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1

Introduction to biomedical foams

A.SALERNO, Center for Advanced Biomaterials for Health
Care (IIT@CRIB), Istituto Italiano di Tecnologia, Italy and

P. A.NETTI, Center for Advanced Biomaterials for

Health Care (IIT@CRIB), Istituto Italiano di Tecnologia, Italy

DOI: 10.1533/9780857097033.1.3

Abstract: Biocompatible and biodegradable foams are key components
for tissue substitution for in vitro and in vivo tissue engineering
applications, as well as for biosensing and diagnostic. The aims of this
chapter are (i) to illustrate the evolution of the biomedical foam concept
and its function from the beginning to the current applications; (ii) to
provide an overview on traditional and advanced materials and processes
for the design and fabrication of biomedical foams; and (iii) to describe
some of the most important current applications of biomedical foams.

Key words: tissue engineering, bioactivated materials, biodegradable
foams, biomedical foams, cell-instructive materials, microscaffolds,
scaffold fabrication.

11 Introduction

Due to their unique properties, porous materials have been widely used for
biomedical applications requiring a three-dimensional (3D) porous net-
work coupled with good mechanical properties, controlled degradation and
biocompatibility. These applications include, among others: (i) porous bio-
medical devices and prostheses; (ii) scaffolds for in vitro cell culture and in
vivo tissue-induced regeneration; (iii) macro-, micro- and nano-particulate
foams for drug delivery, diagnostic and sensing, and, ultimately (iv) 3D cul-
ture platforms, for the investigation of cancer development and response
to drug.

The performance of these biomedical foams — and therefore their field
of application — resides in the sapient control over the different features
and functionalities of the foams, which, in turn, depends on the appropriate
selection of materials and fabrication processes. For example, in designing
porous scaffolds for tissue engineering, the porous structure, including sur-
face-to-volume ratio, pore size and interconnection degree, is a key factor
in controlling cell behaviour and new tissue development (Karangeorgiu,

3

© 2014 Woodhead Publishing Limited



4 Biomedical Foams for Tissue Engineering Applications

2005; Salerno et al.,2009a). Improving further the functionality of the foams
integrating the control over cell fate through the spatial and chronological
control of morphogen and growth factor delivery from the scaffolding mate-
rial is now warranted (Sands, 2007; Biondi, 2008; Chan and Mooney, 2008).

Several processing techniques have been developed and are currently
available for fabricating biomedical foams with specific control over their
morphological, micro- and nano-structural features and degradation
(Chevalier et al., 2007; Guarino et al., 2008). Furthermore, the advance in
toxic-free and low-temperature processes allows for the controlled seques-
tration and release of bioactive moieties (LaVan et al.,2003).

Within the past decade, the ‘explosion’ of computer-aided approaches,
microfabrication technologies and microfluidic strategies has noticeably
increased the resolution achievable over biomedical foam architecture and
composition (Hollister, 2005; Choi et al., 2007; Sands and Mooney, 2007,
Melchels et al.,2010). This improvement has given an additional impulse in
the biomedical field to elucidate several mechanisms underlying cell/mate-
rial interactions and, ultimately, to develop multifunctional foams and scaf-
folds with improved performance.

At present, great efforts are being devoted to the design and fabrication
of miniaturized foams with properties down to the nanometric scale that
are able to combine technological potential with biochemical and biophysi-
cal cues. These multifunctional devices can serve different purposes, starting
from building blocks for in vitro cell culture and in vivo tissue regeneration,
to sensors and actuators to improve health status, and provide prophylactic
or therapeutic treatment in situ.

This chapter aims to provide an overview of the history and evolution of
biomedical foams, from the perspective of the materials, fabrication tech-
nologies and past, present and possible future applications.

1.2 Evolution of biomedical foams

The history of biomedical foams started rather shortly after the discovery
of the first implantable biomaterials. Biomaterials initially developed for
use inside the human body were selected and designed in order to match
the biophysical properties of the replaced tissue, and to induce a minimal
toxic response by the host (Hench and Polak, 2002). Suitable implants were
fabricated mainly from materials used and developed for different applica-
tions, such as metals, ceramics and thermosetting polymers, which ensured
an adequate inertness when in contact with the body’s aggressive environ-
ment (Table 1.1 and Fig. 1.1).

Recreating a porous structure on the surface of bone and vascular pros-
thetic devices was proposed to improve the bonding between prosthesis and
surrounding tissues, and to overcome clinical problems related to implant



Table 1.1 Evolution of materials, fabrication, property and application of biomedical foams

Evolution of biomedical
foams

Materials

Manufacturing

Key features

Application

Reference

n

Requirement: Achieve a

suitable combination
of physical properties
to match those of

the replaced tissue
with a minimal toxic
response in the host.

Approach: Stable

implant and
prosthesis for
restoration of tissue
diseased function.

(1

Requirement: Improve

the integration with
the physiological
environment.

Approach: Synthesis

of bioactive and
biodegradable
materials with
controlled chemistry
and microstructural
properties.

Metals: stainless steel,
cobalt chrome,
titanium

Ceramics: alumina,
zirconia

Thermosetting polymers:

polyamides,
polyurethanes,
polyethylene
terephthalate

Metals: magnesium
Ceramics: silicate-,
borate- and calcium
phosphate-glasses
Polymers: biodegradable
synthetic
(polyanhydrides,
polyesters,
polyurethanes) and
natural (collagen,
fibrin, hyaluronic
acid, alginate, silk,
chitosan, zein)
Composites: polymer/
ceramic micro- or
nano-particles

Freeze drying
Particles

sintering
Phase inversion
Reverse

templating
Spraying
Textiles

Emulsion
Freeze drying
Gas foaming
Particles
sintering
Phase inversion
Reverse
templating
SFF
Spraying
Textiles

Low porosity

Micrometric pore
size (hundreds of
microns)

High mechanical
strength or
flexibility

Biodegradation
High (99%) to low
porosity; nano- to
micro-metric pore
size resolution;
pore shape and
aspect ratio
Soft-to-hard
mechanical
properties
Bioactive surface to
improve cell/tissue
compatibility

Permanent
implants and

coating for soft
and hard tissues

Scaffolds and
particles for
cell culture:
stem cell,
osteoblast,
chondrocytes,
fibroblast,
axon

Implantable
scaffolds:
dermis, bone,
cartilage,
vessel, nerve,
muscle

Poth et al. (1955);
Nilles and Coletti
(1973)

Mikos et al. (1993);
Chen et al.
(2002); Gomes
et al. (2002);
Mathieu et al.
(2006); Chevalier
et al. (2007);
Guarino et al.
(2008); Melchels
et al. (2010);
Choi et al. (2012)

Rezwan et al.
(2005)

(Continued)



Table 1.1 (Continued)

Evolution of biomedical Materials Manufacturing Key features Application Reference
foams

(1) Ceramics: gene-activated Bioprinting Enzymatic Scaffolds to study Chan (2008)
Requirement: Elicit and drug releasing Microfluidic biodegradation cell behaviour Fischbach (2007)

specific biological
responses at the
molecular level.

Approach: Bioactive and
biomimetic materials
able to promote and
guide specific cellular

processes.

glasses

Polymers: drug releasing,
surface-functionalized

polyesters; DNA
and Peptide-based
materials

Phase separation
Particles
sintering
Reverse
templating
Self-assembly
SFF

Micro- and nano-

metric architecture

Mechanotransduction
Multiple drug

releasing capability

Bioactive surface

Advanced scaffolds
for tissue repair

Micro- and nano-
foams for drug
and cell delivery,
biosensing, and
diagnostic

Kloxin et al. (2009)

Lee et al. (2010)

Lutolf and Hubbell
(2005)

Mironov et al.
(2009)

Pathi et al. (2010)

Perez and Regev
(2012)
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1.1 Scheme of the evolution of biomedical foams from tissue
substitution to repair/regeneration.

mobility and stabilization (Poth et al., 1955; Nilles and Coletti, 1973). For
instance, Nilles and Coletti (1973) demonstrated that bone prostheses char-
acterized by open porous surfaces can induce tissue ingrowth at the inter-
face and, therefore, improve their biomechanical performance as compared
to non-porous ones. The efficacy of this approach is demonstrated by the
fact that modern implants still follow this design principle and features.
Although inert foams allowed the fabrication of prostheses able to replace
the mechanical functionality of tissues such as bone, the absence of biologi-
cally active surfaces render these materials unable to control the biological
response at the interface between implant and surrounding tissue (Hench,
1998; Hench and Polak, 2002). As a direct consequence, an avascular, col-
lagenous fibrous capsule that is typically 50-200 um forms all around the
implant, leading to several complications and, ultimately, to implant failure.
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Improvement of biomedical foams occurred mainly between 1980 and
2000, when novel bioactive materials were developed with the aim of
enhancing integration with the surrounding tissue. This was achieved
by using, among others, bioactive ceramics and biodegradable polymers
obtained from both synthetic and natural resources. The philosophy of these
novel materials is that the body should no longer adjust to the materials, but
that the materials should interact with the biological components, develop-
ing features that improve their response. An example of these materials are
bioactive ceramics, such as bioglasses, that promote the in vitro and in vivo
deposition and formation of a biological hydroxyapatite layer at the mate-
rial surface, thus providing a biochemical bonding with the surrounding tis-
sues (Hench, 1998). Bioglasses were used, for example, to coat the porous
surface of metallic prostheses, which found clinical use in a variety of ortho-
paedic and dental applications (Cao and Hench, 1996).

Another advance was the development of biomaterials that exhibited
clinically relevant chemical breakdown and degradation. These materials,
mainly composed of biodegradable polymers and composites with ceramic
particles, were engineered to provide a final solution to the foreign-body
reaction, as they have the potential of being ultimately replaced by regener-
ating tissues (Hench and Polak, 2002).

The development of bioactive and biodegradable biomaterials in the
1980s coincided with the birth of tissue engineering science and the first
significant paradigm shift of biomedical foams, from substitution to repair/
regeneration (Fig. 1.1). During two decades, from 1980 to 2000, great efforts
were devoted to designing 3D porous biodegradable substrates, named
scaffolds, able to stimulate transplanted cells to regenerate biological tis-
sues with defined sizes and shapes (Langer and Vacanti, 1993). In particu-
lar, the scaffold is intended as a three-dimensional temporary support for
cells growth and proliferation, while its degradation and mechanical prop-
erties are tailored until the formation of a self-supporting newly generated
matrix.

Collagen sponge was among the first scaffolds used in tissue engineering
for the regeneration of skin-equivalent tissue of full thickness for the treat-
ment of ulcers and acute wounds (Bell et al., 1981). Furthermore, porous
scaffolds made of a wide range of synthetic and natural polymers, bioactive
glasses and their composites were prepared, and their regeneration poten-
tial was assessed by using different cell lines and in vivo models. In particu-
lar, great effort was devoted to finding the optimal combination of scaffold
composition, degradation rate, pore structure and mechanical properties
for the repair/regeneration of tissues such as bone, cartilage, blood vessels,
nerve and derma.

Most importantly, cultivating cells on porous scaffolds evidenced several
technological problems related to in vitro cell seeding and survival within
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the 3D porosity. Indeed, inadequate fluid transport and cell viability inside
cell/scaffold constructs may result in a necrotic core and the formation of
inhomogeneous tissues. Technological approaches based on the use of bio-
reactors for dynamic cell seeding and cultivation represented a step forward
to a more controllable and reliable in vitro tissue regeneration (Martin ef al.,
2004). Indeed, these bioreactors can improve cell distribution and coloni-
zation within the scaffold and, to date, are essential component of in vitro
tissue engineering scaffold-based strategies.

The optimization of scaffold fabrication and culture conditions allowed
new tissue synthesis both in vitro and in vivo. However, researchers observed
that the biophysical and biochemical properties of these tissues were signif-
icantly different from those observed in native conditions. This was ascribed
to the fact that cells in native tissues are exposed to a highly dynamic and
complex array of biophysical and biochemical signals, originating from the
extracellular matrix (ECM). The ECM is the main regulatory and structural
component of the tissues, and is composed of fibrous proteins, proteoglycans
and glycoproteins (Chan and Mooney, 2008). The ECM signals are transmit-
ted to the outside of a cell by various cell surface receptors and integrated
by intracellular signalling pathways, finally regulating gene expression and
cell phenotype (Lutolf and Hubbell, 2005). Then, the ultimate decision of
a cell to migrate, proliferate, differentiate or perform other specific func-
tions is regulated by this cell/ECM crosstalk. Furthermore, the bidirectional
nature of this crosstalk, whereby a cell continuously modifies the properties
of the ECM, stimulated further research towards developing scaffolds able
to be remodelled by the cells. In particular, over the last decade the concept
of cell guidance in tissue regeneration was discussed and revised, and new
knowledge of the complex features of cell-material interaction has been
disclosed and elucidated (Causa et al.,2007).

Advancement in chemistry, materials science and nanotechnology allowed
studying cell-material interactions by designing and fabricating platforms
presenting predefined spatial and temporal patterns of many different bio-
chemical and biophysical signals (Lo et al.,2000; Hersel et al.,2003; Martinez
et al.,2009; Guarnieri et al.,2010; Sharma and Snedeker, 2010; Ventre et al.,
2012). Cell culture onto the surface of 2D platforms of controlled properties
was performed to assess cell response to a wide range of material proper-
ties, including topography (Martinez et al., 2009), stiffness (Lo et al., 2000),
molecular cues such as cell adhesion peptides (Hersel et al., 2003; Guarnieri
et al.,2010), as well as combination of biophysical and biochemical proper-
ties (Sharma and Snedeker, 2010).

It is, however, important to point out that in native tissues cell fate is gov-
erned by a plethora of 3D biophysical and biochemical signals in continuous
spatial and temporal evolution. Furthermore, the translation of biochemical
and biophysical information from 2D platforms to 3D porous scaffolds is
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rather difficult. Mimicking the functionality of the ECM by using synthetic
analogues able to replicate all of the complex biochemical and biophysical
functions of ECM is far from being achieved, and represents a great chal-
lenge for the tissue engineering community. Recent technological progress
has allowed the design and fabrication of three-dimensional scaffolds with
high resolution of biophysical and biochemical signal presentation, therefore
suitable to test novel molecularly tailored biomaterials for tissue engineering.
Such examples are (Table 1.1 and Fig. 1.1): (i) drug releasing scaffolds able
to stimulate cell differentiation and tissue vascularization (Shea et al., 1999;
Huang et al.,2002; Ungaro et al.,2006; Jeon et al.,2007; Tayalia and Mooney,
2009); (ii) photodegradable poly ethylene glycolate (PEG)-based hydrogels
that can be manipulated to induce molecular-scale degradation and conse-
quent stem cell spreading, migration or ECM elaboration at any time of
culture (Kloxin et al., 2009); (iii) 3D porous scaffolds with both precisely
engineered architecture and tailored surface topography to study the role of
surface topography on stem cells differentiation (Mata et al.,2009); (iv) scaf-
folds with precise pore structure prepared using two-photon polymerization
to study cell migration (Tayalia et al.,2008) and; (v) gene-activated scaffolds
to study cell recruitment and transfection (Orsi et al.,2010).

In the past decade, the impressive increase of high resolution technologies
and processes able to control biomaterial chemistry and physical properties
down to micrometric and nanometric scales has opened new routes for the
application of biomedical foams. Porous devices miniaturized from the mac-
roscale (higher than 1 mm) to the microscale (0.1-100 um) have received
great attention as microscaffolds for cell transplantation and drug release
(Urciuolo et al.,2010; Chen et al.,2011; Choi et al.,2012). Furthermore, nano-
scale (down to 1-100 nm) foams ultimately promise integrated implantable
systems that can monitor health status and provide prophylactic or thera-
peutic treatment in situ (LaVan et al.,2003).

It is clear that the synthesis of new materials and the development of
advanced manufacturing processes are key requirements for the successful
implementation of tissue engineering approaches and, ultimately, for the
introduction of biomedical foams into the clinic.

1.3  Materials for fabricating biomedical foams

A biomaterial can be defined as ‘a nonviable material used in a medical
device, intended to interact with biological systems’ (Williams, 1986). It is,
therefore, easy to imagine that the topic ‘biomaterial’ is highly interdisci-
plinary as it resides, among others, at the interface between chemistry, engi-
neering, materials science, biology and medicine, with considerable input
from government-regulated administrations.
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Biomaterials are the constituent of biomedical foams and, ideally, must
be accurately designed and fabricated in order to fulfil a series of proper-
ties. These include (i) biocompatibility intended as the capability to perform
with an appropriate host response in a specific application; (ii) biodegrad-
ability without producing toxic degradation by-products; (iii) processability
to manufacture biomedical devices and foams of desired internal structure
and external shape; (iv) being sterilizable by using process technologies
appropriate for biological uses; and, ultimately, (v) being able to provide
mechanical properties tailored for the required application.

In this section we aim to provide a comprehensive and concise descrip-
tion of the different classes of biomaterials that have been used to fabricate
biomedical foams. Both biologically derived and synthetic materials have
been extensively explored in tissue engineering and scaffold fabrication.
Depending on the field of application, biomedical devices and foams may
be designed and fabricated using all the existing material classes, namely
metals, ceramics and polymers, as well as their combinations.

1.3.1 Metals

Metals are the most frequently used biomaterials to replace structural com-
ponents of the human body. This is because, compared to polymeric and
ceramic materials, they are very reliable from the viewpoint of mechanical
performance. In particular, metals possess tensile strength, fatigue strength,
and fracture toughness properties that make them excellent candidates
for the fabrication of medical devices for the replacement of hard tissues
such as artificial hip joints, bone plates, coronary stents and dental implants
(Niinomi, 2008).

Type 316L stainless steels, cobalt—chromium-molybdenum alloys, com-
mercially pure titanium and Ti-6Al-4V alloys are typical metallic bioma-
terials used for implant devices (Sumita et al., 2004). Although originally
developed for industrial purposes, these materials have been employed for
biomaterial purposes due to their relatively high corrosion resistance and
excellent mechanical properties. Through a wide range of alloying, anneal-
ing and surface treatment technologies, the biological performance of
metallic biomaterials can be specifically tailored for the specific application.
Stainless steels, such as type 316L austenitic steel, are among the most used
metallic biomaterials because of their inferior costs of fabrication,compared
to cobalt—chromium alloys and titanium alloys (Sumita et al.,2004; Niinomi,
2008). However, great efforts have been also made to develop nickel-free
stainless steels, which may provide enhanced corrosion resistance by using
different austenitic stabilizers, such as nitrogen and manganese (Sumita
et al.,2004).
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Recently, a novel class of metallic biomaterials, based on magnesium and
its alloys, has been developed in order to manufacture biodegradable bone
lightweight implants. Indeed, magnesium is an essential element for human
metabolism and is characterized by 4.5 times lower density than steel. This
aspect can allow for the fabrication of implants with mechanical properties
closer to that of bone tissue, and therefore improved mechanical integra-
tion (Staiger et al.,2006). Because of the fast corrosion of pure magnesium
in vivo (of the order of few months), small amounts of caesium, cadmium,
aluminium, manganese or rare earth elements have been used as additives
for the preparation of magnesium alloys with slower degradation (down to
1 year) (Staiger et al.,2006).

1.3.2 Ceramics

The most commonly used ceramic biomaterials are alumina, zirconia, cal-
cium phosphates, bioactive glasses, glass ceramics and carbon. Alumina and
zirconia are used in total joint prostheses and dental implants because of
their bioinertness, high wear resistance, strength and their relatively low
friction.

Due to their chemical similarity to the inorganic phase of bone, inorganic
biomaterials such as calcium phosphates (e.g. hydroxyapatite and - and
B-tricalcium phosphate), have been more intensively investigated in respect
to their possible application as bone scaffolds (Hoppe et al., 2011). These
materials are bioactive, osteoconductive and are able to bond directly to
bone. Ceramic implants for osteogenesis are based mainly on hydroxy-
apatite, since this is the inorganic component of bone (Karangeorgiou and
Kaplan,2005). Hydroxyapatite is also used in plasma-sprayed titanium alloys
for load-bearing orthopaedic implants, promoting the formation of a strong
bond between the mineralized bone tissue and the implant, and shortened
healing times (Jandt, 2007). Tricalcium phosphates are also advantageous
when used as bone cements and implant materials, because they offer a
higher solubility than, for example, stoichiometric hydroxyapatite (Jandt,
2007).

Bioactive glasses contain SiO,, Na,O, CaO and P,Os, the major com-
ponent being SiO,, and represent another important group of inorganic,
bioactive biomaterials used as bone scaffolds (Hench, 1998; Hoppe et al.,
2011). Bioactive glasses are osteoinductive and, when exposed to biolog-
ical fluid, show the ability to form a carbonated hydroxyapatite layer that
serves as a bonding interface between the implant and the surrounding
bone. Silica-rich scaffolds evidence excellent new bone forming ability and
resorption rates directly dependent on the silica content (Karangeorgiou
and Kaplan, 2005). Nevertheless, mechanical fragility remains one of the
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main limitations of ceramic biomaterials and their foams for load-bearing
applications.

1.3.3 Polymers

Polymers are mostly made of organic components and are characterized by
macromolecular properties comparable to lipids, proteins and polysaccha-
rides, which are key functional organic components of the biological envi-
ronment. Further advantages of polymeric biomaterials are their relatively
simple processability and their broad range of application, spanning from
non-degradable implants to controlled degradable biomedical devices.

Non-degradable polymers, such as ultra-high molecular weight
poly(ethylene), are widely used in applications requiring excellent mechan-
ical and corrosion resistance. These include low-friction inserts for load-
bearing surfaces in total joint arthroplasty and acetabular cups in hips or
in knee prostheses (Jandt, 2007). Further polymeric biomaterials used are
poly(ethylene terephthalate) and poly(tetrafluoroethylene) for vascular
prosthesis, poly(methylmetacrylate) as bone cements, dental composites
and intraocular lenses, and poly(urethanes) for vascular prostheses (Lloyd
et al.,2001; Salacinski et al.,2001; Webb and Spencer, 2007).

Both synthetic polymers and biologically derived (or natural) polymers
have been extensively investigated as biodegradable polymeric biomateri-
als. Materials from natural resources, such as collagen and hyaluronic acid,
possess the great advantage of biological recognition, because of the pres-
ence of receptor-binding ligands inside their chemical structure. Conversely,
synthetic biomaterials may overcome the problems related to purification
immunogenicity and pathogen transmission and may also provide a greater
control over the properties of biomedical devices.

Natural polymers can be considered as the first biodegradable bioma-
terials used clinically. Purified ECM components or decellularized ECMs
derived from animals have been widely investigated in tissue engineering.
Indeed, even if they are subjected to purification and sterilization treat-
ments, these materials retain important characteristics of the physical and
chemical structure of the native ECM. Owing to their similarity to the
ECM, natural polymers may also avoid the stimulation of chronic inflam-
mation or immunological reactions and toxicity, often detected with syn-
thetic polymers (Mano et al.,2007). Although decellularized ECM has been
successfully used as a scaffold for soft tissue applications (Voytik-Harbin
et al., 1998), single purified ECM components, such as collagen, hyaluronic
acid and fibrin, can be combined appropriately to create more controlled
and standardized materials that are potentially less immunogenic and have
a similar structure to native ECM (Chan and Mooney, 2008). Animal- or
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vegetal-derived proteins have been shown to be potentially viable as scaf-
folds for tissue engineering applications. Silk proteins, for example, contain
a high content of fB-sheet sequences that make this polymer particularly
suitable for high-strength and slow-degradation purposes (Rockwood
et al.,2011). Alginate and chitosan, which are glycans extracted from brown
algae and the exoskeletons of shellfish, respectively, have gained popularity
because of their biocompatibility, ease of processing and ability to encap-
sulate cells and bioactive molecules (Mano et al.,2007; Nair and Laurencin,
2007). Natural proteins such as gelatin and zein have been also investigated
as biomaterial scaffolds for applications spanning from soft to hard tissue
regeneration (Chang et al.,2003; Wang et al., 2007).

