolactone copolymer, 500
glycolide-trimethylene carbonate triblock copolymer, 501
handling properties, 512
knot tie-down, 512
mechanical properties, 509
nylon 66, 504

[Suture materials]
nonabsorbable, 439, 492
packaging memory, 512
physical properties, 509
poly(ethylene terephthalate), 502
poly(p-dioxanone), 499
poly(butylene terephthalate) copolymer, 503
poly(glycolic acid), 439, 496
poly(glycolide-lactide), 496
poly(glycolide-l-lactide), 500
poly(glycolide-trimethylene carbonate), 500
poly(hexafluoropropylene-VDF), 505
poly(tetrafluoroethylene), 505
polyacrylonitril, 439
polyamide, 439, 503
polyester, 439, 501
polypropylene, 439, 504
resorbable, 439
silk, 439, 501
stainless steel, 506
stiffness, 510
surface treatments, 508
suture compliance, 510
tensile strength, 510
tissue drag, 512
withdrawal stress, 513
withdrawal work, 513

Sweat glands, 475
apocrine glands, 475
eccrine sweat glands, 475

Synthetic peptides, 280
immobilized, 280

Synthetic textile, 520
methalic, 520
polymeric, 520

Systemic cancer therapy, 843
poly[N-(2-hydroxypropyl)methacrylamide], 843
poly(vinyl pyrrolidone), 843
polymer-based prodrugs, 843
progenes, 843

Systemic gene therapy, 846
cationic lipid/DNA complexes, 846
polyelectrolyte DNA complexes, 846
synthetic vectors, 846

Targeting macromolecular drugs, 845
anticancer drugs, 845
drug-polymer linkage, 845
poly[N-(2-hydroxypropyl)methacrylamide] derivatized, 845

Tempamine nitroxyl radical, 125
polyglycolide, 124

Temperature-responsive hydrogels, 960
poly(N-isopropylacrylamide), 961

Templates, 72
biomimetic molecules, 72

Temporary skin substitutes, 452
allogenic and synthetic membranes, 453
Biobrane, 453
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[Temporary skin substitutes]
hydrocolloid, 453
synthetic membranes, 453

Tendon transplantation, 84
silicone, 84

Tendon, 73, 84
structural organizations, 73
transplantation, 84

Tensile test, 151
dry polymer compacts, 151
hydrated polymer, 151
microspheres, 151

Testosterone, 462
Textile, 491

implants, 491
surgical applications, 491

Thermoreversible hydrogels, 388
Lutrol F127, 388
Pluronic, 388
poloxamers, 388

Thiolated mucoadhesive polymers, 158
chitosan-cysteine, 158
chitosan-thioglycolic acid, 158
polycarbophil-cystamine, 158
polycarbophil-cysteine, 158

Thoracic aorta, 657
Tilting disc valve, 591

ultra-high molecular weight polyethylene, 591
Tissue adhesives, 715

cyanoacrylates, 717
laser welding, 716
staples, 715
structures, 715

Tissue engineering, 18, 138, 167, 168, 370
alginate scaffolds, 18
biodegradable polymers, 168
collagens, 168
growth factor, 138
scaffold, 138, 167

Tooth, 425
connective tissue, 425
dentin, 425
enamel, 425

Topical delivery systems, 380
polymeric gels, 380

Topographical biomimetics, 72
biomimetic materials, 72

Totally bioabsorbable devices, 547
Tracheal prostheses, 85

silicone, 85
Tracheosophageal valve, 85

silicone, 85
Transdermal drug delivery, 708, 1007, 1010

acrylic copolymers, 708
adhesive dispersion-type, 1013
adhesive layer, 1013
clonidine, 708

[Transdermal drug delivery]
design, 1012
drugs, 709, 1007, 1011
ethylene/ethylacrylate copolymer, 1014
ethylene/propylene copolymer, 1014
ethylene/vinyl acetate copolymer, 1014
glycolsalicylate, 708
matrix diffusion-controlled, 1013
membrane-moderated, 1012
polyisobutylene, 1013
microreservoir dissolution, 1014
neoprene rubbers, 1014
nicotine, 708
nitroglycerin, 708
patch, 709
polyethylene, 1014
polyisobutylene, 708
polypropylene, 1014
silicone rubbers, 708, 1014
scopolamine, 708

Transferrin doxorubicin conjugates, 873
leukemia, 873

Transferrin receptor, 977
poly(L-lysine), 977

Transferrin-poly(L-lysine) complexes, 977
Transforming growth factor alpha, 461, 876
Trypsin, 273

immobilization on poly(tetrafluoroethylene), 273
Tumor vascular permeability, 844

vascular endothelial growth factor, 845
vascular permeability factor, 845

Tumor vascularization, 872
cytokines, 872

Tumorigenesis, 346
polyurethane, 346

Tumors, 834
multidrug resistance, 834

Ultra-high molecular weight polyethylene, 564
abrasion resistance, 573
calcium stearate, 570
compression molding, 568
crack formation, 575
cross-linking, 576
direct compression molding, 568
fatigue properties, 574
γ-irradiation, 575
joint prostheses, 564
oxidation, 570
processing, 566
properties, 565
ram extrusion, 568
sterilization, 570
structure, 565
synthesis, 566
vitamin E, 577
wear properties, 570
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Urea biosensor, 278
polypropylene functionalized, 277

Urinary incontience, 83, 84
artificial sphincter, 83
bioinjectable materials, 83
cuff, 83
periurethral injection, 83
polydimethylsiloxane, 84
silicone balloon, 83
transurethral injection, 83

Vaccines, 1, 2
Pneumococcal conjugate, 2
semisynthetic glycoconjugate, 1

Vaginal drugs delivery, 1051, 1076
anatomy, 1051
barriers, 1052
bioadhesive devices, 1076,
bioadhesive polycarbophil, 1052
carboxymethyl cellulose, 1077
foams, 1052
gels, 1052, 1077
liposomes, 1053
microspheres, 1053
physiology, 1051
poly(vinyl pirrolidone), 1053
progesterone, 1053
solutions, 1052
suppositories, 1052
vaginal epithelium, 1051
vaginal tablet, 1077

Vaginal mucosa, 1052
drug absorption, 1052

Valvular prosthesis, 85
silicone, 85

Vascular endothelial growth factor, 877, 908
carrier system, 877

Vascular grafts, 527, 647
antithrombin, 647

[Vascular grafts]
bicomponent vascular grafts, 531
Dacron, 647
mathematical modeling, 534
partially absorbable, 530
poly(ethylene terephthalate), 527
poly(glycolic acid), 529
poly(p-dioxanone), 529
poly(tetrafluoroethylene), 527
polyglactin-910, 529
totally absorbable, 528

Viral vectors, 222
gene delivery, 222

Virus removal, 4
hepatitis C, 4

Virus-directed enzyme-prodrug, 898
therapies of cancer, 898

Vitreous prosthesis, 83
silicone oil, 83

Vitronectin, 367

Wound dressing, 451
biomaterials, 451

Wound protection, 706
adhesive bandages, 706
electromedical applications, 707
microporous tapes, 707
ostomy bag mounts, 706
surgical drapes, 706

Xanthan, 19
excipients, 20
galactomannans, 19
gels, 19
synergistic interactions, 19
thermoreversible gels, 19

Xenograft, 452
porcine xenograft, 452