A variety of biodegradable synthetic polymers, including poly(ca-esther)s,
such as polyglycolide, polylactides, polycaprolactone and their co-polymers,
polyanhydrides and poly(propylene fumarate) have also been extensively
investigated for biomedical applications (Nair and Laurencin, 2007; Chan
and Mooney, 2008). The application of synthetic biodegradable polymers
in the tissue engineering field provides several advantages. First of all, these
materials can be synthesized in a variety of chemical structures, enabling the
possibility to easily tailor their microstructural and degradation behaviour.
Furthermore, the Federal Drug Administration approval of some of them
may allow fabrication of biomedical devices and foams suitable to be intro-
duced into the market. The unspecific interaction with cells represents to
date the main limitation of foams prepared starting from synthetic polymers
(Nair and Laurencin, 2007).

The ability to control the shape and structure of biomolecules, such as
proteins and DNA, and the evolution-optimized chemical functions of bio-
materials, make biomolecules attractive building blocks for functional bio-
medical foams.

The custom-design of proteins by taking advantage of nature’s protein syn-
thesis machinery allows material scientists to genetically engineer novel, well-
defined and multifunctional materials. Peptides and proteins self-assemble
into distinct structures (e.g. B-sheets and a-helices) because of van der Waals
and ionic interactions at the molecular level. Depending on the amino acid
sequence, the same set of amino acids can create a virtually unlimited range
of protein materials with various structures. Protein-based materials can be
derived by cloning sequences from organisms that naturally produce the pro-
tein or, for more controlled material properties, by engineering plasmids that
code only the desired amino acid sequences (van Hest and Tirrell, 2001).
Tuning the primary peptide sequence of these materials also allows devel-
oping biomaterials that self-assemble in sifu under appropriate physiological
conditions (Caplan et al.,2002; Hartgerink et al.,2002).

Like peptide-based materials, DNA is increasingly being investigated as
a biomaterial, because the material properties can be controlled by defining
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sequences of nucleotides as building blocks. DNA is a versatile building
material for nanoconstruction because of its remarkable molecular recogni-
tion capability and well-predicted duplex conformation. A number of DNA
motifs that can assemble into well-defined nanostructures in Mg?* contain-
ing buffer solution have been engineered. The negative charge of DNA can
also be utilized to fabricate long nanofibers in Ca’* solutions that can serve
to fabricate composites containing CaCO, nanotubes and nanowires (He
et al.,2007).

1.3.4 Composites

Although each biomaterial class has unique advantages for tissue engineer-
ing applications, each also has intrinsic drawbacks, depending on its nature
and fabrication process. A possible solution for overcoming this limitation is
to combine two or more materials in order to design and fabricate a multi-
phase composite taking the advantages of the single components.

Natural bone matrix is a typical example of organic/inorganic composite
material made of collagen and mineral (apatites). This natural composite
material has an excellent balance between strength and toughness, superior
to both its individual components.

Being similar to the major inorganic component of natural bone, inor-
ganic compounds, such as hydroxyapatite or calcium phosphate, in the form
of micro- and nano-particles, can be dispersed inside a polymeric matrix to
improve foam mechanical properties and degradation kinetics (Murugan
and Ramakrishna, 2005; Salerno et al.,2010a). Furthermore, the interaction
between ionic dissolution products of ceramics and cell metabolic activity
has been also reported to promote cell differentiation and tissue neo-vascu-
larization (Gerhardt et al.,2011; Hoppe et al.,2011).

Another example of composites is ceramic coating to increase the
osseointegration of other biomaterials. Collagen scaffolds have been coated
with hydroxyapatite to improve its osseointegration capacity by means
of the surface formation of a bioactive apatite layer (Karangeorgiou and
Kaplan, 2005). Fibre reinforced composites may be also tailored to mimic
the anisotropy occurring in natural tissues such as bone, finally improving
the biomechanical response of porous scaffolds (Jandt, 2007).

1.4 Manufacturing processes for biomedical
foams and scaffolds

In native biological tissues, the 3D organization of cells and ECM provides
tissues with biophysical and biochemical properties suitable to exploit
appropriate function within the body. As in the native tissue, the ideal
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scaffold for tissue engineering should be able to allow for the correct 3D
localization and development of cells and ECM by means of appropriate
cues — chemical, biochemical and biophysical. In particular, scaffolds for tis-
sue engineering must be characterized by a porous network of open pores
with appropriate size, distribution, shape, surface texture and topography.
Concomitantly, the chemical composition of the scaffold material, its sur-
face chemistry and mechanical function, as well as its ability to sequestrate
and deliver bioactive factors (e.g. growth factors, ions) to the cells also are
key requirements for tissue engineering applications.

Engineering porous scaffolds with tailored properties strongly depend
on the manufacturing technique. In this section, a description of traditional
and advanced scaffold manufacturing processes is reported, discussing their
advantages and current limitations.

1.4.1 Traditional manufacturing techniques

Conventional techniques for porous scaffold fabrication include textile
technologies, porogen leaching, thermodynamic-based processing of poly-
meric solutions such as gas foaming, phase separation and freeze drying, as
well as microsphere sintering.

Textile technologies were among the first approaches for fabricating
porous scaffolds for cell culture and in vivo implantation. Indeed, fibres may
provide a large surface area/volume that is beneficial for protein adsorption
and cell adhesion. Fibre meshes consisting of woven or knitted synthetic
fibres made of polyglycolic acid, polylactic acid or their co-polymers have
been investigated for cell transplantation and regeneration of various tis-
sues such as nerve, skin, ligament and cartilage (Chen et al.,2002). Increased
structural stability of textile scaffolds can be achieved by fibre bonding tech-
niques based on the melting and linking of the polymeric fibres at the cross
points (Mikos et al., 1993).

The method of reverse templating was first described by Mikos et al.
(1994) to fabricate highly porous (up to 93%) biodegradable polylactic acid
foams. The process involves the preparation of polymeric solutions contain-
ing appropriate salt (sodium chloride, sodium tartrate or sodium citrate)
particles, followed by the setting of the polymer and the dissolution of the
salt. This technique has been successively applied to different classes of
biomaterials, such as synthetic and natural polymers (Gomes et al., 2002;
Guarino et al., 2008), ceramics (Chevalier et al., 2007) and metals (Staiger
et al.,2006) to fabricate scaffolds and porous implant for biomedical appli-
cations. Further improvements over pore architecture control and mechani-
cal function for load-bearing applications have been reported by the use of
continuous porogens (Salerno et al.,2009b).



Introduction to biomedical foams 17

Gas foaming, phase separation and freeze drying techniques create porous
scaffolds by inducing thermodynamic instabilities in multi-phase polymeric
systems. In the gas foaming process, a blowing agent is dissolved inside the
biomaterials at high pressure, typically in the range of 10-30 MPa, followed
by a controlled pressure drop to ambient pressure. This depressurization
starts the nucleation and growth of pores inside the material (Salerno et al.,
2009a). The absence of toxic chemicals and the optimization of processing
temperatures can offer the great advantage of preserving polymer structure
and fabricating bioactive and biomimetic scaffolds (Mathieu et al., 2006).

Phase separation and freeze drying are thermodynamic-based processes
typically used for fabricating porous polymeric scaffolds by using organic
solvents. In these techniques, the synthetic or natural polymer is dissolved
in the solvent and the solution brought into a thermodynamically unstable
state by decreasing the temperature or adding a non-solvent. This step leads
to the formation of a multi-phase system characterized by polymer-rich and
polymer-lean phases. The subsequent removal of the solvent from the sys-
tem induces the crystallization of the polymer-rich phase and the formation
of the porous network in the polymer-lean phase. Depending on the poly-
mer-solvent choice and phase separation conditions, highly porous scaf-
folds, up to 99%, with random or oriented pores can be produced (Guarino
et al.,2008).

Microsphere-based tissue engineering scaffold designs have attracted
significant attention in recent years, as the microspheres as building blocks
offer several benefits, including ease of fabrication, control over morphol-
ogy and physicochemical characteristics, and versatility in controlling the
release kinetics of encapsulated factors (Shi et al.,2010; Salerno et al.,2012).
The properties of the scaffold, in turn, can be tailored by the selection of the
raw material as well as by altering the microsphere design and fabrication
method.

1.4.2 Advanced manufacturing of biomedical
foams and scaffolds

Solid freeform fabrication

One of the common shortcomings of the fabrication technologies discussed
above is the difficulty of fabricating scaffolds with predefined reliable and
reproducible internal morphology and external shape. To overcome these
limitations, in the last decade computer-aided design and manufacturing
(CAD-CAM) approaches, namely solid freeform fabrication (SFF), have
been implemented to manufacture tissue engineering porous scaffolds with
complex architecture and full pore interconnectivity starting from a com-
puter-generated CAD model of the scaffold. The scaffold is then built by
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using layered manufacturing strategies. Commercially available CAM sys-
tems may be categorized into three major groups based on the way materials
are deposited (Hollister, 2005): (i) laser-based machines that either photo-
polymerize liquid monomer or sinter powdered materials; (ii) the printing
of a chemical binder onto powdered material or directly printing wax, and;
(iii) nozzle-based systems, such as Bioplotter, that are able to print biologi-
cal cells as well as a range of biomaterials.

These hierarchical computational techniques have allowed design of
three-dimensional anatomic scaffolds from polymers, hydrogels, ceramic
and even metal biomaterials and characterized by a porous architecture that
balances function and mass transport (Hollister, 2005; Li et al., 2005; Simon
et al.,2007). Because of their highly ordered microstructures and full pore
interconnectivity, SFF scaffolds often endowed mechanical properties and
biological performance better than those achievable by using traditional
approaches (Hollister, 2005).

Stereolithography was developed by 3D Systems in 1986, being the first
commercially available SFF technique. The manufacturing of porous scaf-
folds by stereolithography is based on the layer-by-layer spatially controlled
solidification of a liquid resin by photo-polymerization using a computer-
controlled laser beam or a digital light projector (Melchels et al., 2010). A
post-curing polymerization is often necessary after draining and washing-
off the excess of resin, in order to complete the conversion of un-reacted
material. To date, stereolithography has been applied to fabricate porous
scaffolds made of poly(propylene fumarate) for bone tissue engineering
(Cooke et al., 2003), polytrimethylene carbonate for drug delivery applica-
tion (Jansen et al.,2010), as well as poly(ethylene oxide) and poly(ethylene
glycol) hydrogels-cell constructs for soft tissue engineering (Dhariwala
et al.,2004). Recently, microstereolithographic approaches have been also
proposed in order to improve the resolution of stereolithographic scaffolds
down to few micrometres (Bertsch et al., 2003).

Two-photon polymerization, which belongs to the class of stereolitho-
graphic techniques, uses multi-photon excitation of photoinitiator mole-
cules to induce polymerization of a resin. Due to the non-linear nature of
two-photon absorption, the resolution of the polymerization volume can
be beyond the diffraction limit, resulting in photopolymerized materials
with resolution down to 100 nm (Lee et al.,2008). Although the majority of
two-photon polymerization works focused on cell culture on 2D substrates
with three-dimensional nano-/micro-structures, some pioneering works
also used two-photon polymerization for fabricating 3D porous scaffolds
for cell culture and migration (Tayalia et al., 2008). Wylie and Shoichet
(2008) also proposed the use of two-photon technique to imprint amines
micropatterns inside agarose hydrogel, which can serve as reactive sites for
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further water-based chemistry and may also create cell adhesion patterns
inside agarose scaffolds.

Robotic additive biofabrication, named bioprinting, has emerged as a
flexible tool in tissue engineering with potential to build organs or viable tis-
sues (Mironov et al.,2009; Norotte et al.,2009). Bioprinting uses a computer-
controlled 3D printing device to accurately deposit cells and biomaterials
into precise geometries — the goal being the creation of anatomically cor-
rect structures. A computer-assisted design can be used to guide the place-
ment of specific types of cells and polymers into precise geometries that
mimic natural tissue/organ structure. Although, to date, a complete organ
has not been printed yet, bioprinting approaches have been reported for the
manufacturing, among others, of vascular structures (Norotte et al., 2009).
The broad spectrum of potential applications and rapidly growing toolboxes
of biofabrication approaches can make this technique one of the leading
platforms of next scaffold and tissue manufacturing.

High resolution integrated approaches

The increasing demand for nano- and micro-metric controlled 3D scaf-
folding materials for tissue engineering has led to the development of
integrated approaches that combine high resolution 2D structure manu-
facturing with layer-by-layer assembly. These approaches differ from those
of SFF because the ‘multi-layer scaffolds’ are built in a semi-automated
two-step process. This approach has been used for constructing, among
others, complex three-dimensional microfluidic scaffolds for tissue vascu-
larization (Vacanti et al., 2010) as well as biomimetic and bioactive scaf-
folds with precise micro-architecture and surface micro- and nano-textures
for controlled cell ingrowth and differentiation (Mata et al., 2009). In
particular, Mata and co-workers have recently proposed a novel 3D pro-
duction technique that combines microfabrication and soft lithography
to construct high resolution porous scaffolds. This technique consists of
dual-sided moulding and stacking of polydimethylsiloxane (PDMS) layers
characterized by predefined and precise micro-architectures and surface
micro-textures and obtained by PDMS replication of photopatterned SUS8
layers. The results of their work corroborates those widely reported in 2D
that appropriately patterned scaffold surfaces can promote and guide cell
adhesion, migration and osteogenic differentiation in three dimensions
(Mata et al.,2009).

Although integrated approaches can be useful for manufacturing scaf-
folds with micro- and nano-metric pore surface resolution, there is still the
need for improved approaches for a precision layer positioning, as well as a
consistent layer bonding and automated assembly.
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1.5  Scaffolds for in vitro cell culture

Engineering of tissues for therapeutic applications by means of culturing
transplanted cells within 3D porous scaffolds is one of the most investi-
gated approaches of the tissue engineering research. Indeed, the creation
of biological tissues in vitro is desirable for their potential use as replace-
ments for full animal models in basic biological studies and pharmaco-
logical and toxicological screens, and as replacement tissues for clinical
applications.

In vivo, cell behaviour is the result of a cascade of events that relies on
the interaction between cells and the 3D microenvironment, comprising the
ECM, surrounding cells and molecular cues. In order to recapitulate the in
vivo milieu, a key issue is to understand how cells respond to such micro-
environmental stimuli by determining cell-scaffold crosstalk dynamics. This
aspect is essential towards developing cell-instructive materials able to
guide successful tissue regeneration.

To date, the effect of scaffolds features, namely composition, degrada-
tion, pore structure and mechanical properties on in vitro tissue formation
has been assessed extensively for different cell-scaffold combinations. For
instance, it has been reported that scaffold-induced regeneration in vitro
can be optimized by selecting the constituent material and, in turn, surface
chemistry, degradation rate and mechanical properties (Lee et al., 2001;
Hu et al., 2003; Sung et al., 2004). Furthermore, the pore structure, namely
porosity, pore size, shape and interconnectivity, act in synergy with the other
parameters by controlling cell spatial distribution, infiltration and the trans-
port of fluids, such as nutrients and oxygen, across the entire cell-scaffold
constructs (Guarino et al., 2008, Salerno et al.,2010b).

Major obstacles to the in vitro generation of functional tissues and their
widespread clinical use are related to a limited understanding of the regula-
tory role of specific physicochemical culture parameters on tissue develop-
ment (Martin et al., 2004). Furthermore, it has long been known that the
supply of oxygen and soluble nutrients becomes critically limiting for the in
vitro culture of 3D tissues of thickness higher than 200 um (Salerno et al.,
2010b). Bioreactors, are devices which able to provide a tight control and
monitoring of biological and biochemical processes, have been developed
aimed at overcoming limitations of static cultures by providing a dynami-
cally stimulating environment for improved cell behaviour and new tissue
development. In particular, bioreactors have demonstrated great potential
for (i) improving cell seeding uniformity, proliferation and ECM biosynthe-
sis within the entire scaffold pore structure characterized by different physi-
cal and chemical properties, and (ii) stimulating mechanically transplanted
cells to induce correct cell differentiation and tissue development (Martin
et al.,2004; Mauney et al.,2004).
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Surface modification of porous scaffolds to control protein adsorption and
cell interaction is also an important aspect for in vitro strategies. Chemical
modifications of synthetic polymers with entire ECM molecules or relevant
peptide or glycan fragments, such as arginine—glycine-aspartic acid (RGD),
have been used to mediate specific mechanisms of cell adhesion and to con-
trol tissue morphogenesis (Chan and Mooney, 2008). This has been almost
exhaustively achieved in the case of 2D platforms, allowing the building of
a broad library of cell-responsive material properties. For example, it has
been demonstrated that the type of peptides used, their density and spatial
distribution at the micro- and nano-scale, significantly affect cell responses
(Ratner and Bryant, 2004; Hildebrand et al.,2006). The possibility to extend
these procedures to immobilize functional motifs on 3D porous scaffold sur-
faces has been mainly investigated by means of post-treatments on settled
scaffolds. These approaches, involving the dipping of the scaffolds inside
reactive solutions of appropriate compositions for a definite time, was suc-
cessfully used for fabricating RGD-functionalized poly epsilon-caprolac-
tone (PCL) scaffolds prepared via SFF technique for improved fibroblast
attachment (Gloria et al.,2012), as well as chitosan/poly(lactic acid—glycolic
acid) sintered microsphere scaffolds for bone tissue engineering (Jiang et al.,
2009). It is, however, important to point out that, to date, the precise transla-
tion of the information achieved in 2D to the cell culture in 3D is still far to
be achieved, as it requires high-throughput approaches of combinations and
screening of 3D microenvironmental variables.

Considerable knowledge on in vitro new tissue formation has been also
obtained by cell culture within hydrogel scaffolds. Indeed, hydrogels are
mainly composed of water (99%) inside a highly dense nanofibrous poly-
meric network, thereby providing a biomimetic environment for cell cul-
ture. Furthermore, these materials can be synthesized and processed under
physiological conditions and with functionalities adjustable to obtain cell
and tissue specificity (Drury and Mooney, 2003; Lutolf and Hubbell, 2005).
Lutholf and Hubbell (2005) fabricated polyethylene glycol-based synthetic
hydrogels containing proteolytic domains inside the chemical structure to
study cell migration by means of proteolytic degradation of the 3D fibrous
structure. This way, the biomaterial becomes the recipient of informa-
tion produced by cells and can be remodelled depending on the amount
of proteases produced during cell migration. Many hydrogels can be also
polymerized in the presence of cells, thereby ensuring a uniform cellular dis-
tribution throughout the three-dimensional network (Khetani and Bhatia,
2006). Hydrogels have also been used to test the effect of spatially and tem-
porally controlled three-dimensional gradients of biomolecules on cell fate
to finally control tissue development and regeneration. Such examples are
photodegradable poly(ethylene glycol)-based hydrogels with local control
of stiffness and cell-adhesive peptide ligands to influence chondrogenic
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differentiation of encapsulated stem cells (Kloxin et al., 2009), as well as
gene-activated 3D matrices for cell recruitment (Orsi et al., 2010).

1.6  Scaffolds for in vivo tissue-induced regeneration

Achieving in vivo tissue-induced regeneration for injured tissues and/or
organs by means of porous scaffolds represents the most important goal of
tissue engineering. In general, optimal scaffolds for the in vivo tissue repair/
regeneration must serve four primary purposes: (i) they must define a space
that will shape the regenerating tissue; (ii) they must provide temporary
structural function in the implantation site while tissue regenerates; (iii)
they must stimulate the progressive formation of a functional new tissue
within the pore structure and; (iv) they must degrade progressively, match-
ing the rate of new tissue growth, without releasing toxic by-products.

Since scaffold-based approaches were first proposed in tissue engineer-
ing, a massive research effort has been carried out about the effect of scaf-
fold composition, microstructure and degradation on in vivo tissue-induced
regeneration. Materials from synthetic or natural resources, as well as multi-
phase composites, have been implanted in well-established in vivo mod-
els for the repair/regeneration of tissues such as bone, cartilage and skin
(Staiger et al.,2006; Mano et al.,2007; Nair and Laurencin, 2007).

The presence of the pore structure and the maintenance of sufficient struc-
tural integrity are critical aspects for in vivo implantation. Indeed, porosity
is necessary for initial cell attachment and migration, and for mass transfer
of nutrients and metabolites, and provides sufficient space for development
and later remodelling of the organized tissue (Karangeorgiu and Kaplan,
2005). Concomitantly, the structural integrity may permit cell and tissue
remodelling until achieving stable biomechanical conditions and vascular-
ization at the host site. As the degree of remodelling depends on the tissue
itself and its host anatomy and physiology, scaffold degradation and con-
comitant evolution of structural properties must be accurately controlled
for the envisioned application.

In general, scaffold implantation triggers a series of body responses which
are included in the so-called ‘foreign-body reaction’, characterized by non-
specific protein adsorption to the scaffold surface and the adhesion of a
number of different cells to the scaffold, such as monocytes/macrophages,
leukocytes and platelets. If the inflammation persists, the macrophages fuse
together to form giant cells, finally leading to the formation of a collagenous
capsule surrounding the implant (Ratner and Bryant, 2004). It is therefore
clear that to induce successful tissue regeneration in vivo the scaffolds must
be able to control the biological response induced by them.

One of the most investigated strategies to address this issue has been the
modification of the surface properties of porous scaffolds to guide protein
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adsorption. Initial protein—material interactions are crucial, as they control
and guide cell attachment and adhesion processes. Cell adhesion to adsorbed
proteins is mediated through integrin and other receptors located within the
cell membrane (Garcia, 2005). Therefore, it is universally recognized that
controlling protein adsorption on the surface of biomaterials may be critical
in controlling and directing cell response to biomaterials.

A plethora of techniques has been developed in order to modify surface
characteristics, including biomaterial chemistry, wettability and morphology
and to improve in vivo tissue-induced regeneration. Bioactivation of poly-
meric scaffolds by means of micro- and nano-metric fillers incorporation
represents one of the most used approaches for bone regeneration. Indeed,
the inorganic phase may improve the deposition of new bone inside the
implant and the consequent integration of the scaffold with the surrounding
tissue. A comprehensive account of this topic can be found in the review of
Rezwan and co-workers (2005). Chemical grafting has been also proposed
to improve the functionality of implanted scaffolds. This approach involves
activating the surface with reactive groups followed by grafting the desired
functionality to the surface. Short oligopeptides exhibiting specific binding
domains, as well as whole proteins such as fibronectin, vitronectin, laminin
and collagen, have been attached to the surface of the scaffolds to support
cells and present an instructive background to guide their behaviour. Zheng
and co-workers (2012) improved the functionality of polycaprolactone
vascular graft by means of RGD coating. The obtained implants showed
decreased occlusion, improved haemocompatibility, enhanced cell infil-
tration and homogeneous distribution, compared to untreated implants.
Although this approach still remains popular owing to its comparative sim-
plicity, its efficacy requires tight control over the composition of the adsorbed
protein layer to stimulate a constructive cell response, favouring wound
repair and tissue integration. Conversely, proteins in an unrecognizable state
may indicate foreign materials to be isolated or removed. Concomitantly, it
is worth noting that the in vivo efficacy of these approaches has yet to be
demonstrated. In particular, further efforts and well-characterized animal
implantation models are necessary to provide a correlation between surface
functionality and short-term in vivo response, as well as to demonstrate that
this approach can be also efficacious for the control of long-term in vivo
cellular responses.

Functional porous biomaterials must also be capable of undergoing an
active transformation from one state to another in the presence of biolog-
ical systems. For instance, the transformation from an injectable state to a
solid state is highly beneficial for use in minimally invasive surgical proce-
dures to alleviate problems associated with implantation of prefabricated
scaffolds. Injectable materials can also be combined with cells and bioactive
molecules to improve regeneration.
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The injectability of a scaffold is generally related to the rheological prop-
erties of the formulations, and the setting time of the precursors is deter-
mined by the structure/composition of the formulations and their processing
conditions (Hou et al., 2004). Among the different biomaterials, calcium
phosphate cements are among the most investigated as injectable foams for
minimally invasive bone regeneration. Indeed, these materials offer the pos-
sibility of combining bioactivity, injectability and in sifu self-setting proper-
ties coupled with a macro- and nano-porous structure for bone cell adhesion
and tissue ingrowth. Calcium phosphate cements can undergo a self-setting
process within the body after injection, based upon the cementing action
of acidic and basic calcium phosphate compounds once wet with body flu-
ids. The setting time can be also adjusted by addition of manipulator com-
pounds to the wetting medium (Hou et al.,2004). Injectable scaffolds have
also been fabricated by using thermally or photochemically activated poly-
mers (Hou et al., 2004; Kim et al.,2009). Kim and co-workers (2009) devel-
oped a novel pH- and thermo-sensitive hydrogel as an injectable scaffold
for autologous bone tissue engineering. The pH/thermo-sensitive polymer
was synthesized by adding pH-sensitive sulfamethazine oligomers to both
ends of a thermo-sensitive poly(e-caprolactone-co-lactide)-poly(ethylene
glycol)—poly(e-caprolactone-co-lactide) block copolymer. After in vivo
implantation in mice, scaffold containing mesenchymal stem cells evidenced
mineralized tissue formation and high levels of alkaline phosphatase activ-
ity in the mineralized tissue.

In vivo implantation of cell-seeded porous scaffolds belongs to the
so-called ‘cell therapy’ and has been proposed as a suitable approach
to improve implant bonding and integration to the surrounding tissue,
as well as new tissue vascularization. The positive effect of seeding cells
within porous scaffolds before implantation has been reported for dif-
ferent scaffolds and tissues, such as bone (Savarino et al., 2007), cartilage
(Vinatier et al., 2009) and muscle (Levenberg et al., 2005). For instance,
Savarino and co-workers (2007) combined polycaprolactone scaffolds
with bone marrow-derived mesenchymal stem cells for bone regenera-
tion. Compared to the neat scaffold, the cell-seeded scaffold improved
new tissue formation into the macropores of the implant and neo-tissue
vascularization after implantation in rabbits. Similarly, Levenberg and co-
workers (2005) demonstrated that mouse myoblasts and endothelial cells
can be co-cultured in vitro within a polylactic acid scaffold to improve
the in vivo vascularization, blood perfusion and survival of muscle tissue
constructs after transplantation in mice. It is important to point out that
scaffold-based cell therapies require appropriate cell culture techniques,
which are technically demanding, to achieve the desired tissue matura-
tion before implantation.



Introduction to biomedical foams 25

1.7 Platforms for the controlled delivery of
bioactive agents

Drug delivery systems have already had an enormous impact on medical
technology, greatly improving the performance of many existing drugs and
enabling the use of entirely new therapies. Polypeptide growth factors are
powerful regulators of biological functions. They modulate many cellular
functions including migration, proliferation, differentiation and survival.
Therefore, additional direction over cell fate, beyond control of biomateri-
als chemistry, can be achieved through the spatially and temporally con-
trolled incorporation and release of morphogens and growth factors (Sands
and Mooney, 2007; Biondi et al.,2008).

The design of biocompatible foams — able to sequester and deliver bioac-
tive molecules in a controlled fashion — is a key issue in tissue engineering
and the biomedical field, and has been the object of extensive investiga-
tion. Bolus administration of growth factors cannot be effective in several
approaches because of the uncontrollable diffusion rate and of the enzy-
matic digestion or deactivation (Biondi et al.,2008). Conversely, drug deliv-
ery foams can prevent drug inactivation that, conversely, occurs in contact
with biological environments, during the whole release duration. Moreover,
local delivery and prolonged exposition of the bioactive molecules is nec-
essary to minimize the release of the agent to non-target sites, and support
tissue regeneration that normally occurs over long time frames. Some exam-
ples of application of drug delivery biomedical foams are scaffolds for cell
therapy and tissue regeneration, oral drug administration via microparticles
and porous nanoparticles for drug/gene delivery and sensing applications.

Drug encapsulation can be achieved by simply dispersing the bioac-
tive agent inside the matrix, as widely reported in the case of hydrogels.
Alternatively, biomaterials can also be modified to interact with bioactive
molecules, thereby achieving a better control over their release. For instance,
signals can be released upon degradation of a linking tether or the matrix
itself that immobilizes the molecule within the biomaterial, as in the case of
heparin-binding drugs (Jeon et al.,2007). The number of binding sites, the
affinity of the signal for these sites, and the degradation rate of the scaffold,
are key parameters controlling the amount of bound signal and its release
profile (Biondi et al.,2008; Chan and Mooney, 2008).

Drug delivery technologies can be of help in designing bioactive porous
scaffolds in which low or high molecular weight molecules, such as DNA,
growth factors and regulators of the inflammation response should be
locally released in a chrono-programmed fashion (Shea et al., 1999; Tayalia
and Mooney, 2009). Ungaro and co-workers (2006) fabricated drug
releasing scaffolds by incorporating poly(lactic-co-glycolic acid) (PLGA)
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microspheres inside collagen and hyaluronic acid hydrogels. By tuning the
pore structure of both microspheres and the scaffolds, the authors were
able to adjust the releasing rate as requested by the specific application.
Incorporating drug-loaded microspheres inside a porous matrix also gives
the opportunity of a multiple sequential delivery of growth factors, thereby
mimicking naturally occurring processes during tissue regeneration and vas-
cularization (Tayalia and Mooney, 2009). Porous synthetic scaffolds have
been also fabricated for the controlled release of growth factors able to
recruit mesenchymal stem cells from the host and limit scar tissue forma-
tion when implanted in vivo for cartilage regeneration (Huang et al., 2002).
In principle, this approach can overcome the complex and expensive steps
of in vitro cell seeding within porous scaffolds before implantation.

Particulate foams also found large applications for oral administration of
drugs in medical therapies. Oral ingestion is the predominant, easy route for
drug delivery because it allows for the immediate release of the desired dos-
age, minimizing the fluctuations in drug concentrations in the body, reducing
the administration frequency and, ultimately, leading to improved patient
compliance. Adequate control of the gastric residence time, combined with
time-controlled drug release patterns, can significantly increase the bio-
availability of the drug and, thus, the efficiency of the medical treatment
(Streubel et al.,2006). Particulate foams can be very useful for this purpose,
because they can be designed to float when in contact with the gastric fluids,
thereby increasing the control of resident time.

Efforts to miniaturize drug delivery particulate devices from the macro-
scale (> 1mm) to the microscale (0.1-100 um) or nanoscale (1-100 nm) can
potentially allow for the target delivery of precise dose of the drug, reducing
the possibility of missing or erring in a dose.

Drug releasing nanoparticles are already in use in several areas of drug
delivery and cosmetics. Usually smaller than 100 nm, nanoparticles are
obtained by forming nanocrystals or drug—polymer complexes or by creat-
ing nanoscale shells (such as liposomes) that entrap drug molecules. Because
of their size, they are often taken up by cells, whereas larger particles would
be excluded or cleared from the body. Small molecules, peptides, proteins
and nucleic acids can be loaded into nanoparticles that are not recognized
by the immune system and that can be targeted to particular tissue types
(LaVan et al.,2003).

Tailored nanoparticles structures offer unique characteristics to design
drug delivery carriers for a particular therapy. The in vivo use of porous
nanoparticles as therapeutic and diagnostic agents is of intense interest,
owing to their unique properties such as large surface areas, tunable pore
sizes and volumes, and well-defined surface properties for site-specific deliv-
ery and for hosting molecules of various sizes, shapes and functionalities.
Magnetic and/or luminescent functionalities can be further incorporated
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within nanoparticles to combine drug releasing with sensing and diagnos-
tics. Among the different materials for nanoparticle fabrication, a growing
interest on porous ceramic biocompatible nanoparticles such as silica, tita-
nia and alumina has recently emerged. The mesoporous structure of silica
nanoparticles can be particularly interesting for drug releasing, because
the release profile can be controlled either by the size or the morphology
of the pores, with no need for additional chemical modification (Slowing
et al.,2007). The rich chemistry of silica also allows for many other possible
manipulations to yield more complex systems, capable of performing more
elaborate tasks. An example is the fabrication of mesoporous dye-doped
silica nanoparticles decorated with multiple magnetite nanocrystals for
simultaneous enhanced magnetic resonance imaging, fluorescence imaging
and drug delivery (Lee et al.,2010).

Among the various types of nanomaterials, dendrimers and carbon nan-
otubes have also recently attracted increasing attention as drug delivery
devices in the biomedical research.

Dendrimers are a new class of porous polymeric systems characterized by
an inner core surrounded by a series of functional branches providing high
specific surface and large functional sites for loading drug molecules. The
high level of control over dendrimers’ size, shape, branching length/density
and their surface functionality permits the encapsulation of bioactive agents
directly into the interior of the dendrimers or their chemically attached/
physical adsorption onto the dendrimer surface, with the option of tailoring
the carrier to the specific needs and therapeutic applications.

Carbon nanotubes are well-ordered, hollow porous nanomaterials con-
sisting of carbon atoms and can be described as rolled graphene sheets
held together by van der Waals interactions. Carbon nanotubes possess
outstanding properties and a unique physicochemical architecture, which
may serve as an alternative platform for the delivery of various therapeutic
molecules.

For more details about dendrimers and carbon nanotubes for biomedical
applications and drug delivery, the reader can consult two review papers
that have been recently reported, by Svenson and Tomalia (2012) and Perez
and Regev (2012), respectively.

1.8  Microscaffolds for in situ cell delivery
and tissue fabrication

Porous microparticles have been the subject of intensive research by the
tissue engineering community in view of their uses, among others, as drug
and cell delivery carriers and building blocks for bottom-up scaffold design
and tissue fabrication (Biondi et al., 2008; Urciuolo et al., 2010; Salerno
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et al.,2012). Indeed, microparticles can be fabricated starting from differ-
ent biomaterials, while their composition, size, shape, microstructure and
drug releasing capability can be controlled, selecting appropriately the fab-
rication technique and the processing conditions. Furthermore, the recent
development of microfluidic techniques holds great promise in both the
fields of drug delivery and tissue engineering, allowing for a very precise
control, down to a nanoscale resolution, over the biophysical and biochem-
ical properties of microparticles (Marre and Jensen, 2010).

Microparticulate foams were originally used as carriers for in vitro cell
expansion and have since recently been serving as cell delivery systems
for cell therapy to regenerate tissue at the site of trauma with minimally
invasive procedures (Fig. 1.2). Microparticulate foams can be a substrate
on which cell populations can attach and migrate, can be implanted with a
combination of specific cell types as a cell delivery vehicle and can also be
used as a drug carrier system to activate a specific cellular function in the
localized region.

Depending on the required application, cells can be encapsulated inside
the microparticles or seeded on their pore surface.

Temporary encapsulation of cells in microparticles may protect the cells
from short-term environmental effects — such as those associated with the
delivery to the regeneration site — and avoid the use of immunosuppres-
sive agents, which may potentially have severe toxic effects (Hernandez
et al., 2010). Alginate, chitosan and hyaluronic acid are the most investi-
gated hydrogel materials for cell encapsulation and have been used as
stem cell carriers for in vivo bone and cartilage repair (Drury and Mooney,
2003; Herndndez et al., 2010). Microparticles can also be used as vehicles
of growth factor, thus enhancing the therapeutic potential of transplanted
cells (Hernandez et al., 2010; Huang and Fu, 2010; Rahman et al., 2010). In
an interesting study, Rahman and co-workers (2010) encapsulated mouse
embryonic stem cells within VEGF-functionalized agarose particles to
improve blood vessel formation.

In addition to incorporating the living material, some approaches employ
porous microparticles as microscaffolds, where cells are attached to the sur-
face and inner pore structure.

Microscaffolds can be fabricated by use of techniques such as reverse
templating, gas foaming and emulsion-freeze drying (Kim et al.,2006; Hong
et al.,2009; Ambrosch et al.,2012; Choi et al.,2012). For example, Hong and
co-workers (2009) have recently reported the fabrication of porous PCL-
bioactive apatite microscaffolds with interconnected tubular pores for bone
tissue engineering by using camphene as a non-toxic porogen.

Several studies have highlighted the importance of the pore structure
of microscaffolds on their regenerative potential. /n vitro cell studies with
human keratinocytes and fibroblasts have demonstrated that microparticles
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1.2 Microscaffold approaches for in vitro and in vivo tissue
regeneration.

with a multicavity surface seem optimal to facilitate cell attachment and
proliferation, uniform cell distribution, and ultimately skin regeneration
(Huang and Fu, 2010). Similarly, chondrocytes cultured on porous PLGA
microscaffolds enhanced significantly in vivo neo-cartilage formation, com-
pared to non-porous ones (Choi et al.,2012). In addition to the formation of
a porous structure, a tight control over microscaffold pore size is also essen-
tial. Indeed, it has been reported that the increase in pore size from 13 pm
to 36 um increased in turn the viability and infiltration of fibroblasts (Choi
etal.,2012).

Gelatin is the most investigated biomaterials for microscaffold fabrication.
Indeed, gelatin is highly biocompatible and can be processed to fabricate
microparticles of controlled size and pore structure as well as degradation
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kinetic. Furthermore, porous gelatin microscaffolds are also available on the
market (CultiSpher, from Percell Biolytica).

One of the most novel and promising applications of microscaffolds is
their use as building blocks for in vitro engineering of viable tissue equiva-
lents (Fig. 1.2). In this ‘bottom-up’ approach, cells are isolated, expanded and
seeded onto biodegradable microscaffolds in a dynamic culture. The cell-
seeded microscaffolds, named microtissues, are then placed in a dynamic
culture chamber where they assemble to form a macrotissue (Urciuolo
et al.,2010; Chen et al.,2011). Assembling is the result of cell-cell and cell-
ECM interactions across the microtissues. The degradation of the biomate-
rial finally provides the formation of a tailor-made biological tissue.

Besides offering the possibility of creating de novo biological tissues
with biomimetic composition and architectural features, this approach can
potentially generate viable 3D tissues with no limitation in size, overcoming
the drawbacks of classical tissue engineering approaches. Tissue constructs
resulting from this bottom-up approach include skin (Huang and Fu, 2010),
derma (Urciuolo et al.,2010), bone and cartilage (Sommar ef al.,2010; Chen
etal.,2011).

A critical step towards the optimization of the final properties of the new-
engineered tissue is related to the spatial distribution of the microtissues
inside the construct and the culture conditions selected for tissue matura-
tion. To date, macrotissue formation has been achieved by simply trans-
ferring a suspension containing the microtissues inside a culture chamber,
while the possibility to manipulate microtissues for achieving a micrometric
spatial resolution has not yet been reported in literature. However, the rapid
development of techniques for the precise building of macrostructures from
the bottom up, such as microfluidic devices (Chung et al., 2008) and SFF
fabrication (see paragraph 3 for more details) can allow for a more com-
plex manipulation of the micro- and macro-environment of the macrotissue.
For instance, SFF techniques have been recently applied to fabricate tissues
and organs by printing and assembling tissue spheroids or cells encapsu-
lated inside hydrogels (Norotte et al., 2009). Concomitantly, the design of
bioreactors for dynamic cultures of microtissues and for macrotissue matu-
ration, coupled with the optimal selection of culture conditions, can permit
the control of the biological fusion of the cell-seeded microparticles and,
ultimately, the mechanical properties and the composition of the macrotis-
sue (Urciuolo et al.,2010).

1.9 Three-dimensional tumour models

Three-dimensional scaffolds represent highly innovative tools for recreating
tumour microenvironmental conditions in culture to study the development
and evolution of cancer and to test suitable chemotherapies. Compared to
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conventional 2D cultures, tumour cells maintained in 3D scaffold-based
models exhibit characteristics that are more representative of their behav-
iour in vivo (Fischbach et al., 2007; Pathi et al., 2010). In recent years, 3D
tumour cell culture approaches have dramatically improved our under-
standing of the role of 3D culture on tumour cells. These newly developed
tumour models have demonstrated great utility in the investigation of can-
cer progression and are also used as a new test system for antitumour drugs.
Porous scaffolds prepared starting from natural polymers such as collagen,
chitosan and alginate have been investigated as 3D templates for tumour
models. For instance, Mitsiades and co-workers (2000) developed a 3D
cancer model by co-culturing human osteoblasts and cancer cells within a
collagen scaffold. The construct was prepared by mixing osteoblasts with a
collagen solution, followed by scaffold setting and subsequent inoculation
with cancer cells. In the majority of cases, the inoculation of cancer cells
induced a blastic reaction, evidenced by an increased osteoblast prolifera-
tion and a higher collagen density. Fischbach and co-workers (2007) used a
porous PLGA scaffold prepared via gas foaming and salt leaching to study
the angiogenic characteristics of transplanted cancer cells. In vitro culture
was optimized in order to induce a central hypoxia within the cell/scaffold
construct to mimic 3D tumour-like tissue context. By correlating in vitro
and in vivo models, the authors were able to study the angiogenic charac-
teristics of tumour cells and the effect of chemotherapy agents on tumour
progression. In order to provide a more reliable model to study bone metas-
tasis, Pathi and co-workers (2010) compared the behaviour of cancer cells
within non-mineralized or mineralized polymeric scaffolds. As a result, the
authors observed improved tumour cell adhesion, proliferation and secre-
tion of pro-osteoclastic interleukin-8 in mineralized tumour models, demon-
strating the role of hydroxyapatite on neoplastic and metastatic growth of
cancer cells in bone.

1.10 Conclusion

This chapter describes the evolution of biomedical foams from tissue substi-
tutions to repair/regeneration applications.

Biomedical foams were first used in implantology in order to improve the
biomechanical performance of orthopaedic and vascular prostheses. Taking
advantage of the possibility to induce in vivo tissue ingrowth at the implant/
tissue interface, these materials provided prostheses with more stable fixa-
tion and enhanced life.

In the 1980s, the development of bioactive and biodegradable materials
expanded the field of application of biomedical foams, from substitution to
repair/regeneration. In particular, great efforts were devoted by the tissue
engineering community to the design of porous biodegradable scaffolds for
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in vitro cell culture and in vivo tissue-induced regeneration. Different clas-
ses of materials, of natural and synthetic origins, were selected and processed
using various manufacturing techniques. These scaffolds were characterized
to assess the effect of their composition and microstructural properties on
their biocompatibility. At the same time, biotechnology and mechanobiol-
ogy advances allowed for the design and fabrication of bioreactors able to
improve in vitro cell seeding and cultivation and to provide more reliable
conditions for tissue regeneration.

Finally, during the last decade, the concept of cell guidance in tissue
regeneration has been extensively discussed and progressively revised as
new knowledge of the complex features of cell-material interaction has
been disclosed and elucidated. Biomedical foams able to mimic the bio-
chemical and biophysical cues of native ECM have been designed aim-
ing to improve the biological functionalities of new-engineered tissues.
This has been possible thanks to the development of high resolution and
automated scaffold manufacturing, able to recreate cell-niches and to
test the effect of spatially and temporally controlled signals on cell fate.
Furthermore, by means of miniaturization techniques and molecularly-
engineered biomaterials, micro- and nano-metric multifunctional foams
have been obtained, holding promise for use as platforms for in vivo diag-
nostic and repair.
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Abstract: Over the last decade, there has been a significant progress
towards the development of foams, or porous scaffolds, for a wide variety
of biomedical applications. The manipulation of material chemistry and
processing technologies allows for the design of tailor-made devices with
peculiar mechanical morphological and functional properties for different
applications. Here, we propose a complete review of materials recently
used in the development of biomedical foams highlighting the relevance
of some properties such as degradability or mechanical properties on the
suitability of foams for the repair and regeneration strategies.

Key words: biomaterials, porous materials, biomedical foams.

2.1 Introduction

The state-of-the-art in biomaterial design has continuously evolved over
the last decades to offer a portfolio of innovative devices to support the
functionalities of natural tissues. In recent years, there has been increasing
importance attached to materials that might be used in biomedical areas.
After an early empirical phase of biomaterial selection based on availabil-
ity, design attempts have been primarily focused on either achieving struc-
tural/mechanical performance or on rendering biomaterials inert and thus
unrecognizable as foreign bodies by the immune system. Traditionally, bio-
materials were used as implants in the form of sutures, bone plates, joint
replacements, ligaments, vascular grafts, heart valves, intraocular lenses,
dental implants, and medical devices such as pacemakers and biosensors
(Griffith, 2000; Hirtl et al., 2004; Staiger et al.,2006). Moreover, biomaterials
have played a critical role in biomedical applications by acting as synthetic
frameworks, namely scaffolds, matrices, and foams able to guide the mecha-
nisms of tissue regeneration.

Hence, significant advances have been made in 3D porous structures —
foams and scaffolds — to support the regeneration of various tissues including
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skin and cartilage (Horch et al., 2005), bone and ligaments (Guarino et al.,
2007), liver (Allen and Bhatia, 2002), heart valves and arteries (Nerem and
Ensley, 2004; Leora et al., 2005), bladder (Pattison et al., 2005), pancreas
(Kin et al., 2008), nerves (Yu and Bellamkonda, 2003), corneas (Doillon
et al.,2003), and various other soft tissues (Guan et al., 2005).

The main goal in design and developing biomedical devices is to restore
the function and mobility of the native tissue that is to be replaced. In order
to select an ideal biomaterial for biomedical applications, specific property
requirements must be fulfilled. More generally, an ideal biomaterial should
be biocompatible and bioadhesive, possess adequate mechanical properties
to tolerate the applied physiological load, be corrosion/wear resistant and,
finally, show good bioactivity to ensure sufficient bonding at the material/
tissue interface. The criteria for selecting the materials as biomaterials are
based on their chemistry, molecular weight, solubility, shape and structure,
hydrophilicity/hydrophobicity, lubricity, surface energy, water absorption
degradation, and erosion mechanism.

Commonly, materials for biomedical use can be divided into five major
classes: metals, ceramics, natural polymers, synthetic polymers, and compos-
ites (Hench, 1998). Here, it is intended to discuss the main features of bio-
medical foams, describing how the peculiar properties of materials influence
specific foam functions, and so directing their use towards different fields of
application.

2.2 Metals for biomedical foam fabrication

Over the last few decades, a large number of metals and applied materials
have been developed, with significant improvements of various properties,
for a wide range of medical applications. Compared to other biomaterials,
such as ceramics and polymers, the metallic biomaterials offer a wider range
of mechanical properties (Table 2.1), such as high strength, ductility, fracture
toughness, hardness, and formability, as well as corrosion resistance and bio-
compatibility. These are required properties for most load-bearing applica-
tions in fracture fixation and bone replacement (total joint arthroplasty)
(Breme and Biehl, 1998; Hallab et al.,2004).

Traditionally, metal implants are made of stainless steel, cobalt alloys, or
titanium or its alloy nitinol. Stainless steels are preferentially used for frac-
ture fixation devices because they exhibit high elastic modulus and tensile
strength, and possess good ductility, which allows them to be cold-worked
and fairly biocompatible. However, the main disadvantage of using stainless
steel as biomaterial is still seen to be its fatigue limits and relative expense.
Meanwhile, cobalt alloys also show high elastic modulus, strength and hard-
ness, and are highly corrosion resistant (Singh and Dahotre, 2007). These
properties allow cobalt alloys to be chosen to serve as artificial joints or



Table 2.1 Summary of mechanical properties of alloys and metal foams for biomedical use

Materials Density Elastic Max Yield stress  Ultimate References
(g/cm?) modulus elongation (Mpa) tensile stress
(GPa) (%) (MPa)

Dense bone (Cortical) 1.8-2.0 35-283 - 104-114 5-23 Black and Hastings, 1998
Porous bone (Spongy) 1.0-1.4 1.5-38 - - 0.01-1.5 Black and Hastings, 1998
Ti6Al4V 4.43 14 - 760-880 830-1025 ASTM, 2003
316L SS 8.0 190 200-300 450-650 ASTM, 2003
Pure Mg annealed 1.74 45 - 160 90 ASTM, 2003

foams
MgZnMnCa alloy (Cast) 1.58 - 9 70 90 ASM, 2005
Mg, 0.5 Ca, 2.0 Zn, 1.2

Mn foams
WE43 Mg alloy foams 1.84 44 2 170 220 ASTM, 2001
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total joint prostheses, and also for dental applications. However, they pos-
sess low ductility, and are difficult to process by traditional routes.

Alternatively, titanium and its alloys have been used extensively as bone
substitutes (even under load-bearing conditions), spinal cages, and dental
implants (Lin et al., 2007). In particular, titanium is currently used for the
production of orthopaedic implants where direct contact occurs between
bones and implant surfaces (Giannoni et al., 2009). Metals are also used
for spinal fixation, acetabular hip prostheses, dental implants, permanent
osteosynthesis plates, and intervertebral discs (Likibi et al.,2005; Chaudhari
etal,2011).

Indeed, titanium and some of its alloys provide many advantages, such as
excellent biocompatibility, high strength-to-weight ratio, low elastic modu-
lus, and superior corrosion resistance, required for dental and orthopaedic
implants (Ramaswamy et al.,2009). Alloying elements, i.e. Zr, Nb, Ta, Sn, Mo
and Si, would lead to superior improvement in properties of titanium for
biomedical applications. These alloys may be easily prepared in many dif-
ferent shapes and textures without affecting its biocompatibility (Kasemo
and Lausmaa, 1988).

However, most titanium implants consist of dense components, which
lead to problems such as bone resorption and implant loosening due to bio-
mechanical mismatch of the elastic modulus (Baril et al.,2011).To overcome
these problems, porous structures are being investigated extensively, since a
reduction in elastic modulus can be coupled with bone integration through
tissue in-growth (Spoerke et al., 2005). Scientific advancements have been
made to fabricate porous scaffolds that mimic the architecture and mechan-
ical properties of natural bone. The porous structure provides the necessary
framework for the bone cells to grow into the pores and integrate with host
tissue, known as osteointegration. In particular, several factors are crucial for
promoting cell growth, vascularization and the supply of nutrients, includ-
ing pore shape and size — between 100 and 500 pm — over their intercon-
nectivity and homogeneous spatial distribution into the scaffold. Besides, it
is well known that bone in-growth into porous structures provides a strong
implant/bone bond, preferably when pores are three-dimensionally inter-
connected, because the pore interconnection provides enough space for the
attachment and proliferation of new bone tissues and facilitate the transport
of body fluids (Vasconcellos et al.,2008).

In this context, appropriate mechanical properties, such as lower elastic
moduli with respect to the bulk metal, also better mimic the bone response
so minimizing or eliminating the stress-shielding problem. Indeed, the main
concern regarding the application of bulk (dense) metallic biomaterials
is their higher stiffness than bone. The magnitude of elastic modulus for
bulk metallic implant materials overcomes that of cortical bone by far, and
results in a failed stress transmission from biomaterial to bone, the so-called
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stress-shielding effect. The stress shielding may lead to bone resorption or
even fretting, due to micro-motions occurring at the bone/implant interface
(Kawalec et al., 1995).

In other words, the traditional metallic bone implants are dense and often
suffer from the problems of adverse reaction, biomechanical mismatch, and
lack of adequate space for new bone tissue to grow into the implant. Hence,
the idea of preparing a porous material arises to bridge this biomechanical
mismatch. A decrease in elastic modulus (or lowering the stiffness) would
result in a higher elastic elongation of the cells in the vicinity of the implant,
thereby stimulating bone formation by producing calcium (Natali and
Meroi, 1989). In this context, the modulation of metal properties by adapt-
ing specific processing routes may offer the opportunity to tailor physical
and mechanical properties, as well as biocompatibility, of the final device.

New processes have recently been developed to synthesize biomimetic
porous titanium scaffolds for bone replacement through powder metallurgy,
an efficient technique for manufacturing these complex shapes with inter-
connected pores without the need for machining steps (Li et al., 2006). In
particular, the space holder sintering method is capable of adjusting the pore
shape, the porosity, and the pore size distribution, notably within the range
of 200-500 um as required for osteoconductive applications. Moreover,
the powder metallurgy technique seems to be particularly advantageous
because of its processing route and cost. In powder metallurgy, pores can
originate from the particle compacting arrangement or from changes in
this arrangement, when decomposition of spacer particles causes increasing
porosity, and from solid-state diffusion in the sintering step (Ramakrishnan,
1983). Finally, the porous structure must also present adequate mechan-
ical strength, since large pores have a deleterious effect on the scaffold’s
mechanical properties (Elzey and Wadley, 2001). The gradient of maximum
porosity must be adjusted adequately with respect to porosity and pore size,
in order to ensure the scaffold’s acceptable mechanical strength.

In this context, porous shape memory alloy (SMA) scaffolds have recently
achieved a considerable success for the design of new implantable devices,
due to the combination of their unique mechanical and functional proper-
ties, i.e. shape memory effect and superelasticity, and low elastic modulus
combined with new bone tissue in-growth ability and vascularization. These
attractive properties are of great benefit to the healing process for implant
applications.

The shape memory effect of SMAs provides a possibility of preparing
self-expanding, self-compressing, and other functional implants (Duerig
et al., 1996); the superelasticity of SMAs can match the mechanical defor-
mation behaviour of bone, which has a recoverable strain of 2% (Zelazny
et al., 2011). The main properties of SMAs are explained by martensitic
transformation — from austenite to martensite, and vice versa — which can
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differentially occur as a function of composition and metallurgical treat-
ments, which dramatically affects the phase transition temperatures (Kim
et al.,2008).

Among the SMAgs, nitinol is a shape memory metal which is strongly
emerging for use in bone plates, because it provides a compressive force on
the fracture, resulting in faster healing (Kawaguchi et al., 2011). NiTi alloys
with porous structure have also exhibited excellent bone in-growth ability,
and elastic modulus similar to natural bone (Drozdov, 1995). In compari-
son with dense NiTi alloys, the mechanical properties of porous NiTi SMA
can be easily controlled by modulating the porous characteristics, including
porosity, pore shape, pore size, and aspect ratio (Xiong et al.,2008a, 2008b).
In this case, the high melting temperature of NiTi-based alloys (approxi-
mately 1310°C) makes liquid-state foaming processing methods (such as
foaming of melts with blowing agents — e.g. TiH, — or injecting a gas into
melts) inapplicable due to the extreme chemical reactivity with crucibles
and atmospheric gases, and the relatively high density of the NiTi (6.45 g
cm~)-based alloy. To overcome these difficulties, researchers have resorted
to solid-state foaming processing methods, mainly powder metallurgi-
cal techniques including conventional sintering (CS) (Li et al., 1998), self-
propagating high-temperature synthesis (SHS) (Biswas, 2005), hot isostatic
pressing (HIP) (Yuan et al.,2004), and spark plasma sintering (SPS) (Zhao
et al.,2005).

It has been also demonstrated that shape memory behaviour and super-
elasticity, bone-resembling yield strength and elastic modulus, concur to
characterize the success of porous NiTi-based SMA in terms of in vitro and
in vivo biocompatibility (Prymak et al.,2005; Zhu et al., 2008). In particular,
these materials overcome the most common problems of metallic materi-
als, such as corrosion or wear which generally provoke any negative tissue
reaction, so limiting their employment as biomaterials in the human body
(Buehler et al., 1963).

In this context, degradable implants made of metal can be considered as
a novel concept, which actually opposes the established assumption ‘metal-
lic biomaterials must be corrosion resistant’ (Hermawan and Mantovani,
2009). In terms of mechanical properties, biodegradable metals are more
suitable than biodegradable polymers when a high strength to bulk ratio is
required, such as for internal bone fixation screws/pins and coronary stents.

More recently, biodegradable metals have showed an interesting mechan-
ical property close to that of human bone with tailored degradation behav-
iour, required for porous scaffolds in bone regeneration. Indeed, the major
challenge in scaffold design is to achieve adequate initial strength and stiff-
ness and to maintain them during the stage of healing or neotissue generation
throughout the scaffold degradation process (Chen et al., 2002). However,
biodegradable polymers generally show poor mechanical properties, often
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unable to achieve the required level of strength and Young’s modulus for
hard tissue applications such as bone. Contrariwise, the inherent strength
and ductility possessed by metals are the key features that make them
appealing for hard tissue applications (Farack ef al.,2011).

Magnesium- (Mg-) based and iron- (Fe-) based metals, alloyed with
other chemical elements including rare earth elements (Witte et al., 2005),
Calcium (Ca) (Zhang and Yang, 2008), pure Fe (Peuster et al.,2006), or Mn
(Schinhammer et al., 2010), have been preferentially used for bone replace-
ment scaffolds. Indeed, Mg ions largely found in bone tissue are an essen-
tial element in the human body, and their presence is beneficial to preserve
bone strength (Vormann, 2003), while many studies have recognized the
osteoconductive potential to actively stimulate bone growth (Witte et al.,
2005; Guarino et al, 2012). Fe ions are also essential elements, playing a
significant role in the human body as metabolism mechanisms for transport,
activation, and storage of molecular oxygen, reduction of ribonucleotides
and dinitrogen, and decomposition of lipid, protein, and DNA damage
(Mueller et al.,2006). Combining their excellent mechanical properties and
degradability, Mg- and Fe-based alloys are emerging as a potential alterna-
tive to polymer-based composites for making scaffold for bone regenera-
tion application. Their use in orthopaedic implants is mainly due to their
supportive physical properties to human bones. Indeed, the elastic modulus
of pure Mg is close to that of cortical and cancellous bones, and can be fur-
ther improved by alloying and thermo-mechanical processes. Moreover, the
addition of alloying elements such as aluminium, silver, indium, silicon, tin,
zinc, and zirconium could improve both the strength and elongation of Mg
alloys (Gu et al.,, 2009) and their ductility (Li et al., 2008). Fe alloys show
higher elastic modulus (211 GPa) than Mg (41 GPa) and its alloys (44 Gpa)
and 316L stainless steel (190 Gpa) (Ryan et al.,2006).

However, they showed evidence that pronounced inflammatory response
and systemic toxicity were not observed up to 18 months of the study. Hence,
the use of Fe alloys for the scaffold production is still strongly limited. Only
recently, Farack (Farack et al.,2011) have investigated the use of Fe foams
coated with calcium phosphate for bone replacement scaffold. They have
demonstrated that human mesenchymal stem cells proliferated and differen-
tiated preferentially onto hydroxyapatite (HA)-coated Fe foams, confirming
the ability of HA to enhance bioactivity despite inhibiting the degradation
of Fe foams. In this context, the introduction of other metallic elements may
contribute to optimize the degradation kinetics and mechanical properties of
Fe foams for bone applications. For example, the addition of phosphorus ele-
mentsallows fabrication of open porous Fe-phosphorous,which shows a faster
in vitro degradation than pure Fe, increased compressive yield up to 11 MPa
(higher than that of pure Fe of 2.4 MPa), and Young’s modulus of 2.3 GPa
(comparable to that of typical bone) (Quadbeck et al.,2010).
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2.3 Ceramics and glass for biomedical foam
fabrication

Bioceramics identifies the subclass of ceramic materials that can be used
inside the body without rejection, due to their biocompatibility, low density,
chemical stability, and high wear resistance. They generally show a refrac-
tory behaviour in nature and possess high compressive strength required to
replace or fix hard connective tissues such as bones, joints, or teeth. Examples
of bioceramics are alumina, zirconia, titania, HA, and calcium phosphate
(CaP) (Minay and Boccaccini, 2005). As for the fabrication of biomedical
foams, the most common classification of ceramic materials distinguishes
between CaPs and bioglasses.

CaPs are generally preferred for tissue repair applications, mainly for
their compositional similarity to the mineral phase of bone (Kalita et al.,
2007). Indeed, the rationale for the use of CaPs derives from their prom-
ising response in terms of biocompatibility, osteoconductivity, and biode-
gradability. At present, CaPs such as HA produced from natural sources
(i.e., corals) have been reportedly used for orthopaedic bone-defect recon-
struction (Vaccaro, 2002). These porous coral HA scaffolds are reported to
exhibit a hydrothermal exchange reaction, thereby converting porous cor-
alline skeletal materials into HA that has similar microstructure as the ini-
tial carbonate skeletal material (Mangano et al.,2003). However, the major
drawback for the use of coralline HA is the inability to control the pore size
and chemical composition, thereby resulting in unpredictable outcomes. In
order to take advantage of the CaP biocompatibility, more recently, many
researchers have turned their attention towards the use of synthetic CaP
for the engineering of trabecular bone-like scaffolds (Zyman et al., 1998).
The most widely used CaP-based bioceramics are HAP and f-tricalcium
phosphate (-TCP). HA has the chemical formula Ca,,(PO,)s(OH),, the
Ca/P ratio being 1.67, and possesses a hexagonal structure, making it the
most stable phase among various CaPs. Contrariwise, B-tricalcium phos-
phate (B-TCP) represented by the chemical formula Ca,(PO,),, presents a
Ca/P ratio equal to 1.5 and X-ray patterns consistent with a pure hexagonal
crystal structure, although the related a-TCP is monoclinic. Differences in
crystal structure and chemical composition influence the dissolution rate
of B-TCP ceramic, much faster than HA, thus promoting a more efficient
bone bonding.

Hence, other CaPs particles — not only HA — may be considered for the
bioactive potential. Besides, the chemical composition of native HA — the
main mineral component of bone tissue and teeth — differs from that of
synthetic HA, due to the presence of several ionic substitutions in the 3D
crystal, (i.e., CO;>, F-, Mg %, and Na*), which play an important role in the
biological responses of bone cells as a function of their spatial distribution
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and their concentration in the tissue (Elliott, 1994). For example, many
authors have demonstrated that carbonates have a strong influence on the
growth of apatite crystals (Ikoma et al.,2001), sodium plays a role in bone
remodelling (Heaney, 2006), and the fluoride ions prevent the development
of dental caries (Featherstone, 1999). Recently, other authors have demon-
strated that the presence of metal ions (i.e., Mg?", Zn>, Sr**) is essential
to assure a stimulatory effect on bone formation in vitro and in vivo. In
particular, magnesium-doped HA particles promote osteoblast function,
actively participate in bone regeneration (Dasgupta et al., 2010), and play a
key role in bone metabolism. This effect is mainly evident during the early
stages of osteogenesis, with the stimulation of osteoblast proliferation (Bigi
et al., 1992), due to the enhanced osteoconductivity and resorption of ion-
doped particles in comparison to stoichiometric HA (Rude and Gruber,
2004; Landi et al., 2008).

Recently, several processes have been optimized to impart a controlled-
pore architecture to bioactive ceramic materials. The method of gel-cast-
ing foams has shown suitability for the manufacture of strong and reliable
macroporous ceramics that have great potential to replace bone tissue.
The process yields non-cytotoxic compounds in various porosity fractions,
optimized strength, and open spherical pores, as shown in earlier work
(Sepulveda et al., 2000a). For bone repair strategies, macropores arranged
to form a highly interconnected network are required to provide in-growth
access of surrounding host tissues, facilitating further deposition of newly
formed tissue in the spherical cavities. Additionally, the intricate shape of the
walls provides a framework that supports the organization of growing tissue,
improving biological fixation, and avoiding drawbacks that may result from
implant mobility (Kienapfel ez al., 1999). Therefore, porous HA has been
also manufactured via foaming of aqueous ceramic suspensions and setting
via gel casting of organic monomers (Sepulveda et al., 2000b). This tech-
nique involves foaming of ceramic suspensions or swelling of ceramic green
bodies via gas evaporating chemical reactions from organic and inorganic
sources. Some foaming agents tested were hydrogen peroxide, carbonate
salt, and baking powder. They were added to the HA slurries while stirring
to let it foam, and then subjected to polymerization followed by sintering
(Woyansky et al., 1992). The porous HA obtained has pore sizes of 30-600
um (Aoki et al., 2004).

Tamai et al. (2002) developed a modified version of the ceramics foaming
method they called ‘foam-gel’ technique. This technique involves a cross-
linking polymerization step that gelatinizes the foam-like HA slurry in a
rapid manner, thus promoting the formation of an interconnected porous
structure. The wall surface of the device obtained is very smooth, and HA
particles are aligned closely with one another and bound tightly. With an
average pore size of 150 um, and average interpore connections at 40 pm,
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this device is favourable for interpore cell migration or tissue in-growth.
Gel casting of foams can be applied to produce ceramic scaffolds with high
mechanical strength. The disadvantage of this technique is that it typically
results in a structure of poorly interconnected pores and non-uniform pore
size distribution. For these reasons, porous HA commonly cannot be used
for load-bearing applications, but is used to fill only small bone defects and
for artificial bone substitutes. Besides, a successful development of porous
bone substitutes with optimal properties requires perfect control of morpho-
logical properties, i.e., pore volume, mean pore, and interconnection sizes. In
particular, dimension and morphology of pores are crucial factors for an
excellent osteointegration (Le Huec et al., 1995; Gauthier et al., 1998). The
minimum pore size required to enable in-growth of the surrounding bone
together with blood supply is about 100-150 wm for macropores (Hulbert
et al.,1972), and even with pores as small as 50 um osteoconduction, it is still
possible (Chang et al.,2000).

Some reports have stated that it should be 200-500 um for colonization
of osteoblast in the pores, fibrovascular in-growth, and finally the deposition
of the new bone (Flatley ef al., 1983) In order to match these morphologi-
cal requirements, a useful approach for fabricating porous ceramic foams
consists in the use of polymers via the replication of a polymeric sponge
substrate to produce reticulated open-celled porous ceramics. The poly-
meric sponge method, as this method is named, is performed by impreg-
nating porous polymeric substrates (sponges) with HA slurry. Porous HA
prepared via the polymeric sponge method has shown well-interconnected
pores but has poor mechanical strength for load-bearing applications. It was
shown that the polymeric sponge method results in a proper pore size dis-
tribution, as osteoconduction requires. This is characterized by the existence
of micro/meso/macropores with an adequate degree of interconnection
(Tampieri et al.,2001). This method allows control of rheological properties
of the ceramics powder suspension by varying the characteristics of start-
ing powders. By varying the characteristics of the starting powders, that is
powders 20% and 80% of crystallinity degree, the rheological properties of
the ceramics powder suspension can be controlled (Guicciardi et al.,2001).
Moreover, some authors have demonstrated the possibility of preparing
HA ceramics with crystallinity and porosity gradients that mimic the physi-
cochemical features of cortical and spongy bones. In this case, the foams
show tortuous frameworks and large interconnected pores which support
cell attachment and organization into 3D arrays to form new tissue. Once
in vivo, HA foam implants are progressively filled with mature new bone
tissue and osteoid after the period of implantation, without any immune or
inflammatory reactions, thus confirming the high osteoconductive potential
and high biocompatibility of HA and the suitability of foam network in
providing good osteointegration.
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Alternatively, bioactive glasses are ideal materials because they rap-
idly bond to bone and degrade over time, releasing soluble silica and cal-
cium ions that are thought to stimulate osteoprogenitor cells (Jones et al.,
2010). Bioactive glasses have been shown to bond with bone more rapidly
than other bioactive ceramics (Oonishi et al., 1997, 2000) and to stimu-
late human osteoblast cells at the genetic level, which has been attributed
to soluble silica and calcium ions being released from the glasses after
implantation (Xynos et al.,2001). Their bioactivity is directly related to the
chemical substitution of silicon (or silicate groups) for phosphorous (or
phosphate groups) (Patel et al., 2002), which led to the development of
successful clinical products. Indeed, silicon plays an essential role in bone
formation, because it is involved in the calcification process of young bones
(Carlisle, 1970). Firstly, the presence of silicon in biological ceramics and
glasses has a significant effect on the osteogenesis process. Indeed, it has
been demonstrated that the incorporation of silicon into apatites induces
the formation of higher amounts of bone tissue than non-doped apatites
(Patel et al., 2002). Moreover, silicon improves materials’ bioactivity by
leading to the formation of Si—-OH groups on the material surface. These
groups trigger the nucleation and formation of apatite layers on the sur-
face, improving the material-bone bonding. Bioglasses containing SiO,
are able to stimulate the tissue regeneration by inducing the formation of
surface active layers (Anderson and Kangansniemi, 1991; Cao and Hench,
1996) based on carbonated HA (CHA) similar to the native bone apatite.
Hence, bioglasses have been successfully used in low load-bearing material
applications for bone repair in dental and orthopaedic surgery (Schepers
et al., 1991; Stanley et al., 1997).

Process developments in foaming, solid freeform fabrication, and nano-
fibre spinning have now allowed the production of porous bioactive glass
scaffolds from both melt- and sol-gel-derived glasses (Hench et al., 1998).
Initially, melt-derived bioactive glasses, such as the original bioglass compo-
sition, have been commercially available, but several difficulties have been
detected to fabricate porous scaffolds, due to crystallization phenomena of
bioglass and similar compositions crystallize during the sintering process.
More recently, sol—gel strategies have allowed this problem to be overcome.
Indeed, they assure the preparation of hierarchical pore structure compris-
ing interconnected macropores with interconnected diameters exceeding
100 pm in size that is thought to be needed for vascularized bone in-growth,
and an inherent nanoporosity of interconnected mesopores (2-50 nm) which
is beneficial for the attachment of osteoprogenitor cells. These peculiar mor-
phology features are usually generated by controlled foaming strategy, fur-
ther added to the sol-gel process: in particular, the hydrolysed sol phase can
be foamed by vigorous agitation in air with the aid of a surfactant. In this
context, the surfactant lowers the surface tension and temporally stabilizes
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the foam (Jones et al., 2006). The result is a hierarchical pore structure of
macropores interconnected by nanoporosities which show characteris-
tic size scales of pores independently tailored. Macropores may affect cell
response and tissue in-growth, while nanoporosity affects surface area, deg-
radation rate, and cellular attachment. Indeed, as they degrade they release
soluble silica and calcium ions that can stimulate osteogenic cells to bone
in-growth. However, this does not compromise the mechanical response of
scaffolds which show characteristic properties falling in the range of cancel-
lous bone (Rainer et al., 2008). Hence, the interest in composite bioglasses
is progressively increasing, to fill the mechanical gap of bioglasses alone.
Tough composites can be produced using a biodegradable polymer matrix
including polylactide (PLA) and polyglycolide (PGA) and their copolymers
polyglycolic acid (PLGA) with bioactive glass particles as the filler phase
(Rezwan et al.,2006) which concur to increase the stiffness and compressive
strength of the polymer matrix.

2.4 Degradable polymers for biomedical
foam fabrication

General criteria to select a biomaterial for the development of 3D porous
foams are to match the mechanical properties and the degradation rate.
Polymers can be classed into degradable and non-degradable. Degradable
ones will be the focus of this section, as they can be totally removed from
human bodies as foreign bodies. It is obvious from the recent literature on
clinical engineering (Ranade, 1990) that there is an increasing interest in
several degradable and resorbable biomaterials due to their peculiar bio-
logical properties (Rezwan, 2006). Much of this interest has been stimu-
lated by recent breakthroughs in tissue engineering techniques, whereby
resorbable scaffold materials are used as a support matrix or as a substrate
for the delivery of cultured cells or for three-dimensional tissue reconstruc-
tion (Freed et al., 1994; Hutmacher et al., 1996). Recently, an equal interest
has been directed towards the use of biodegradable polymers in controlled
drug delivery strategies from polymer-based carriers (Langer, 1990). Hence,
the demand for degradable polymers with improved physical, mechanical,
chemical, and biological properties is dramatically increasing, thanks to the
use of multi-component systems with multi-scale degradation kinetics as
smart solutions for the design of temporary devices for tissue repair and
regeneration (Holy et al.,2003).

The term ‘biodegradable polymer’ refers to the susceptibility of a poly-
mer to be decomposed by living organisms or by environmental factors.
According to the American Society for Testing and Materials (ASTM) stan-
dard definition, biodegradable means capable of undergoing decomposi-
tion into CO,, CH,, H,O, inorganic compounds or biomass (Smith, 2005).
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However, in terms of their use in tissue engineering, biodegradable poly-
mers could be decomposed into biologically acceptable molecules (with-
out the production of harmful intermediates) which could be metabolized
and removed from the body via natural pathway (metabolism or excre-
tion) (Vert, 2005). In this context, different degradable and non-degradable
polymers have been widely investigated as biomaterials because of their
ease of manufacturability, low cost, and adequate mechanical and physical
properties. Among them, two types of polymers can be distinguished: natu-
ral and synthetic polymers (Yang et al.,2001; Guarino et al.,2007). Natural
polymers, i.e., collagens, starch, chitin, and chitosan, are totally recognized
by the biological microenvironment, thus making them useful in the regen-
eration of several tissues (i.e., nerve, skin, cartilage, and bone). Despite
many advantages offered by materials from natural sources, notably bio-
logical recognition, synthetic polymers offer greater advantages than natu-
ral ones, in that they can be tailored to give a wider range of properties. In
particular, some drawbacks in terms of mechanical properties often require
the use of synthetic polymers which combine improved chemical stability
and tailored degradation histories, ensuring a higher durability in vivo. The
use of synthetic material has been extensively exploited for two important
reasons. First, the immunogenic and purification issues relating to natural
biomaterials are only partially overcome by recombinant protein technolo-
gies. Secondly, there is a relevant interest in controlling the material proper-
ties, and to tailor performance in terms of tissue response. Hence, synthetic
materials satisfy this demand thanks to their highly chemically programma-
ble and reproducible properties.

However, some limitations in terms of cell recognition impose the need
to improve their physical and chemical performance, by modification or
combination with natural source materials to generate their semi-synthetic
counterparts (Langer and Tirrell, 2004). Due to these peculiar degradation
properties, several polymers have been designed in the form of 3D foams by
various processing strategies, such as CO, foaming (Salerno et al, 2008).

2.4.1 Natural polymers

Natural polymers may be defined as the biodegradable biomaterials clini-
cally used ‘par excellence’ (Nair and Laurencin,2007). Indeed, natural mate-
rials, owing to their bioactive properties, have better interaction with the
cells, which allows them to enhance the cells’ performance in a biological
system. In order to perform a rough classification, it is possible to distin-
guish between proteins (silk, collagen, gelatin, fibrinogen, elastin, keratin,
actin, and myosin), polysaccharides (cellulose, amylose, dextran, chitin, and
glycosaminoglycans), and polynucleotides (DNA, RNA) (Yannas, 2004).
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Polysaccharides, in particular, have some excellent properties which make
them a polymer group with important features for widest medical applica-
tion (Hon, 1996), including non-toxicity (monomer residues are not hazard-
ous to health), water solubility or high swelling ability by simple chemical
modification, stability to pH variations, and a broad variety of chemical
structures. This versatility makes these materials able to overcome disad-
vantages such as low mechanical, temperature and chemical stability, and
proneness to microbial and enzymatic degradation, which can generally
limit their use as three-dimensional foams.

Alginates are naturally produced polysaccharides that have been finding
increasing applications in the biotechnology field. They belong to a family
of linear copolymers of 3-D-mannuronic acid and a-L-guluronic acid resi-
dues, which can be arranged in different proportions and sequences along
the polymer chain (Smidsrod and Draget, 1996; Gombotz and Wee, 1998).
Sodium alginate and most other alginates from monovalent metals are
soluble in water, forming solutions of considerable viscosity. Due to their
suitable rheological properties, alginates have long been used in the phar-
maceutical industry as thickening or gelling agents, as colloidal stabilizers,
and as blood expanders. More recently, alginate foams are attracting most
attention, due to many new possibilities for overcoming today’s biomed-
ical challenges in areas such as tissue engineering, wound management,
anti-adhesion, in vitro/in vivo cell support, medical implants, and controlled
drug release in situ. This is assured by their peculiar properties in terms of
flexibility and pliability which preserve the structural integrity and tensile
strength required for in vitro and in vivo applications. Unlike other foams,
alginate foams are biocompatible, do not exhibit handling brittleness, can be
manufactured by inexpensive methodologies, and sterilized using common
sterilization techniques.

The most common technique for production of alginate foams is freeze
drying. Ionically-gelled alginate foams with interconnected pores can be
made with controllable pore size, pore-wall thickness, and elasticity by
changing formulation and processing parameters (Shapiro and Cohen,
1997). Frequently, this technique is combined with the use of porogen salts
or gas expansion through covalently cross-linked gels in order to create a
macroporous architecture. Moreover, alginate may be easily blended with
other natural polymers such as gelatin in bead form, or cationic polymers
such as chitosan (Barbetta et al.,2009; Hwang et al., 2010).

Recently, alginate foams provided several benefits as immobilization
matrices (Melvik and Dornish, 2004) able to entrap drugs, particulates and
living cells within the tailored pores of the foam, so allowing cell prolifera-
tion in three dimensions (Hegge et al., 2010). Moreover, they really imitate
the natural environment needed to support differentiated cells by the possi-
bility of modulating the elasticity/stiffness of the foam.
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Among polysaccharides, hyaluronic acids or hyaluronan have been alter-
natively used in biological context due to large availability in vivo in the
form of polyanion and not in the protonated acid form (Liao et al., 2005).
Hyaluronan is a naturally occurring non-sulphated glycosaminoglycan and
a major macromolecular component of the intercellular matrix of most con-
nective tissues such as cartilage, vitreous of the human eye, umbilical cord,
and synovial fluid (Liao et al.,2005). From chemical point of view, it is a lin-
ear polysaccharide consisting of alternating disaccharide units of a-1,4-D-
glucuronic acid, and 3-1,3-N-acetyl-D-glucosamine, linked by f(1—3) bonds
(Laurent et al., 1995) and plays many physiological roles including tissue and
matrix water regulation, structural and space-filling properties, lubrication,
and a number of macromolecular functions (Liao et al., 2005). The pecu-
liar viscoelastic properties of hyaluronan enable its use as a lubricant and
shock absorber in synovial fluid (Nishinari and Takahashi, 2003). Moreover,
several hyaluronan formulations have been mainly studied for drug deliv-
ery, implantable delivery devices, and for gene delivery (Liao et al., 2005).
More recently, hyaluronan has been successfully used to develop foams in
the form of benzyl ester of hyaluronic acid (HYAFFs) to engineer synthetic
cartilage or menisci (Kon et al., 2008), and to regenerate bone at the osteo-
chondral level (Guarino et al.,2010).

It is recognized that the type and extent of chemical esterification of
hyaluronan considerably affect the biological properties of these materi-
als, offering a range of polymers either favouring or, conversely, inhibiting
the adhesion of certain types of cell (Campoccia et al., 1998). An advan-
tage of HYAFF-based scaffolds is their good cell adhesiveness, even in the
absence of any coating or surface conditioning treatment often required
by other widely used support matrices, such as those made of polyglycolic
and polylactic acid (Solchaga et al., 2005). They are sufficiently stable in
aqueous solution to allow incubation with cells for over 3 weeks. Once wet,
the benzyl ester loses part of its mechanical strength, more so than other
completely synthetic materials. However, under in vitro cell culture condi-
tions, the material maintains its structural integrity, can easily be handled,
and does not contract as some collagen-based materials do in in vitro studies
on hyaluronic-acid-based membranes (Chiari et al., 2008).

However, one of the drawbacks of the natural-origin polymers still con-
sists in their possible batch variation. To prevent these issues, recombinant
protein technologies have recently been used to finely control monodisper-
sity and precisely define polymer properties in terms of crosslinking groups,
binding moieties at specific sites along the polypeptide chain or their pro-
grammable degradation rates, thus providing the opportunity to bioengineer
protein-based polymers of well-defined and complex structure (Rodriguez-
Cabello et al., 2005). In particular, recombinant polymers, also termed
‘Recombinamers’ in recent publications (Rodriguez-Cabello et al., 2009),
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are macromolecules produced using recombinant DNA technology by intro-
ducing a desired gene into the genetic content of a host organism such as
micro-organisms, plants or other eukaryotic organisms. Elastin-like recombi-
nant polymers (ELR), which form a subclass of protein-based recombinant
polymers, are composed of the pentapeptide repeat Val-Pro-Gly-Xaa-Gly
(VPGXG), which mimics the sequence of hydrophobic domains of tro-
poelastin, where X represents any natural or modified amino acid except
proline. This peculiar composition allows mimicking functional properties
of natural proteins with an absolute control of the amino-acid sequence and
a complete absence of randomness (Patel et al.,2006). Recently, ELRs have
been foamed by freeze-drying strategies in combination with collagen to
realize scaffolds for tissue regeneration (Garcia et al., 2009). The enzymatic
chemical crosslinking with mTGase assures optimal in vitro biocompat-
ibility of the device. Meanwhile, the introduction of elastic-like elements
coupled to collagen macromolecules significantly enhances the mechanical
response of the scaffold as required for load-bearing applications. Lastly,
this concurs to improve the ultimate response of cells, thus making this scaf-
fold an attractive platform for the regeneration of different tissues.

2.4.2 Synthetic polymers

An alternative solution to the use of natural polymers is represented by
synthetic polymers, which can be produced under controlled conditions to
exhibit in general predictable and reproducible mechanical and physical
properties such as tensile strength, elastic modulus, and degradation rate.
Possible risks, such as toxicity, immunogenicity, and favouring of infections,
are lower for pure synthetic polymers with constituent monomeric units
having a well-known and simple structure (Rezwan et al., 2006). The most
used biodegradable synthetic polymers for 3D foaming scaffolds in tissue
engineering are saturated polyhydroxyesters, including poly(lactic acid)
(PLA) and poly(glycolic acid) (PGA), as well as poly(lactic-coglycolide)
(PLGA) copolymers (Jagur-Grodzinski, 1999; Seal et al., 2001). Due to
their properties, PLA and PGA have been used in products and devices,
as being degradable they have been approved by the US Food and Drug
Administration. PLA and PGA can be processed easily and their degrada-
tion rates, physical and mechanical properties are adjustable over a wide
range by using various molecular weights and copolymers. Indeed, the
chemical properties of these polymers allow hydrolytic degradation through
de-esterification. Once degraded, the monomeric components of each poly-
mer are removed by natural pathways. The body already contains highly
regulated mechanisms for completely removing monomeric components of
lactic and glycolic acids. However, these polymers undergo a bulk erosion
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process, such that they can cause scaffolds to fail prematurely. In addition,
abrupt release of these acidic degradation products can cause a strong
inflammatory response (Bergsma et al., 1993; Martin et al., 1996). Polyester
degradation occurs by uptake of water followed by the hydrolysis of esters.
This mechanism is generally affected by several factors, including chemical
composition, processing history, molecular weight and polydispersity (Mw/
Mn), environmental conditions, crystallinity and porosity, especially in the
case of 3D foams (Heidemann et al.,2001).

In the light of these considerations, aliphatic polyesters can therefore
exhibit quite distinct degradation kinetics. PGA, for example, is a stronger
acid and is more hydrophilic than PLA, which is partially hydrophobic due
to its methyl groups. Moreover, PLA can be cleared through the tricarboxy-
lic acid cycle while PGA is converted to metabolites or eliminated by other
mechanisms, further explaining why PGA degrades faster than PLA. Hence,
PLGA, a copolymer of PLA and PGA, may show intermediate degradation
rates that can be modulated as a function of the relative fraction of hydro-
phobic/hydrophilic phases, crystallinity, and composition of chains (i.e. con-
tents in L-LA and D-LA, and/or GA units) (Andrew et al., 2001). Indeed,
the amount of D- or mesolactide present in the L-PLA polymer changes
the properties significantly in terms of melting temperature, crystallization
rate and therefore processability and properties of foams. For example, the
higher the D-isomer content in the polymer, the lower are the crystalliza-
tion rate and the melting point. All these parameters are fundamental to
balance the process conditions during the foaming process. Of particular
significance for applications in tissue engineering are debris and crystalline
by-products, as well as particularly acidic degradation products of aliphatic
polyesters, such as PLA, PGA, polycaprolactone (PCL) and their copoly-
mers that have been implicated in adverse tissue reactions (Yang et al.,2001).
This is the result of the heterogeneous degradation of these polymers, which
occurs faster inside than at the exterior by the competition of the next two
phenomena: the easier diffusion of soluble oligomers from the surface into
the external medium than from inside, and the neutralization of carboxylic
end groups located at the surface by the external buffer solution (in vitro or
in vivo). The combination of these events contributes to reduce the acidity
at the surface, instead enhancing the degradation rate by autocatalysis due
to carboxylic end groups in the bulk (Jagur-Grodzinski, 1999). It is evident
that the advance of hydrolysis reactions is strictly related to the ease of fluids
to diffuse into the polymer chains, which is mainly determined by the rela-
tive fraction of amorphous/crystalline regions. Indeed, crystal segments are
chemically more stable than amorphous segments and reduce water perme-
ation into the matrix in combination with ionic strength, temperature, and
pH of the medium. In this context, other compounds, i.e., CaPs or bioactive
glasses, may be further incorporated to stabilize the environment conditions
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surrounding the polymer in order to control its degradation. This counteract-
ing effect of the acidic degradation of biodegradable polymers represents
one of the main reasons to move towards the design of composite materials.

2.5 Polymer-based composites for biomedical
foam fabrication

Development of composite foams is currently attractive, as advantageous
properties of two or more types of materials can be combined to better
suit the mechanical and physiological demands of the host tissue. Lee et al.
(2006) showed the optimization of process preparation of 100% open-
pore foams in a wide range of gas-foaming processing conditions by mixing
softer/harder immiscible phases of few microns into the polymeric matrix.
Soft phases concur to the mechanism of pore opening by decreasing the
pore-wall strength, also increasing the foam expansion ratio. Likewise, the
presence of a harder second phase also facilitates the pore-wall opening,
because of the different deformation behaviour with respect to the matrix
(Lee et al., 2005).

Similar approaches based on composite materials have been successfully
applied in scaffold design for tissue engineering. Indeed, taking advantage
of the formability of polymers by most recognized foaming and scaffold
manufacturing processes, the addition of bioactive polymers of ceramic
phases allows improving the ultimate mechanical and biological perfor-
mance of the device. For instance, the integration of CaP particles, such as
HA within PCL matrix, currently represents one of the most effective strat-
egies to make PCL implants more ‘biologically informative’ (Guarino et al.,
2012). Indeed, CaPs traditionally used in a range of orthopaedic and dental
applications (Marcacci et al., 1999) more recently, may be advantageously
used to design bioactive scaffolds in bone tissue engineering because of
their inherent bioactivity, namely the ability to form chemical bond with
bone (Habibovic et al., 2008) and osteoconductivity, namely the capability
of supporting bone growth (LeGeros, 2002).

As for the bioactive 3D porous foams, ceramic filler may act also as a rein-
forcement system that is able to significantly improve mechanical properties
(Guarino et al.,2008a). Meanwhile, PCL matrix, as a binder, plays a protec-
tive function of ceramic particles, so preventing any problems associated
with brittleness and difficulties in shaping hard ceramic materials to fit bone
defects (Coombes and Meikle, 1994).

However, it can often impair bioactive potential by reducing particle
exposure at the interface (Rizzi et al., 2001). Moreover, addition of bioac-
tive phases to bioresorbable polymers can also alter the polymer degrada-
tion behaviour, by allowing rapid exchange of protons in water for alkali
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in the ceramic glasses (Li and Chang, 2005). In particular, the inclusion of
bioactive glasses has been shown to modify surface and bulk properties of
composite scaffolds by increasing the hydrophilicity and water absorption
of the hydrophobic polymer matrix, thus altering the scaffold degrada-
tion kinetics (Lu et al., 2003). For example, Boccaccini et al. have demon-
strated that the inclusion of 45S5 bioglass particles allows for the increase
of water absorption compared to pure polymer foams of poly-DL-lactide
acid (PDLLA) (Boccaccini and Maquet, 2003) and PLGA (Maquet et al.,
2004). Other studies have reported that polymer composites, filled with HA
particles, hydrolysed homogeneously, due to water penetrating the interfa-
cial regions (Li and Chang, 2005). Ideally, the degradation and resorption
kinetics of composite scaffolds are designed to allow cells to proliferate and
secrete their own extracellular matrix, while the scaffolds gradually vanish,
leaving space for new cell and tissue growth. In this context, the physical
support provided by the 3D foam has to be maintained until the engineered
tissue has sufficient mechanical integrity to support itself (Niemela et al.,
2005). However, the most synthetic matrices generally show hydrophobic
surfaces which makes unfavourable basic cell interaction mechanisms (i.e.,
adhesion, proliferation) than on hydrophilic surfaces (Vandiver et al.,2005).
The inclusion of bioactive solid signals into the polymer matrix may allow
supporting the creation of a strong bond with the living host bone at the
scaffold/implant interface thanks to an improved wettability ascribable to
the presence of the apatite particles (De Aza et al.,2003). Hence, synthetic
polymer matrices made of biocompatible polyesters (i.e., polycaprolactone,
polylactide acid) have generally demonstrated a tendency to be inert and to
promote the formation of encapsulated fibrous tissues, thereby resulting in
significant bone formation. Contrariwise, the inclusion of CaP particles into
biodegradable porous foams may concur to promote the bone osteogenesis,
as studied in the case of porous PCL/HA foams obtained by phase inversion
and salt leaching techniques (Guarino et al., 2008a). The presence of stoi-
chiometric HA particles enhances the scaffold bioactivity and human oste-
oblast cell response, evidencing their role as ‘bioactive solid signals’ in the
promotion of surface mineralization and, consequently, on the cell-material
interaction.

In particular, the biological study performed on foams with different
PCL/HA volume ratio, double scale of pore sizes and fully interconnected
porosities, has shown that stromal cells from bone marrow (bMSC) were
able to adhere and grow on PCL-based scaffolds at any HA content, so
demonstrating their ‘nature’ as a precursor with high replicative potential.
Indeed, even though cultured in vitro in static conditions, without additional
stimulants (e.g., growth factors), bMSC adhered during the first four weeks
of culture, showing a cuboidal appearance on the polymer surface, which is a
typical feature of mature osteoblasts. However, in some cases, the presence
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of HA into PCL scaffolds only slightly affects the biological response so
that the viability and MSC differentiation seem to be not directly related
to the amount of HA in the porous matrix (Russias et al., 2006). Beyond
the osteoconductive enhancement, the relative amount of HA is relevant in
affecting the intrinsic mechanical response of the composite scaffolds and
their degradation properties.

Several papers have demonstrated the active role of CaP fillers on in vitro
degradation mechanisms by the simultaneous assessment of the influence
of scaffold morphology and its physicochemical properties (Guarino et al.,
2009). The addition of HA particles was found to slightly modify the pore
morphology with a small reduction of the average pore size. More interest-
ingly, other studies on the scaffold mass losses have evidenced that the pres-
ence of apatite phases embedded in the PCL matrix drastically increases
the polymer crystallinity degree, promoting the formation of more densely
packed crystalline phases within the composite with a lower amount of amor-
phous regions which are potentially more susceptible to hydrolytic attacks
due to a better accessibility of the ester linkage (Guarino et al., 2009). In
this case, the increase in crystallinity of polymer matrix in HA-loaded scaf-
folds hinders the degradation of the composites, preferentially deflecting
the fluids at the polymer/ceramic interface, which are more susceptible to
hydrolytic attack.

Meanwhile, the use of rigid bone-like particles embedded into a polymer
matrix evidently improve the mechanical properties, as recommended in
the use of composite scaffolds as a substrate for hard tissue replacement
(Kikuchi et al., 1997; Khan et al.,2004).

However, the contribution of mechanical response due to the ceramic
phase may be partially hindered by the presence of macro- and micro-
structured pores, which even represent a basic requirement to induce the
regeneration mechanisms in tissue engineering applications. For this rea-
son, the further integration of biodegradable PLA fibres into the PCL
matrix allows improving the mechanical response of the scaffolds, provid-
ing spaces required for cellular in-growth and matrix production. Added
bioactive apatite-like particles generating needle-like crystals of calcium-
deficient HA similar to natural bone apatite also interact with the fibre-
reinforced polymer matrix, further enhancing the mechanical response
in compression by up to an order of magnitude (Guarino and Ambrosio,
2008b). However, HA-loaded polymer matrices have recently shown an
adverse reaction due to a non-homogeneous distribution of ceramic par-
ticles in the polymeric matrix which dramatically compromises both the
mechanical performance and the bioactive potential of the composite scaf-
folds (Guarino et al., 2007).

The polymer matrix degradation, for example, causes a faster escape of
HA particles, creating voids within the polymeric structure (Guarino et al.,
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2009). This evidently affects the mechanical response of the scatfolds, influ-
encing their integrity at longer times of the in vitro culture.

Alternatively, chemically inspired approaches based on the sol-gel
transition and colloidal precipitation of CaPs may efficiently improve the
particles’ dispersion, directly controlling the sizes of precipitated grains
through the interaction between calcium and phosphate precursors under
controlled temperature and pH conditions (Huang et al., 2000). The sol-gel
reaction allows finely dispersing CaP nanoparticles into a polymer such as
polycaprolactone (PCL) matrix, with an expected improvement of the func-
tional features (i.e., mechanical response, bioactivity) as reported in previ-
ous work (Raucci et al., 2010a). Moreover, this technique assures a more
efficacious compensation of acidosis, due to the acidic release from the poly-
mer matrix through the alkaline CaP, minimizing the undesired phenomena
of pH decay during the in vitro (Raucci et al.,2010b) or in vivo experiments
(Martin et al., 1996).

2.6 Conclusions and future trends

In recent years, the world of biomaterials has been extended from purely
synthetic materials to synthetic/biological material hybrids, whose
design and engineering simultaneously have encompassed bioactivity
and biodegradability. In particular, this recent biomaterial progress is
ascribable to the growing requirement of controlling increasingly com-
plex biological responses, in terms of ion interactions and growth factor
incorporation.

In this chapter, innovative materials among metals, ceramics, polymers,
and composites have been reviewed to fabricate 3D porous foams for tissue
repair and regeneration. As for the repair, new discoveries in the materials
field mainly concern implantable devices with tailored chemical and physi-
cal properties as well as smart mechanical behaviour which has to adapt to
the native properties of surrounding tissue during the healing (i.e., shape
memory foams). As for tissue engineering, polymer and composite materi-
als currently represent the most interesting strategy for fabricating repro-
ducible bioactive and bioresorbable 3D foams with tailored porosity and
pore structure, which are able to maintain their structure and integrity for
predictable times, even under load-bearing conditions and to incorporate
biomolecules to support specific cellular events (Guarino et al.,2007). This
is also permitted by recent improvement in process technologies which con-
cur to better control shapeability, bioactive behaviour and biodegradation
kinetics. Moreover, they provide the opportunity to modulate specific prop-
erties of different material classes in the case of composites, so obtaining
optimum performance in terms of porosity and structure interconnection.
However, many different approaches are continually looking to satisfy all
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the complex requirements regarding structure and function of biomedical
foams. Today, a fruitful way could consist of identifying suitable processes
able to really control pore structure, mechanical and degradation proper-
ties in order to understand the cell regeneration and degradation product
transport in the porous structure. From a materials point of view, biodegrad-
able metals are currently emerging as a valid alternative for scaffolds in
tissue engineering. The integration of biodegradable polymers or ceramics
and drugs could be another interesting direction to explore. Future trends
should be inspired from mechanically superior metals and the excellent bio-
compatibility and biofunctionality of ceramics and polymers to obtain the
most desirable clinical performance of the implants.
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Abstract: To date, the scaffold-based approach represents one of the most
promising tissue engineering strategies for the repair/regeneration of
damaged biological tissue. The goals of this chapter are (1) to provide the
reader with an overview of current approaches to design and manufacture
tissue engineering scaffolds with highly structured pore architectures;

and (2) to illustrate experimental and theoretical evidence which should
be taken into account in designing the pore structure of the scaffolds to
trigger appropriate in vitro cell responses and promote in vivo new tissue
regeneration.

Key words: biomimetic, cell colonization, pore structure, scaffold,
vascularization.

3.1 Introduction

Tissue engineering (TE) is a challenging and increasingly growing research
field holding the promise to develop novel therapeutic treatments for organ
and tissue loss or failure, which represent two major human health prob-
lems. The approach of TE is highly multidisciplinary, as it requires the inte-
gration of emerging knowledge in the physical and life sciences with frontier
engineering and clinical medicine to learn how to trigger the regeneration
of failed human organs and tissues (Stupp, 2005).

One of the most promising approaches in TE involves the combination
of cells (such as stem cells, osteoblasts, chondrocytes and fibroblasts), scaf-
folds and molecular cues (Yang et al.,2001; Lutolf and Hubbell, 2005; Ma,
2008). The underlying concept of this approach is the belief that cells iso-
lated from a patient can be expanded in a cell culture system and seeded
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within a scaffold for successful tissue regeneration. In particular, the scaffold
must be characterized by biophysical and biochemical properties suitable to
promote and guide cell adhesion, migration, proliferation and extracellular
matrix (ECM) deposition in three dimensions. The new tissue development
is induced by maintaining the cell-seeded scaffold in appropriate bioreac-
tors (in vitro strategy) before implantation into the patient, or grafted back
directly into the patient to function as the introduced replacement tissue (in
vivo strategy) (Hutmacher, 2001).

In both approaches, the scaffold plays a pivotal role in the new tissue
regeneration process, enhancing the ability of cells to induce appropriate
in vitro tissue regeneration and in vivo restoration of a diseased tissue func-
tion by providing all of the functions of the native ECM. This is because,
as observed in natural tissues, cells act in synergy with the ECM. The cells
in natural tissues are connected to the ECM which provides, for instance,
three-dimensionality, direct cell-to-cell communications and multiple bio-
physical and biochemical stimuli for cell adhesion, migration, proliferation
and differentiation (Lutolf and Hubbell, 2005).

The principles of biomimetic and bioactive scaffold design and fabrication
are derived from the natural processes which they intend to imitate. When
biological tissue is injured, the normal healing response is initiated through a
cascade of complex events that include acute inflammation, the formation of
granulation tissue and eventual scar formation. Then, in a natural situation of
regeneration and healing of damaged tissues, cells release a macromolecular
network (mainly composed of proteins and polysaccharides) that serves as pro-
visional three-dimensional matrix for the regeneration process. The ECM pro-
vides the necessary initial biophysical and biochemical milieu which regulates
the cascade of events underlining the process of tissue repair/regeneration.

The design and development of biomimetic and bioactive scaffolds for
regenerative medicine have to consider, consequently, the need to fabri-
cate scaffolds that are able to provide all of the complex functions of native
ECM, regulating the cel/lECM cross-talking and, ultimately, new tissue
repair/regeneration (Lutolf and Hubbell, 2005; Stupp, 2005; Ma, 2008).

Since Langer and co-worker pioneered the concept of reconstructing bio-
logical tissues by using cells transplanted on synthetic scaffolds in the early
1990s, research in the field of scaffold design and fabrication has evolved
greatly. Indeed, based on the extensive knowledge accumulated on materi-
als design and processing, as well as characterization of scaffold/cell interac-
tions, researchers have identified some important requirements for the in
vitro cell culture and in vivo implantation as guidance for restoring tissue
function (Hutmacher, 2001). These include:

1. providing a physically and chemically bioactive surface to promote cell-
material interactions and the biological recognition by the host
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2. supporting the development of a three-dimensional tissue by providing
a pore structure suitable for cell adhesion, proliferation, migration, dif-
ferentiation and ECM deposition

3. inducing functional construct vascularization and development via the
correct presentation of topological and biochemical cues

4. providing a mechanical function stimulating cell differentiation and bio-
synthesis, as well as ensuring a temporary support for growing tissue
development.

Apart from the properties of the materials, mainly in terms of biocompat-
ibility, biodegradation and bioactivity, the 3D architecture of the scaffold
is very important when attempting to mimic the structure and functions of
native ECM. Controlling cell behaviour and tissue regeneration by tailoring
the scaffold’s pore structure is consequently a critical step in the develop-
ment of the next generation of bioactive TE scaffolds.

Several fabrication processes have been developed to imprint 3D porous
structures within biocompatible and biodegradable materials as scatfolds for
TE. Most of these techniques have been implemented taking into account
the parameters that have been identified as crucial in influencing cell organi-
zation and tissue regeneration. Examples of these properties are surface-to-
volume ratio, pore size distribution, and pore geometry and interconnection
(Yang et al.,2001; Guarino et al.,2008; Salerno et al.,2009a).

The goal of this chapter is to provide the reader knowledge of the cur-
rent approaches and technologies to design and fabricate porous scaffolds
for TE. Furthermore, special emphasis is devoted to describing the basic
aspects and experimental evidence regarding the optimal design of the scaf-
fold pore structure to induce appropriate in vitro cell responses and to guide
in vivo new tissue regeneration.

3.2 Micro-structure of biomedical foams
and processing techniques

Scaffold design and manufacturing are key steps in defining scaffolds with
prescribed mechanical, mass-transport and surface characteristics that can
be used to test initial hypotheses regarding in vitro cells culture and in vivo
tissue regeneration models. Furthermore, design and manufacturing tech-
niques must be used to translate scaffold-based TE from concept to, ulti-
mately, potential clinical applications.

In natural tissues, cells and ECM are organized into three-dimensional
structures from the sub-cellular to the tissue level. Consequently, to engineer
functional tissues and organs successfully, the scaffolds have to be designed
with a micro-architecture able to facilitate cell distribution and guide tissue
regeneration in three dimensions (Lutolf and Hubbell, 2005; Guarino et al.,
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2008). Furthermore, recent development in nano-technology have demon-
strated that the presence of controlled nano-structures on the surface of
biomaterials and scaffolds is essential to promote and guide cellular pro-
cesses involved in new tissue regeneration, such as cell adhesion, migration
and differentiation (Lim and Donahue, 2007; Ma, 2008; Wang et al.,2011).

A number of fabrication technologies have been applied to process bio-
compatible and biodegradable materials into three-dimensional porous
scaffolds with controlled nano- to micro-structures, and to ultimately tailor
the final biological response. By considering the wide range of biomaterials
and processing techniques for scaffold design, this section will discuss the
most relevant aspects related to the processing-pore structure relationships
of the scaffolds prepared by some of the most used techniques.

There are different techniques that can conceivably be used to process
biomaterials for porous scaffold development. Traditional TE scaffold design
strategies employ a ‘top-down’ approach to generate three-dimensional pore
structures within biocompatible and biodegradable materials. The porogen
leaching technique is one of the most investigated. This technique is based
on the use of porogen agents, typically micro-particles of sodium chloride,
sugar, paraffin or gelatin, which are dispersed within the biomaterial by melt
or solution mixing. Once the setting of the mixture has been obtained, the
particles are selectively extracted, leaving a porous network (Thomson et al.,
1996; Capes et al., 2005; Zhang et al., 2005; Guarino et al., 2008). The main
advantages of particulate leaching are that the porosity of the scaffolds is
directly correlated to the porogen concentration, while the pore size distri-
bution and pore shape are dependent on the size distribution and shape of
the particles, respectively. Most importantly, pore interconnectivity, which is
a key scaffold design and manufacturing parameter, depends on the contact
points between adjacent porogen particles which, in turn, is dependent on
concentration, size and shape (Zhang et al., 2005). Although scaffolds pre-
pared via the particulate leaching technique are basically satisfactory and
widely used for several applications, it is rather difficult to achieve by this
technique an independent and precise control over porosity and intercon-
nectivity. Furthermore, the achievement of a highly interconnected porosity
requires high porogen concentration, leading to a drastic reduction of the
mechanical properties of the final scaffold.

The selective polymer extraction from a co-continuous blend is a tech-
nique that belongs to the class of the porogen leaching and has been pro-
posed as a suitable alternative to overcome the intrinsic limitations of
particulate porogens. This technique involves the melt processing of two or
more immiscible polymers, followed by the selective dissolution of one or
more phases to create the porous network (Washburn et al., 2002; Salerno
et al., 2009b; Virgilio et al., 2010). As a final achievement, the scaffolds
obtained by this approach evidenced tube-like and highly interconnected
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porous networks, overall porosity that can be lowered down to 30% and,
consequently, mechanical response that may be tailored in a wide range,
spanning from soft to hard tissue regeneration requirements (Washburn
et al.,2002; Salerno et al.,2009b).

Thermodynamic-based processing of polymeric solutions, such as phase
separation and gas foaming, are also widely used for scaffold fabrication.

The phase separation technique involves the preparation of a homo-
geneous solution of the polymeric biomaterial within an appropriate sol-
vent, such as dioxane and tetrahydrofuran. The solution is then brought
into a thermodynamically unstable state by exposure to a non-solvent or
by the decrease of the temperature down to a binodal solubility curve or
down the crystallization temperature of the solvent. This step leads to
the formation of a heterogeneous morphology characterized by polymer-
rich and polymer-lean phases. Later, the removal of the solvent within
the polymer-lean phase by solvent evaporation, sublimation or solvent/
non-solvent exchange, allows achieving an interconnected porous net-
work within the crystallized polymer-rich phase (Nam and Park, 1999;
Guarino et al., 2008; Ma, 2008). The main advantage of this technique is
that the pore structure of the scaffold can be adequately modulated at the
micro-metric and nano-metric scales by controlling the thermodynamic
and kinetic of the phase separation process. An interesting example is
the fabrication of nano-fibrous scaffolds resembling the fibre structure of
the native collagen (Ma, 2008). On the other hand, the use of organic sol-
vents, potentially harmful to cells and biological tissues, and the difficulty
of creating interconnected macro-pores of the order of several hundreds
of microns, represent the most limiting aspects of this technique (Guarino
et al.,2008).

Gas foaming has been proposed as a suitable alternative to overcome
the above mentioned limitations for scaffold design. This technique is
based on the high pressure solubilization of a non-toxic blowing agent,
mainly CO,, N, or a mixture of these gases, within a polymeric biomaterial.
The system is then brought into a supersaturated state either by increasing
temperature or by reducing pressure, with the consequent nucleation and
growth of gas bubbles. Finally, the decrease of the temperature and the vit-
rification of the polymeric matrix stabilize the pore structure (Montjovent
et al.,2005; Salerno et al.,2009a,2010a, 2011a). The gas foaming technique
allows fine control over the extension of the porous network of the scaf-
folds by the selection of the proper operating conditions, mainly the blow-
ing agent type and concentration, foaming temperature and pressure drop
profile. Furthermore, the absence of organic solvents may also allow for
the simultaneous processing of biomaterials, cells and growth factors, aim-
ing to produce bioactive porous scaffolds in a one step process (Hile et al.,
2000; Ginty et al.,2006). Such limitations of gas foaming are the presence of
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closed pores entrapped within the scaffold, as well as the difficulty of pro-
cessing polar molecules and highly crystalline polymers at low temperature
(Salerno et al.,2011a,2011b).

Solid free form fabrication techniques have been developed holding the
promise of allowing simultaneous and independent control over crucial
scaffold micro-structural features, mainly pore size distribution, pore inter-
connectivity and mechanical functionality (Sachlos and Czernuszka, 2003;
Hollister, 2005). Furthermore, as compared to previously cited techniques,
solid free form fabrication approaches allow for a more predictable and
precise control of scaffold consistency, design reproducibility and complex
internal architecture and macro-scale morphological features (Sachlos and
Czernuszka, 2003; Hollister, 2005).

Rapid prototyping is a solid free form fabrication process which creates
a three-dimensional object through repetitive deposition and processing of
material layers. Each layer is constructed based on 2D cross-sectional data
obtained from slicing a computer-aided design model of the object. Among
rapid prototyping strategies, three-dimensional printing and fused deposi-
tion modelling are the most used.

Three-dimensional printing produces porous scaffolds by ink-jet print-
ing a binder into sequential powder layers (Seitz et al., 2005; Williams et al.,
2005). Firstly, a thin distribution of powder is spread over the surface of a
powder bed. From a computer model of the part, and by using a technol-
ogy similar to ink-jet printing, a binder material is ejected onto the powder
where the object is to be formed. A piston is then lowered so that the next
layer of powder can be spread and selectively bonded. This layer-by-layer
process repeats until the scaffold is completed. The packing density of the
powder particles has a profound impact on the results of the adhesive bond-
ing, which in turn affects the topography and mechanical properties of the
scaffold (Seitz et al.,2005; Williams et al., 2005).

In the fused deposition modelling approach, a thermoplastic polymer is
loaded within a temperature-controlled extrusion head, where it is heated
to a semi-liquid state. The head extrudes and deposits precisely the material
in ultra-thin layers onto a base. After a layer is completed, the height of the
extrusion head is increased and the subsequent layers are built to construct
the scaffold (Zein et al.,2002; Shor et al.,2007).

Because of the computer controlled processing, scaffold fabrication by
these techniques is highly reproducible in terms of scaffold geometry and
internal architecture. Furthermore, porous scaffolds obtained by these
approaches are characterized by 100% pore interconnectivity. Finally, a
wide range of mechanical properties, spanning from soft to load-bearing
applications, may be achieved depending on both material and geometrical
parameters selection. The advance of these techniques in controlling scaf-
fold properties is directed toward developing high resolution fabrication
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tools able to achieve tight control of the composition, nano-structure and
drug releasing capability of the scaffolds.

3.3 Improving control of scaffold pore
structure by combined approaches

To date, various methods have been used for the preparation of porous scaf-
folds for biomedical applications, such as porogen leaching, phase separa-
tion, gas foaming and solid free form fabrication. Although these techniques
have demonstrated great advantages over the control of scaffold property,
namely volume-to-surface ratio, pore size distribution and interconnectivity,
each one is characterized by intrinsic limitations. More specifically, several
investigations on particulate leaching techniques reported the fabrication of
scaffolds with intact pore walls with few interconnection points, due to the
contact between adjacent particles in the polymer network (Guarino et al.,
2008). This is also one of the most important drawbacks for gas foamed
scaffolds, where the presence of closed pores along the inner and the outer
surfaces is remarkable (Salerno et al., 2009a). On the other hand, by using
only one of these techniques, it is very difficult to fabricate scaffolds with
spatially controlled and multi-scaled pore distribution and nano- and micro-
metric pore feature resolution.

Advances in TE have revealed that scaffolds characterized by multi-scaled
pore structures are very promising for the regeneration of complex three-
dimensional tissues, such as bone and cartilage (Silva et al., 2006; Guarino
et al., 2008; Salerno et al., 2009¢). Indeed, different pore scale structures at
the micro-metric size range are useful to (1) appropriately control the three-
dimensional localization of cells and support the correct deposition of the
ECM, (2) promote the development of a functional network of capillaries
for tissue vascularization, and (3) ensure the transport of fluid and oxygen
necessary for cell survival and new tissue synthesis in three dimensions. It
is also important to point out that controlled topographies, at both micro-
and nano-metric scales, on the pore surface of a biomaterial scaffold are
essential to promote the adsorption of proteins, to guide specific cell/scaf-
fold interaction, and to stimulate cell migration, differentiation, phenotypic
expression and the deposition of ECM (Ma, 2008; Wang et al.,2011).

One of the most efficient approaches to design and fabricate porous scaf-
folds with multi-scaled pore structures is based on the appropriate combi-
nation of different processing techniques, each characterized by different
nano- and/or micro-metric resolution of pore features. As an example,
Fig. 3.1 shows the processing scheme that is usually used for the fabrica-
tion of highly interconnected porous scaffolds with multi-scaled pore struc-
ture by the combination of gas foaming and porogen leaching techniques
(Salerno et al.,2009a,2011c).
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3.1 Scheme of the combined approach based on gas foaming and
porogen leaching suitable for the design and fabrication of multi-scaled
porous scaffolds forTE. (Source: From Salerno et al., 2009a.)

The gas foaming/porogen leaching combined process involves the mixing
of the biomaterial with the porogens, typically sodium chloride or gelatin
particles (Step 1) followed by the foaming of the polymer/particles system
(Step 2). Once the foaming step is completed, the selective removal of the
porogen agent from the foamed matrix allows the achievement of the final
multi-scaled pore structure.

The microstructure of the scaffolds that can be designed and fabricated
with this combined technique strongly depends on several factors, related to
the materials and the processes involved. For instance, in the case of the use
of NaCl particles as porogens, the macro-porosity is controlled by selecting
the NaCl concentration and size, usually in the range of 85-95 wt.% and
100-500 pm, respectively. Furthermore, the micro-porosity depends on the
nucleation and growth of gas bubbles within the polymeric phase during the
gas foaming process, in turn affected by the blowing agent composition and
porogen concentration (Salerno et al., 2011c).

Figure 3.2a and 3.2b report scanning microscope images of porous poly-
caprolactone scaffolds prepared by using 90% of 300-500 um size NaCl
particles, with or without the foaming step. As shown in Fig. 3.2a, scaffolds
prepared by using NaCl particles as templating agent are usually character-
ized by a mono-modal distribution of cubic-shaped pores and intact pore
walls. On the other hand, by the foaming of the PCL/NaCl mixture before
NaCl leaching, porous scaffolds with multi-scaled micro-metric pore size
distributions and improved interconnectivity can be fabricated (Fig. 3.2b).
These scaffolds are characterized by cubic-shaped macro-pores created by
means of NaCl leaching, and rounded open micro-pores, of the order of ten
microns, uniformly distributed through the macro-pore walls. Furthermore,
depending on the desired application, by controlling the weight fraction of
NaCl and the composition of the blowing agent mixture, different macro-
porosity/micro-porosity fractions and micro-porosity dimensions may be
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3.2 Morphology of porous polycaprolactone scaffolds fabricated by the
combination of the techniques of gas foaming and porogen leaching:
(a) mono-modal scaffold obtained by the selective dissolution of
300-500 um NaCl particles from a 10/90 polymer/NaCl mixture;

(b) bi-modal scaffold obtained by combining gas foaming and 300-500
pm NaCl particles leaching; (c) graded scaffold produced by foaming

a polymeric composite with a stepwise gradient of micronized NaCl
particles distribution; (d) mono-modal scaffold obtained by the
selective polymer extraction from a co-continuous blend;

(e) mono-modal and (f) bi-modal scaffolds obtained by combining

gas foaming and selective polymer extraction. (Source: Adapted from
Salerno et al., 2008, 2009b, 2009c¢, 2010, 2012.)

acquired (Salerno et al., 2011c). It is a matter of fact that the addition of
micron-sized fillers to a polymer melt influences its flow properties. Several
factors, such as particle size and shape, filler content and interactions
between the phases, have complex influences on the viscoelastic behav-
iour of the composite. The foamability of a polymeric material is strongly
affected by its flow behaviour, which then requires performing rheological
investigations upon the polymer/filler composites in order to optimize the
final scaffolds pore structure (Salerno et al., 2008). Indeed, a decrease of
the micro-porosity of the scaffolds is typically observed with increase of the
NaCl concentration. This effect is ascribable to the decrease of the polymer
amount and to the increase of the stiffness of the system with the NaCl
concentration which, in turn, restricts the growth of the pores inside the
polymeric matrix. As a direct consequence, high foaming temperatures and
more plasticizing blowing agents are often required to produce appropri-
ate micro-porosity fractions at high porogen concentrations (Salerno et al.,
2011c).

The possibility of preparing highly interconnected scaffolds with well-
controlled anisotropic architectures is also highly desirable in designing
TE scaffolds (Salerno et al., 2008, 2012b; Harley et al., 2010). Scaffolds
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characterized by gradients of porosity and pore size offer the great advan-
tage of reproducing the spatial organization of cells and extracellular matrix
of highly complex three-dimensional tissues, such as bone and cartilage
(Harley et al., 2010). The combination of gas foaming and NaCl leaching
may also offer the possibility of designing and fabricating graded biomi-
metic scaffolds for osteochondral TE. Indeed, as previously discussed, the
foaming behaviour of polymer/NaCl micro-composites is strictly corre-
lated to the concentration of the inorganic filler; higher filler concentra-
tions resulted in lower foaming. Consequently, by creation of a composite
with a gradient of NaCl micro-particles concentration, it is possible to pro-
duce scaffolds with anisotropic pore structures. In Fig. 3.2c the morphology
of a porous polycaprolactone scaffolds with a stepwise gradient of porosity
91-83% and pore size 71-24 um (Salerno et al.,2008) is reported. This scaf-
fold has been obtained by gas foaming of a PCL/NaCl composite with a
60/30% stepwise NaCl concentration gradient. To produce this type of scaf-
fold, micronized 5 pm NaCl particles have been used as particulate poro-
gen and CO, as blowing agent. The biomimetic character of this scaffold
for osteochondral defect treatment may be also improved by the selective
incorporation of bioactive fillers, such as hydroxyapatite particles, within
the scaffold (Salerno et al.,2012b).

As shown in Fig. 3.2d-3.2f, completely different scaffold pore struc-
tures may be achieved by combining gas foaming and selective poly-
mer extraction techniques. In particular, by using a continuous porogen
agent, the formation of open macro-porous polymeric scaffolds, char-
acterized by networks of elongated pores, is possible (Washburn et al.,
2002; Salerno et al., 2009b). The scaffolds obtainable by this approach
have shown low porosity fractions, in the range of 30-60%, mono-modal
pore size distribution and full interconnectivity (Fig. 3.2d). Furthermore,
as shown in Fig. 3.2e and 3.2f, by combining gas foaming and selective
polymer extraction techniques, mono-modal or bi-modal porous scaffolds
with completely different pore structures are achievable. These scaffolds
have been fabricated by foaming a co-continuous blend of polycapro-
lactone and thermoplastic gelatin, a thermoplastic polymer prepared by
mixing gelatin powder and glycerol, and selecting different foaming tem-
peratures. In particular, by performing foaming at a temperature of 70°C,
higher than polycaprolactone melting point, a mono-modal scaffold may
be obtained because of the foaming and collapse of polycaprolactone at
the interface with gelatin (Fig. 3.2e). Conversely, by performing the foam-
ing step at 44°C, below the melting temperature of polycaprolactone, a
homogeneous and highly open porosity is formed, because of the ability
of the polymer to crystallize and stabilize its pore structure. As a direct
consequence, after the leaching of the gelatin it was possible to fabri-
cate polycaprolactone scaffolds with a bi-modal pore size distribution of
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elongated macro-pores inside a micro-porous structure (Fig.3.2f) (Salerno
et al.,2009b, 2009¢c, 2012). As described in the following paragraph, this
multi-scaled pore structure may be very interesting in order to improve
the three-dimensional colonization of cells and, concomitantly, ensure an
adequate transport of fluids, as nutrients and metabolic wastes, through
the entire cell/scaffold construct.

The ability of a porous scaffold to provide needed mechanical support
is a critical issue. In general, proper tissue regeneration requires sufficient
mechanical strength to maintain integrity until the new tissue regener-
ates. This biomechanical support is necessary in vitro to allow for adequate
cell ingrowth and fluid transport, and to give the cells proper biomechani-
cal cues they would normally receive in their native environment. Indeed,
biomechanical cues are able to control the arrangement of cell cytoskel-
eton, affecting cell shape and structure and, ultimately, guiding important
processes involved in new tissue morphogenesis, such as cell adhesion and
migration. Furthermore, this crosstalk is mutual, as cells can also modify the
mechanical properties of the biomaterial. It is important to consider that,
when seeded within porous scaffolds with pore sizes larger than the cell size,
the mechanical stimulus transmitted to the cell mainly depends on the indi-
vidual scaffold strut where the cell is attached and not on the stiffness of the
entire scaffold network. For example, Levy-Mishali and co-workers (2009)
have recently demonstrated that, when cultured within 3D polylactic acid/
polylactic-co-glycolic acid porous scaffolds of varied elasticity, myoblast
cells evidenced different organization, myotube formation and cell viability.
This effect was also dependent on the different scaffold shrinkage and pore
area reduction by cell forces.

In the case of scaffolds for in vivo implantation, the biomechanical func-
tionality must also provide a secure and stable fixation on or to the host
tissue, and support physiological loadings which naturally occur in the body
(Leong et al., 2008). In designing the biomechanical properties of a porous
scaffold, it must be also taken into account that scaffold degradation pro-
gressively induces a decrease of the mechanical functionality and, therefore,
degradation must be tailored to match the rate of new tissue growth until
the regenerated tissue provides sufficient load-bearing support and stress
dissipation (Hutmacher, 2001).

The mechanical properties of porous scaffolds not only depend on the
constituent material, but are also directly correlated to micro-structural
features, mainly porosity and pore size distribution. In particular, a high
porosity fraction, which is often desirable to facilitate cell infiltration and
tissue ingrowths, results in a reduction in mechanical properties. A similar
trend is also achieved with the increase of the mean pore size, because of
the enhance tendency of pore wall bending and structure instability during
compression.
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Regarding multi-scale scaffold fabrication preparation, the optimal selec-
tion between micro-particulate porogens and continuous porogens is also
related to the mechanical properties required for each specific application.
Indeed, scaffolds prepared using particulate porogens are of high porosity,
of the order of 90%, and then have limited capability to sustain mechanical
stress during in vivo load-bearing applications. This aspect is very critical,
especially when using soft polymeric biomaterials, because of their intrinsic
low stiffness. Conversely, the lower porosity obtainable by using continuous
porogens may result in scaffolds with a higher mechanical response. This
aspect is clearly shown in Fig. 3.3, which shows the stress vs. strain curves
obtained by static compression test performed on bi-modal scaffolds pre-
pared by using different types of porogens. It can be observed that the scaf-
fold prepared by using NaCl micro-particles is characterized by the typical
stress vs. strain curve of highly porous materials, with a linear-elastic region
followed by a plateau of roughly constant stress leading into a final region
of steeply rising stress (Salerno et al.,2009a). Conversely, the bi-modal scaf-
fold prepared starting from a co-continuous blend of polycaprolactone and
gelatin is characterized by higher stress values throughout the deforma-
tion range, with no evidence of the plateau region. As shown in the inset
of Fig. 3.3, the enhanced mechanical properties of this scaffold may allow
achieving one order of magnitude higher elastic modulus (E£) values, from
1 to 11.4 MPa. The mechanical response of this scaffold, characterized by
E values higher than 10 MPa, may ensure sufficient temporary mechanical
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3.3 Comparison of the stress vs. strain curves obtained by static
compressive tests of bi-modal porous polycaprolactone scaffolds
prepared by using a micro-particulate (NaCl) or a continuous (gelatin)
porogen.The inset shows the elastic region of the stress versus strain
curves of the scaffolds and correspondent elastic compressive moduli.
(Source: Adapted from Salerno et al., 2009a.)
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support to withstand in vivo stresses and loading and to avoid excessive new
tissue deformation (Hollister, 2005).

The research in the field of the design and fabrication of porous scaf-
folds with complex multi-scaled pore structure is continuously growing, and
numerous combinations of processing techniques have been reported. Such
examples are the use of particulate leaching combined with solid free form
fabrication to design polylactic-co-glycolic scaffolds with a highly ordered
and orientated macro-porosity and micro-porous struts (Taboas et al.,2003).
Recent work has also investigated the fabrication of multi-scaled scaffolds
with nano-structured pore surfaces, by combining phase separation with
porogen leaching or gas foaming (Ma, 2008; Reverchon et al., 2008; Wang
et al.,2011). Because of the simultaneous presence of a macro-porous net-
work for cell colonization and a nano-fibrous pore wall topography which
may mimic the collagen fibres of the native biological tissues, these scaffolds
have been investigated for several applications, including bone and carti-
lage regeneration. Along the same research line, porous scaffolds with an
interconnected macro-porosity to promote cell colonization and prolifera-
tion, and an interwoven nano-fibrous network to improve cell entrapment
and differentiation, have been obtained by combining electrospinning with
leaching of particulate porogens, such as NaCl and ice crystal templating,
(Kim et al., 2008; Leong et al., 2009), or by integrating electrospinning and
solid free form fabrication processes (Park et al.,2008).

34 Pore structure versus in vitro cell culture

The in vitro culture of cells within porous scaffolds is an important step
in the understanding of the cell/scaffold interaction and in characterizing
the effect of the scaffold properties on its biological response in vivo. This
approach involves the use of appropriate seeding and culture conditions to
allow for cell/scaffold construct development and maturation. Concerning
the actual techniques in cell culture, the stimulation of cellular proliferation
and the formation of two-dimensional sheet tissues such as skin are widely
performed and generally allow obtaining an implantable and functional tis-
sue for clinical applications. The process becomes more complex for the for-
mation of organized three-dimensional tissues for which it is necessary to
culture cells within porous scaffolds. Indeed, in this case, the issues of cell
distribution and ECM deposition in three dimensions, as well as nutrient
transport within the cell/scaffold construct and during the entire new tissue
development, are extremely important (Karande et al.,2004).

Depending on the specific application, scaffolds can be fabricated from
different materials; they must also possess some essential characteristics,
including biocompatibility, and certain physical, mechanical, chemical and
structural/architectural properties (Hollister, 2005). Architectural features,
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namely pore size and shape, surface-to-volume ratio, pore wall morphol-
ogy and pore interconnectivity are probably the most critical parameters, as
these have been shown to directly impact cell seeding, cell migration, tissue
differentiation, transport of oxygen, nutrients and wastes, and new tissue
formation in three dimensions (Karande et al., 2004; Pamula et al., 2008;
Lien et al.,2009; Jeong and Hollister, 2010; Salerno et al.,2010b).

The first important aspect in designing the architectural properties of
porous scaffolds for in vitro cell culture is that the diameter of cells in sus-
pension dictates the minimum scaffold pore size, which varies from one cell
type to another (Ranucci et al.,2000; Yang et al.,2001).

As summarized in Table 3.1, the investigation of optimal scaffold micro-
architecture for different in vitro culture models has also found a direct cor-
relation between pore size distribution and cell adhesion, morphogenesis,
proliferation and differentiation.

Regarding scaffolds for bone TE, Pamula and co-workers (2008) have
studied the effect of the mean pore size of poly(L-lactide-co-glycolide) scaf-
folds, in the range from 40 to 600 um, on the adhesion and colonization
of osteoblast-like MG 63 cells in a conventional static culture system. The
results of their study indicated that the higher surface of the 200 and 600
um pores enhanced cell infiltration and allowed a more uniform cell distri-
bution in the interior of the pore structure. Conversely, the scaffolds with
40 ym mean pore size allowed cell colonization prevalently on the seeding
surface, therefore resulting in an inhomogeneous cell/scaffold construct.

Although several studies report static cell cultures within porous scaf-
folds, in this case transport issues in three dimensions are very difficult to
achieve, especially at long culture times and when cell proliferation and
ECM deposition start to occlude scaffold pores. Overcoming this limitation
may be possible with a dynamic environment, which can be obtained by the
use of a bioreactor (McCoy et al., 2012). The bioreactor (1) must provide
control over the initial cell distribution, (2) must ensure efficient and con-
tinuous transport of fluid, such as oxygen, nutrient and metabolic waste, as
well as regulatory factors to tissue-engineered constructs and, ultimately,
(3) must expose the developing constructs to controlled mechanical stimuli.
Bioreactors provide the ideal means to study in detail the effect of culture
parameters, namely nutrient supply and mechanical stimuli, in combination
with scaffold pore structure on tissue growth and development.

In dynamic culture conditions, optimal growth of a tissue in vitro not only
depends on the appropriate scaffold pore structure, but is also correlated
to the culture parameters. Then, in the design of TE scaffolds, parameters
including pore size, shape and interconnectivity, mechanical and trans-
port properties should be optimized concomitantly to perfusion conditions
in order to maximize fluid diffusion and cell stimulation for a successful
inducement of tissue ingrowth.



Table 3.1 Overview of the optimal scaffolds pore size for differentTE applications

Application Cell type Pore size ~ Material scaffold Fabrication Comments Reference
(um) technique
Cartilage Chondrocytes 900 Polycaprolactone Solid free form  Polyoctanediol-co-citrate Jeong and
Polyglycerolsebacate scaffold resulted in better Hollister,
Polyoctanediol-co-citrate results 2010
Chondrocytes 400 Collagen Porogen Pore size tested: 180, 400 or Lu et al.,
leaching 720 pm 2010
Chondrocytes 70-120 Chitosan Freeze-drying Pore size tested: < 10 ym, Griffon et al.,
10-50 pm and 70-120 pm 2006
Chondrocytes 250-350; Gelatin Freeze-drying Pore size tested: 50-150, Lien et al.,
350-500 100-200, 250-350 and 2009
350-500 ym
Chondrocytes 400 Hyaluronic acid coated Woven fibres Pore size tested: 100, 200 and Yamane
chitosan 400 ym et al., 2007
Adipose stem 370-400 Polycaprolactone Centrifugation/  Pore size tested: from 90 to Oh, 2010
cells freeze- 400 pm
drying
MC3T3-E1 95.9 Collagen- Freeze-drying Pore size tested: from 95.9to  O’Brien
mouse cells Glycosaminoglycans 150.5 pm et al., 2005
copolymer
Bone Mesenchymal 112-224; Silk fibroin Porogen Static and dynamic culture Hoffmann
stem cells 400-500 leaching conditions et al., 2007
Mesenchymal 200 Coralline Hydrothermal Pore size tested: 200 and 500  Mygind,
stem cells hydroxyapatite treatment um 2007
Human foetal 330 Polylactic-co-glycolic Porogen Pore size tested: 100, 200 and  Cuddihy and
osteoblasts acid leaching 330 um Kotov,
2008
MG63 human 600 Polylactic-co-glycolic Porogen Pore size tested: 40, 200 and Pamula, 2008
osteoblasts acid leaching 600 pm

(Continued)



Table 3.1 (Continued)

Application Cell type Pore size  Material scaffold Fabrication Comments Reference
(um) technique
Calvarial 150-300; Polylactic-co-glycolic Porogen Similar results among the Ishaug-Riley
osteoblasts 500- acid leaching scaffolds tested et al., 1998
710
Primary rat 100 High internal phase Emulsion Pore size tested: 40, 60 and Akay et al.,
osteoblasts emulsion polymer polymeri- 100 pm 2004
(PolyHIPE polymer) zation
Human primary 400 Polylactic acid Gas foaming Improved response of Montjovent
osteoblasts Polylactic acid composite scaffolds et al., 2005
composites
Liver Hepatocytes 82 Collagen Freeze-drying Pore size tested: 10, 18 and Ranucci
82 um. etal.,
2000
Hepatocytes 100 Chitosan-gelatin Rapid Freeze-dried scaffold was Jiankang
prototyping used as control et al., 2009
Muscle Myogenic cell 20-50 Collagen Freeze-drying Parallel orientated pores Koehne,
line C2C12 to guide myotubes 2008
alignment
Cardiac cells 100 Alginate Freeze-drying Scaffolds functionalized with  Sapir et al.,
adhesion peptide and 20M
heparin
Blood vessel Human smooth 110 Poly(trimethylene Porogen Tubular scaffold with a Song et al.,
muscle cells carbonate) leaching central channel 2010
Vascular smooth 50-100 Poly(L-lactide-co- Porogen Tubular scaffold with a central Park et al.,
muscle cells caprolactone) leaching channel 2009
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Mygind and co-workers (2007) cultured mesenchymal stem cells up to
21 days within coralline hydroxyapatite scaffolds with pore sizes of 200
and 500 pm, and compared cell colonization and osteogenic differentiation
in static and dynamic culture conditions. As a result, these authors found
that 200 um pore scaffolds exhibited a faster rate of osteogenic differentia-
tion. Conversely, the 500 um pore scaffolds increased cell proliferation and
accommodated a higher number of cells. Furthermore, compared to static
cultures, dynamic culture conditions enhanced the proliferation, differentia-
tion and distribution of cells in both scaffolds, finally indicating that scaffold
pore structure act in synergy with culture conditions during cell culture and
new tissue formation.

Over recent years, computational analysis has held great promise to allow
finding the optimal scaffold and culture conditions for in vitro bone tissue
regeneration, avoiding the use of highly expensive clinical experiments.
Furthermore, this modelling approach may allow for a clearer interpreta-
tion and understanding of the biological mechanisms involved in new tissue
genesis and growth aided by the scaffolds. Along this direction, Melchels and
co-workers (2011) used computational fluid dynamic simulations to demon-
strate the ability of the pore structure to transfer hydrodynamic forces dur-
ing in vitro perfusion culture and to find the optimal flow rate conditions to
improve cell adhesion and colonization. Two scaffold types, both with gyroid
pore architectures, were designed and built by stereolithography: one with
isotropic pore size (412 + 13 um) and porosity (62 + 1%), and another with a
gradient in pore size (250-500 um) and porosity (35-85% ). Computational
fluid flow modelling showed the highest densities of cells correlated with
regions of the scaffolds where the pores were larger, and the fluid velocities
and wall shear rates were the highest. Under the applied perfusion condi-
tions, cell deposition is mainly determined by local wall shear stress, which,
in turn, is strongly influenced by the architecture of the pore network of the
scaffold. Similar work has been also reported by Guarino and co-workers
(2012), which compared experimental and theoretical mesenchymal stem
cell culture parameters, aiming to find the optimal conditions to improve
stem cell differentiation within porous polycaprolactone scaffolds. As pre-
dicted by computational simulation model, the authors verified that, when
cultured within their scaffolds, a perfusion rate of 0.05 mL/min is the opti-
mum to stimulate stem cell differentiation. Finally, all these results demon-
strate the potential advantages of combining computational approaches and
experimental culture models for optimal in vitro cell culture within porous
scaffolds.

AsreportedinTable 3.1, great effort has been directed in the search for the
optimal scaffold pore structure for a large variety of applications, such as the
regeneration of bone, cartilage, liver, muscle and blood vessels. Regarding
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scaffolds for cartilage regeneration, Lien and co-workers (2009) cultured
chondrocytes within gelatin scaffolds with pores in the range of 50-600 pm,
and observed that cells infiltrated and proliferated within the pore struc-
ture of all of the scaffolds up to 3 weeks of in vitro culture. However, as the
pores became larger, the rate of cell growth and the amount of glycosamino-
glycans as well as collagen Types I, II and X increased. Furthermore, the
chondrocytes in the smaller pores often showed a dedifferentiated form,
while the phenotype of the cells was maintained better in larger pores. The
authors finally concluded that chondrocytes prefer the group of scaffolds
with pore size between 250 and 500 pm for better proliferation and ECM
production, demonstrating that the size of the space for cell growth is a key
factor for cell metabolism. The results of Lien and co-workers have been
also confirmed by those reported by Oh and co-workers (2010) for chondro-
cytes cultured within polycaprolactone scaffolds. In particular, in their work
the authors fabricated polycaprolactone scaffolds characterized by gradu-
ally increasing pore size, from 90 to 400 pym, along the longitudinal direc-
tion by centrifugation and thermal fibril-bonding process. Although it could
be expected that different scaffold biomaterials may require different pore
size distribution for optimal chondrocytes culture, as previously reported
for gelatin scaffold, the polycaprolactone scaffold section having a pore size
range of 370-400 um was found to be better for chondrogenic differentia-
tion than other pore size groups.

Several reviews also indicate that, besides mean pore size, the pore size
distribution and pore shape are also important architectural scaffold param-
eters in determining the in vitro biological outcomes (Silva et al., 2006;
Koehne, 2008; Lu,2010; Salerno et al.,2010b). Recent studies have reported
the incorporation of aligned channels into the general porous structure of
the scaffold enhanced cell, and subsequent tissue formation throughout the
scaffold. This has been demonstrated using combined fabrication methods
such as porogen templating and gas foaming (Silva et al.,2006; Salerno et al.,
2010b), freeze-drying and ice particulate templating (Lu et al.,2010) as well
as by unidirectional freezing process (Koehne, 2008). Indeed, compared
to scaffolds with random porosity, those with the aligned pores evidenced
improved cell colonization and infiltration as well as deposition of the ECM
into the interior (Silva et al.,2006; Salerno et al.,2010b). This effect is related
to the fact that, during seeding, the aligned pores improved the diffusion
of cell suspension inside the interior of the scaffolds and, consequently, a
more uniform cell adhesion and proliferation can be achieved. Confocal
microscopic observation of the cell/scaffold construct allowed comparison
of the colonization/infiltration of mesenchymal stem cells when statically
seeded within polycaprolactone scaffolds with mono-modal or bi-modal
pore size distribution. As shown in Fig. 3.4a, up to 90% of cells inoculated
within the mono-modal scaffold adhered to the region close to the seeding
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3.4 Effect of scaffold pore structure on mesenchymal stem cells
adhesion and infiltration in vitro: cell infiltration at day 1 within (a)
mono-modal and (b) bi-modal polycaprolactone scaffold; (c) cell
distribution within the large, elongated macro-pores of the bi-modal
polycaprolactone scaffold. (Source: Adapted from Salerno et al., 2010b.)

surface. Conversely, an almost uniform cell infiltration was obtained along
the depth of the scaffold when both random and elongated pores were pres-
ent (Fig. 3.4b). As previously discussed, this effect can be explained by con-
sidering the ability of the elongated macro-pores to accommodate larger
volumes of fluid compared to the rounded micro-pores and, therefore,
allowing a faster drainage of the cell seeding suspension into the interior
(Salerno et al.,2010b). As a direct consequence, stem cell colonization and
proliferation occurred preferentially within the macro-pores of the scaffolds
(Fig. 3.4¢).

The effect of the pore structure on cell adhesion and infiltration also had a
direct impact on the rate of cell proliferation and osteogenic differentiation.
In particular, it was observable that cells cultured within the mono-modal
scaffold proliferated quickly in the first two weeks of culture (Fig. 3.5a),
preferentially on the seeding surface. A marked decrease in the number of
viable cells in the third week of culture was obtained for the mono-modal
scaffold, because of the occlusion of the pores on the seeding surface and
cell death and detachment at high culture times. Conversely, the number of
viable cells within the bi-modal scaffold increased up to three times from
day 1 to day 21, and cell proliferation occurred within the entire construct.
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3.5 Effect of polycaprolactone scaffold pore structure on mesenchymal
stem cells (a) proliferation, (b) differentiation and (c) calcium
deposition.

The different pore structure of the mono-modal and bi-modal scaffolds
also affected mesenchymal stem cell differentiation. In particular, the alka-
line phosphatase activity, which is an early osteogenic differentiation marker,
of cells cultured within mono-modal polycaprolactone scaffold, had a maxi-
mum at 14 days, followed by a decrease at later culture times (Fig. 3.5b).
Conversely, the alkaline phosphatase activity of cells cultured within the
bi-modal scaffold progressively increased up to four times from day 7 to 21
of culture. This is because cells on the seeding surface were exposed directly
to the osteogenic medium and then, for the mono-modal scaffold cells,
expressed earlier differentiation markers. A higher osteogenic differentia-
tion was conversely obtained for cells cultured within the bi-modal scaffold.
Similar amounts of deposited Ca** were quantified for both scaffold types
up to 28 days (Fig. 3.5¢), even if the more homogeneous cell organization
within the bi-modal scaffold may allow us to speculate about its ability to
induce a more homogeneous ECM deposition in three dimensions.

As discussed in the previous section, with the advent of solid free form
fabrication techniques it has been also possible to design and fabricate
porous scaffolds with highly sophisticated architectures and highly complex
internal and external geometries. These scaffolds have been then used over
recent years to test accurately the effect of parameters such as pore geom-
etry and uniformity on cell behaviour.

The effect of pore size and channel geometry of 3D porous scaffolds on
the osteogenic signal expression and subsequent differentiation of a trans-
planted cell population have been studied by Kim and co-workers (Kim
et al., 2011). In particular, the authors cultured mesenchymal stem cells
within porous photocrosslinked poly(propylene fumarate) scaffolds with
random and highly ordered architectures fabricated by means of porogen
leaching and stereolithography, respectively. Results showed that cells
cultured within stereolithographic scaffolds with highly permeable and
porous channels have significantly higher expression of fibroblast growth
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factor, transforming growth factor and vascular endothelial growth factor
than those cultured within the porogen leaching scaffold. Subsequent
alkaline phosphatase activity expression and osteopontin secretion had
also significantly increased in stereolithographic scaffolds, because of the
continuous open channel geometry and a more favourable environment
to facilitate early osteogenic signal expression and subsequent osteoblastic
differentiation.

By means of solid free form fabrication Van Bael and co-workers (2012)
fabricated titanium scaffolds with varying pore shape, more specifically tri-
angular, hexagonal and rectangular, and two different pore sizes, 500 and
1000 um, respectively. The scaffolds were obtained through selective laser
melting and were used to test the effect of pore size and geometry on cell
adhesion, growth and differentiation in vitro. Interestingly, it was observed
that cell growth was affected by pore size but not pore shape. Conversely,
the higher values of alkaline phosphatase activity of cell cultured within
titanium scaffolds with 500 um triangular pores demonstrated that cell dif-
ferentiation was dependent on the synergistic effect of pore shape and size.
In particular, as also previously discussed, the authors ascribed this effect
to the dense cell distribution in the corners of the pores of this scaffold as
induced by the different penetration of the seeding suspension.

Mimicking nano-scale topography of natural ECM is also advantageous
for the successful in vitro cell culture. Indeed, most components of the natu-
ral ECM, such as collagen and hydroxyapatite, have structural features in
the nano-metre dimensions, and the organization of cells and the corre-
sponding tissue properties is highly dependent on the architecture of the
ECM. Nano-fibrous polylactic acid scaffolds were fabricated to emulate the
architecture of collagen fibres, demonstrating superior biological proper-
ties if compared to solid-wall scaffolds (Ma, 2008; Wang et al., 2011). For
instance, Wang and co-workers (2011) optimized the phase separation of a
polylactic acid solution in dioxane/methanol mixture solvent and containing
gelatin micro-spheres, to fabricate macro-porous scaffolds with solid-walled
or nano-fibrous architecture. Human dental pulp stem cells have then been
cultured within the two scaffolds to investigate the role of pore wall structure
on cell odontogenic differentiation. Compared to the solid-walled scaffold,
the nano-fibrous scaffold enhanced the in vitro attachment and proliferation
of stem cells and also improved alkaline phosphatase activity, calcium depo-
sition and expression of genes such as collagen I, osteocalcin and dentin
sialophosphoprotein. Among the factors that might explain the observed
results, the greater adsorption of cell adhesion proteins, such as fibronectin,
on the nano-fibrous scaffold has been indicated as the predominant one.
Indeed, in dentin tissue, fibronectin enhances the differentiation of odon-
toblasts and dentine formation and, may also serve as a reservoir of growth
factors, which participated in the differentiation of odontoblasts.
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3.5 Pore structure vs. in vivo new tissue regeneration

Although many TE scaffold-based investigations currently focus on devel-
oping techniques appropriate for synthesis of tissues and organs in vitro,
such scaffolds must eventually be implanted in the appropriate host site to
promote tissue repair/regeneration.

In vivo regeneration of injured or excised tissue by a scaffold-based
approach can be idealized as a process taking place within a bioreactor
(the organism) with its complex biological mechanisms. The scaffold must
be able to block wound contraction and scar tissue formation which occur
after the surgical implantation procedure, while inducing regeneration of
physiological tissue by the host.

To date, the goal of achieving in vivo scaffold-induced regeneration for
a variety of tissues and organs, such as bone, cartilage and nerve, remains
at the forefront of current TE investigations. In clinical settings, the nature
of the wounds typically varies on a case-by-case basis, making it more diffi-
cult to understand the applicability of each treatment methodology to the
range of injuries encountered, compared to in vitro evidence. This aspect,
coupled with the wide range of materials and processing techniques for
scaffold fabrication, is probably mainly responsible for the difficulty of
defining the optimal pore structure properties for each specific tissue. It is
therefore critical to standardize the wound site where in vivo studies are
performed to ensure the presence of a consistent anatomical and physico-
chemical environment.

As discussed in the previous section, pore structure is an essential consid-
eration for the design and fabrication of scaffolds for TE. As for in vitro cell
culture, pores must be sufficiently interconnected to allow for cell growth,
migration and nutrient flow in vivo. If pores are too small, cell migration
and surrounding tissue infiltration are limited, resulting in the formation of
a cellular capsule around the edges of the scaffold. This, in turn, can limit dif-
fusion of nutrients and removal of waste, resulting in necrotic regions within
the construct (Karande et al., 2004; Cao et al.,2006; Jones et al., 2009; Jeong
et al.,2011). After implantation of tissue constructs, the transplanted cells’
survival, as well as that of the native host cells that migrate into the scaffold,
will depend on the transport of nutrients and waste products between cells
and host tissue. Fluids transport in the first stage is exclusively carried out
by diffusion processes that can supply the cells with nutrients only at a small
distance, typically lower than 200 pm from the nearest capillary in the sur-
rounding tissue. Consequently, the transplanted cells in central area of the
scaffold frequently either fail to engraft, or die rapidly due to oxygen defi-
ciency, lack of nutrient and inadequate removal of waste products. So, it is
very important for implanted tissue-engineered constructs, especially larger
implants, to develop sufficient vasculature rapidly in vivo.
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To investigate the effect of the pore structure parameters on scaffold vas-
cularization, Bai and co-workers (2010) fabricated b-tricalcium phosphate
scaffolds with accurately controlled pore parameters by using assembled
organic micro-spheres as templates combined with casting technique. Using
this technique, the authors produced a series of scaffolds with variable
pore sizes, in the range of 300-700 ym and variable interconnections, in the
range of 70-200 um, to evaluate the influence of the size and interconnec-
tion throat of the pores on the in vivo vascularization after implantation.
The authors founded that both size and number of the blood vessels grow-
ing into the porous structure of the scaffolds when implanted in the rabbit
model were strongly dependent on the pore structure parameters. In par-
ticular, the increase in pore size resulted in an increase in size of the growing
blood vessels, while with the increase in size of interconnection, both the
size and number of the blood vessels formed within the pore structure of
the scaffold increased. On the other hand, there was no significant differ-
ence in scaffold vascularization with pores size above 400 pm, and there was
no marked increase in the extent of vascularization with further increase in
pore size above 400 um, indicating that, in this case, the upper limit of pore
size for vascularization is 400 um.

In terms of pore interconnectivity and new tissue formation, bone tissue
has been the most investigated. Various authors have suggested a minimum
interconnection size, below which bone ingrowth cannot occur. Lu and co-
workers (1999) reported that a minimum interconnection size of 50 pum is
recommended for marked mineralized ingrowth.

The importance of scaffold pore size and interconnection on in vivo tis-
sue formation has been also reported by Mastrogiacomo and co-workers
(2006), which considered two hydroxyapatite bioceramics with identical
microstructures but different surface areas, pore size distributions and pore
interconnection pathways. These scaffolds had been fabricated by means
of two different procedures, sponge matrix embedding and foaming. In the
first case, the scaffold was characterized by surface area and pore inter-
connection pathway equal to 1.63 m?/g and 100 pm, respectively, while in
the second case these parameters were 0.87 m?/g and 200 um, respectively.
Bone ingrowth within the two scaffolds was investigated using an estab-
lished model of in vivo bone formation in mice by exogenously added
osteoprogenitor cells. The histological analysis of specimens at different
times after implantation revealed in both materials similar extents of bone
matrix deposition, while different rates of bone formation and construct
vascularization were observed. In particular, the presence of a more regular
pore structure in the case of the foamed scaffold resulted in a faster occur-
rence of bone tissue, already after 4 weeks of implantation. Conversely, the
wider and less tortuous pore interconnectivity of the scaffold prepared by
the matrix embedding technique resulted in the formation of larger blood
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vessels. These results clearly demonstrate that surface area and pore inter-
connection of osteoconductive scaffolds can influence the overall amount
of bone deposition, the pattern of blood vessels invasion and, finally, the
kinetics of the bone neo-formation process.

The continuous growth of 3D patterning technologies for developing
scaffolds have allowed over the last years the systematic investigation of
several micro-structural parameters of the scaffold, such as pore shape and
geometry, on in vivo new tissue regeneration. Jeong and co-workers (2011)
investigated the effect of three-dimensional poly(1,8-octanediol-co-citrate)
scaffold pore shape on in vivo chondrogenesis using primary chondrocytes.
Porous scaffolds with 900 pm interconnected spherical or cubical pores
were designed using rapid prototyping technique. A significantly greater
increase in cartilage matrix formation over 6 weeks in vivo implantation
was observed for the scaffold with spherical pores, as evidenced by the
higher ribonucleic acid expression for cartilage-specific proteins and matrix
degradation proteins as well as glycosaminoglycans retained. The authors
ascribed this effect to the lower permeability of the spherical-pore scaffold,
which allowed keeping the ECM and maintaining a chondrocytic pheno-
type around pore necking areas better than the cubic-pore one.

In addition to the experimental techniques, computational simulation
could be a helpful technique for evaluating the new tissue growth and the
change in micro-structural properties of the scaffold during the regen-
eration process. Furthermore, the computationally predicted quantitative
information may help to design an optimal scaffold microstructure to fulfil
the desired conditions. For instance, Jones and co-workers (2009) compared
computational approaches with in vivo implantation to assess the biocom-
patible properties of two types of hydroxyapatite scaffolds. One scaffold
type has been fabricated via pressing and firing, and has a disordered pore
structure, while the second scaffold type, based on fused depositional mod-
elling, has a regular, lattice type architecture. The results of their work evi-
denced that the pore throat has a strong correlation with bone ingrowth.
In particular, all pores with pore throat lower than 50 pm exhibit no bone
ingrowth. Overall, a preference for bone ingrowths are based on the acces-
sible pore radius with the cut-off radius around 100 pm for early implanta-
tion time points. Finally, a strong enhancement of bone ingrowth has been
observed for pore diameters higher than 100 um, while little difference in
bone ingrowth has been measured with different scaffold design.

3.6 Conclusion

In this chapter we have provided an overview of the basic requirements of
the pore structure of the scaffold for TE applications.
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The processing techniques that are currently used for the fabrication of
three-dimensional porous scaffolds are reviewed, with particular attention
on the processing-pore structure—properties relationship. Furthermore,
special emphasis is placed on design and fabrication of porous scaf-
folds with multi-scaled and highly complex pore structures by combined
approaches.

Based on the wide literature investigation about porous scaffolds design
and characterization of its biological performance in vitro and in vivo, the
optimal design of scaffold pore structure is strongly required to trigger its
biological response with precision. In particular, scaffold pore size, shape
and interconnectivity have key roles in in vitro cell adhesion, proliferation
and differentiation. Furthermore, multi-scaled pore structures provided by
elongated macro-pores within a random micro-porosity may promote the
formation of a homogeneous cell/scaffold construct and improve diffusion
of oxygen and nutrients in three-dimension. Concomitantly, in vivo reports
indicate that, along with pore size, new tissue ingrowth and vascularization
are also modulated by pore interconnection pathway.

Finally, all of the results reported in this chapter evidence that the devel-
opment of processing techniques able to improve the control of scaffold
pore structure at both nano- and micro-metric size scales may represent the
basis for the ultimate success of the in vitro and in vivo TE scaffold-based
strategies.
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Abstract: Porosity is a key parameter in the design of tissue engineering
scaffolds, as bioactivity can be controlled and tailored to the synthesis of
the target tissue by finely tuning the porous structure of the scaffolding
biomaterial. This chapter discusses the effect of structural parameters,
such as pore volume fraction, pore size and distribution, pore shape, pore
interconnectivity and pore orientation, on the performance of sponge-like
scaffolds, with a special focus on those directed to nerve regeneration.

Key words: scaffold, porosity, nerve regeneration, pore orientation, nerve
guidance conduits.

4.1 Introduction

Porous foam- or sponge-like scaffolds are essential in promoting and con-
trolling the regeneration of adult human tissues in large defects. The scaf-
fold itself is needed at the defect site, in order to provide both mechanical
stability and an initial framework for cells to migrate within the lesion (and
the latter is especially important for avascular tissues, where a fibrin scaf-
fold/clot does not form in the wound bed). The bioactive role played by
porosity is clearly multiple, as pores can potentially: (a) allow and control
cell attachment, migration and infiltration; (b) provide improved nutrient
and metabolite transport to and from the cells respectively, thus improving
cell survival, especially in the centre of the defect (or device); (c) facilitate
vascular infiltration; and (d) control the orientation of extracellular matrix
(ECM) molecules produced and laid down by cells. The bioactive potential
of porosity thus depends on how carefully pore size and shape, pore volume
fraction, pore interconnectivity and pore orientation are designed, keeping
in mind the ‘gold standard’ architecture of the native ECM of the target tis-
sue or organ. In particular, assuming pore interconnectivity as a fundamen-
tal requirement, although difficult to measure (Li et al., 2003; Karande et al.,
2004), size, volume fraction and orientation of pores are the key variables
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to be tuned to adjust the bioactivity of the scaffold. The direct effect of pore
shape on cell behaviour has not been completely elucidated yet, although
recent studies suggest that pore shape plays an important role in control-
ling cell differentiation (Jeong et al.,2011; Van Bael et al., 2012). However,
the effects of porosity (pore shape included) on both the mechanical prop-
erties and the biodegradation rate of the scaffold should be evaluated, as
those properties might have a huge impact on the outcome of the scaffold
implant.

Porous foam scaffolds are widely used for nerve regeneration, at least
at a research level, both for peripheral nervous systems (PNS) and cen-
tral nervous systems (CNS). Whereas for CNS a porous scaffold alone (i.e.
without exogenous molecular regulators and/or cells) is not expected to
induce a significant regeneration, due to the intrinsic complexity of CNS
microenvironment, there is evidence suggesting that a porous scaffold alone
in the PNS might be sufficient for at least partial regeneration and a certain
functional recovery, following neurotmesis (i.e. nerve transection) (Yannas,
2001). The surgical insertion of a ‘graft’ between the nerve stumps (either a
nerve autograft, when available, or an engineered porous scaffold) is needed
to stimulate axonal regrowth and distal reinnervation. Nerve autograft is
currently the ‘gold standard’ for nerve regeneration, although the functional
recovery achievable with this technique is unfortunately far from optimal,
probably due to the use of a sensory nerve to replace either a sensory or
a motor nerve. When implanting a porous scaffold, for given defect size
and location, the quality of nerve regeneration and the extent of functional
recovery depend on the scaffold properties, i.e. surface/bulk chemistry, bio-
degradation rate, mechanical stiffness and porous structure.

It is worth noting that, in order to mimic the cylindrical and aligned
arrangement of peripheral nerves, two types of scaffolds can be used for
PNS regeneration: a tubular scaffold with a porous wall, also called a nerve
guide or guidance conduit, and a cylindrical scaffold with longitudinally or
axially orientated pores. Even though most studies report the use of conduits
alone for PNS regeneration (the so-called entubulation strategy) (Yannas,
2001), the combined use of tubular and cylindrical scaffolds is likely the best
operative option, since the two types of devices are expected to perform dif-
ferent but complementary functions, once implanted in vivo (Fig. 4.1).

The tubular device is envisaged to provide a chamber environment
where a fibrin-based, longitudinally orientated matrix can form, in order
to direct axons from the proximal to the distal stump, and where growth
factors released by injured nerve cells can be retained at the defect site.
The chamber is also expected to prevent the infiltration of surrounding soft
tissue and to limit the contractile activity of myofibroblasts, which is respon-
sible for scar formation (i.e. neuroma) in the physiological nerve response
to injury. The design of the tubular scaffold wall should thus foresee specific
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proteins

Myofibroblasts in
the tube wall
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fibrin matrix or
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4.1 Role of conduit and luminal filler in PNS regeneration. The conduit
is expected to provide a chamber permeable to nutrients and proteins,
where an aligned fibrin-based matrix can form to allow Schwann cell
migration. The conduit wall should also be able to host myofibroblasts.
The luminal filler is expected to mimic the aligned fibrin cable, to
accelerate the regenerative process in larger gaps.

microporous patterns which would allow the conduit to perform all of the
above-mentioned functions.

Conversely, the cylindrical matrix is expected to possess axially orien-
tated pores mimicking the structure of the fibrin cable formed between the
nerve stumps and originating from the nerve exudate. The scaffold is thus
meant to work as luminal filler of the chamber, providing an immediate sup-
port for the migration of Schwann cells and for elongating axons, in order
to accelerate the reinnervation of the distal stump. Indeed, especially in the
case of large defects (such as those found in clinical practice), the distal
stump might undergo chronic degeneration before reinnervation occurs,
i.e. the basement membrane making up the distal endoneurial tubes is dis-
rupted, thus inhibiting Schwann cell migration and further reinnervation
(Hoke, 2006).

This chapter deals with the importance of scaffold porosity in periph-
eral nerve regeneration. Firstly, the most widely employed materials and
techniques for the fabrication of porous scaffolds are presented, with focus
on the specific design criteria needed for tubular and cylindrical scaf-
folds, respectively. The quality of nerve regeneration achieved by means of
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foam- or sponge-like scaffolds (with pore sizes usually in the range 5-100
um) is then briefly discussed, pointing out the difficulties of translating PNS
regenerative medicine to clinical practice. With regard to hydrogel-based
scaffolds, possessing pore sizes in the range 10-100 nm and obtained through
chemical or physical crosslinking of aqueous solutions, and fibrous scaffolds,
characterized by the assembly of nanometric fibres and usually produced
by means of electrospinning, the readers are directed to further and recent
reviews discussing their bioactivity in PNS regeneration (Jiang et al., 2010;
Daly et al.,2012; Spivey et al.,2012).

4.2 Materials for foam scaffold fabrication

Although non-biodegradable scaffolds might be useful to induce a mod-
est tissue regeneration, as demonstrated in PNS for silicone-based nerve
guides (Lundborg et al., 1991, 1994), their sustained presence in the long
term causes a foreign body reaction, which requires a second surgical inter-
vention to remove the permanent scaffold (Mackinnon et al., 1984; Merle
et al.,1989). A true regenerative medicine approach thus aims at using bio-
degradable polymers only, either synthetic or natural, for the scaffold fab-
rication. The scaffold performance is clearly affected by the nature of the
degradation mechanism and the products that are released into the host
site as resorption occurs, since those substances, even though not cytotoxic,
might deeply change the local cell environment and have a negative effect
on tissue regeneration.

Several biomaterials have been investigated for the production of nerve
guides or axially orientated luminal fillers. The degradation rate and mechan-
ical properties of synthetic polymers are more easily controllable, compared
to those of naturally derived biomaterials, which, on the contrary, suffer
from large batch-to-batch variations. However, those properties for natu-
ral polymers can be adjusted to a certain extent by means of several cross-
linking methods (Lee et al., 2001; Itoh et al., 2002; Harley et al., 2004; Pek
et al.,2004). Among the most widely employed synthetic polymers, several
polyesters have been reported in the last two decades, including poly(lactic
acid) (PLA), poly(glycolic acid) (PGA), poly-e-caprolactone (PCL) and
their copolymers (Dellon and Mackinnon, 1988; den Dunnen et al., 1993;
Aldini et al., 1996; Bryan et al.,2000). Such polymers are degradable in vivo
via hydrolysis of the ester linkage, and are approved by the US Food and
Drug Administration (FDA) for use as sutures, surgical meshes and fixation
components. Although their degradation rate can be easily adjusted and
tailored to the specific application by changing their hydrophobicity and
crystallinity degrees (Yang et al.,2001), their use as scaffolds in the clinical
practice remains controversial, due to their unfavourable combination of
degradation process (burst or ‘bolus’ degradation) and release products at
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the implant site. Indeed, since the process of hydrolysis starts eroding the
bulk polymer in a random manner, the total mass of the scaffold remains
essentially the same for a relatively long time, until the molecular weight
of the fragments formed is small enough to make them soluble. When this
occurs, the bulk polymer is rapidly solubilized, causing a deep decrease in
the local pH (Muschler et al.,2004), before the degradation products can be
further metabolized or excreted via normal physiological pathways (lactic
and glycolic acids are eliminated from the body via Kreb’s cycle as CO, and
in urine as water (Sinha and Trehan, 2003)). However, for highly porous
implants, the effects of the degradation products might not be pronounced,
since the polymer is only a small amount of the total volume of the scaffold,
and the released products might be readily cleared by extracellular fluids
(Muschler et al.,2004).

Intuitively porosity, i.e. the amount of void space within the volume of
the scaffold is expected to lead not only to a higher rate of clearance of
the degradation products from the graft site, but also to a higher degra-
dation rate, since a larger surface of the bulk polymer comes into con-
tact with biological fluids (Muschler et al., 2004; Dellinger et al., 2006).
However, a few exceptions exist to this general rule, depending on the
degradation products. Some studies have reported that scaffolds made up
of poly(lactic-co-glycolic) acid (PLGA) degrade faster as their porosity
decreases or their pore size increases, probably due to the slow diffusion
and higher concentration of degradation products within the scaffold,
which cause a stronger acid-catalysed hydrolysis (Agrawal et al., 2000;
Wu and Ding, 2005).

Polyphosphoesters and polyurethanes have also been used for the fab-
rication of nerve guidance conduits, but their fast degradation rate is
unlikely to match the rate of tissue regeneration desired for therapeutic use
(Borkenhagen et al., 1998; Wang et al.,2001).

Natural polymers used to produce porous scaffolds for nerve regener-
ation are mainly macromolecules derived from the mammalian ECM,
which are easily recognized by cells and thus allow for cell-ECM inter-
actions. Moreover, such polymers are susceptible to enzymatic digestion,
which implies that the material or scaffold is locally resorbed, when specific
enzymes secreted by cells meet its surface. Among ECM components, Type
I collagen has been largely exploited to mimic the native ECM of periph-
eral nerve tissue. Other molecules which might be useful for stimulating
PNS regeneration are laminin, fibrin, fibronectin and vitronectin (Martini,
1994; Fu and Gordon, 1997). It is important to note that the animal origin
of such biopolymers, in addition to posing challenges in maintaining their
activity during the extraction and processing, might raise questions about
their immunogenicity and the risk of disease transmission. Collagen has
been shown to be safe for clinical use, as its immunogenicity is particularly
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Table 4.1 Main worldwide manufacturers/suppliers of Type | collagen derived

from animal tissues

Manufacturer Type | collagen form  Origin

Aesculap AG & Co. KG. (B. Braun) Solution Bovine
Tuttlingen, Germany

Devro PTY Ltd Dry fibre, solution Bovine

Bathurst, NSW, Australia

SYMATESE Biomateriaux Dry fibre Bovine/porcine
Chaponost, France

INTEGRA lifesciences Co. Dry fibre Bovine
Plainsboro, NJ, USA

Kensey-Nash Co. Dry flakes Bovine
Exton, PA, USA

Collagen Matrix Powder/particles Bovine

Oakland, NJ, USA

Innocoll (Syntacoll GmbH) Dry fibre, gel Bovine/equine
Athlone, Ireland
Invitrogen Co. (Life technologies Co.)  Solution Bovine/rodent

Carlsbad, CA, USA

Advanced biomatrix Inc. Dry fibre, solution Bovine
San Diego, CA, USA

SunMax biotechnology Co. Ltd. Solution Porcine
Taiwan, RC

Collagen solutions LLC Powder, gel Bovine
San Jose, CA, USA

KOKEN Co. Ltd. Solution Bovine
Tokyo, Japan

Southern lights biomaterials Fibre/powder Bovine
Napier, New Zealand

Orthovita Ltd. Powder/solution Bovine
Malvern, PA, USA

EnColl Co. Powder/solution Bovine
Newark, CA, USA

Angel biomedical Ltd. Powder/solution Bovine

Cramlington, England

Note: The list was derived from keyword Web searches, and includes only manu-
facturers that supply medical-grade Type | collagen, not derived from marine
sources.

low (Friess, 1998), and several medical-grade collagens of different origin
are currently available on the market (Table 4.1).

Instead of processing ECM macromolecules to produce porous ECM-
mimicking scaffolds, a relatively simple and alternative approach consists in
borrowing ECMs from mammalian organs and using them as scaffolds for
the synthesis of new tissues. Decellularized matrices, obtained from animal
or human donor tissues, have been thus investigated as scaffolds for nerve
regeneration (e.g. acellular muscle, vein and nerve grafts) (Kim et al., 2004;
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Stang et al. 2009; Barnes et al., 2011). Although concerns exist about their
reproducibility and sterilization, and their regenerative potential seems to
be lower than that of nerve autografts, some decellularized nerve allografts
are available for clinical use (Kehoe et al.,2012).

Among other natural polymers investigated as porous templates for nerve
regeneration, there are several polysaccharides, such as chitosan, alginate
and agarose. Chitosan, a polymer, derived from crustacean shells, which can
be digested in vivo by lysozyme, has been reported for the fabrication of
nerve guides, often in combination with synthetic polymers, such as PLA
(Xie et al., 2008). Sponges of alginate and agarose, two polymers derived
from seaweed, have also been investigated as scaffolds for nerve regenera-
tion (Kataoka et al.,2001; Zmora et al., 2002; Stokols and Tuszynski, 2006).
Chitosan, alginate and agarose are also employed in the hydrogel form,
either chemically or physically crosslinked. With regard to hydrogels, it is
worth mentioning keratin, a protein derived from animal or human hair,
which has the ability to self-assemble in hydrogel networks and has been
recently proposed as a suitable substrate for Schwann cell migration (Apel
et al., 2008; Sierpinski et al., 2008). Keratin-based sponges have been also
proposed as scaffolds for tissue engineering (Katoh et al., 2004). For some
physically crosslinked materials, such as alginate and agarose gels, dissolu-
tion is a possible mechanism of in vivo degradation. Dissolution is usually a
slow, uncontrolled process, although the degree of physical crosslinking, to
which the degradation rate is inversely proportional, can be modulated to
some extent (Drury and Mooney, 2003).

4.3 Design and fabrication of foam scaffolds
for nerve regeneration

A variety of fabrication techniques, and several combinations of them, have
been developed to produce tubular and cylindrical scaffolds of given sizes
and with well-defined porous structures. Once the ‘bulking’ biomaterial is
chosen, the choice or development of a suitable fabrication method should
take into account not only the specific material’s processability (e.g. dena-
turing proteins such as collagen require low-temperature handling), but
also the envisaged porous structure, which significantly affects the regen-
erative performance of the scaffold in vivo. In order to finely tune and/or
optimize the final porosity, the current trend is to combine two or more
pore-forming ‘traditional’ strategies. Furthermore, translational research
requires the processing to be repeatable, susceptible of easy scale-up and
biocompatible.

In the following, the design of porosity for both tubular and cylindrical
scaffolds adopted in PNS regeneration is discussed. Hints as to traditional
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and/or combined fabrication methods, useful to obtain the desired porosi-
ties, are also provided throughout the discussion.

4.3.1 Nerve guidance conduits

In addition to pursuing the optimization of the degradation rate and the
mechanical properties of a nerve guide, the design of the conduit should
include the tuning and the evaluation of the following properties affecting
the quality of induced nerve regeneration: protein/cell permeability, surface
area and contact guidance. It is clear that such properties are dependent on
the macro- and micro-structure of the conduit, which in turn can be con-
trolled by the processing method adopted.

With regard to protein/cell permeability, the tube wall is expected to be
porous enough to allow an efficient transport of nutrients and oxygen from
the surrounding environment, while preventing formation of fibrous tis-
sue at the wound site (Fig. 4.1). Therefore, the tube wall should be at least
protein-permeable (i.e. with pores larger than 50 nm, for large proteins)
(Yannas, 2001). As for cell permeability (i.e. tube should possess a wall with
pores approximately equal to or larger than 20 um), a gradient of poros-
ity along the tube wall appears a promising design criterion, in an attempt
to meet two counter-acting requirements for the conduit: (a) the need to
host myofibroblasts, in order to limit scar tissue formation at the wound
site, as suggested for collagen conduits (Chamberlain et al., 1998a, 2000);
and (b) the need to inhibit fibrous tissue infiltration from the surrounding
environment. Whereas (a) requires cell-permeable pores, (b) can be met by
designing cell-impermeable pores. Recent studies have thus focused on the
development of fabrication techniques which lead to a gradient in pore size
along the tube wall (Chang and Hsu, 2006; Harley et al., 2006; Oh and Lee,
2007). Two of these studies, in particular, have focused on the control of
pore orientation, in addition to pore size.

Collagen-based tubes with radially aligned porosity, cell-permeable
pores at the inner wall and cell-impermeable pores at the outer wall,
show the potential to regulate myofibroblast attachment and migration,
and have been synthesized by means of a spinning technique, combined
with a freeze-drying process (Harley et al., 2006). The described spin-
ning technique is a centrifugal casting process, in which a collagen slurry
contained in a plastic tube is subjected to an ultra-centrifugation regime,
which can be modelled to predict the collagen concentration profiles
resulting from specific processing parameters (i.e. spinning time and
velocity) (Sannino et al., 2010). Freeze-drying, also termed ‘lyophiliza-
tion’, is a low-temperature, low-pressure process which consists of remov-
ing a liquid phase (usually water or aqueous solution) from a given
suspension, via freezing and subsequent sublimation of ice. The removal
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4.2 Schematization of the freeze-drying process. Ice crystals nucleate
and grow by diffusion of water into a polymer suspension or solution
(e.g. collagen slurry). The following sublimation of ice leaves the
polymer struts or walls created during the solidification process,
yielding a porous scaffold.

of ice via sublimation leaves behind a porous, sponge-like material,
whose porosity is a negative replica of the ice crystal structure formed
during the freezing (Fig. 4.2). Smaller pores are thus yielded by higher
undercooling (i.e. lower temperatures of freezing) (O’Brien et al.,2004),
whereas orientated pores can be obtained by establishing a directional
gradient of temperature during the solidification process (Kuberka et al.,
2001; Stokols and Tuszynski, 2004). The concentration of solid in the
initial aqueous suspension might also affect the growth of ice crystals
and the resulting pore size, with smaller pores obtained from suspen-
sions with higher solid concentration (smaller pore volume fractions are
also obtained). The combination of the spinning technique with rapid
freezing of the spun collagen slurry (in liquid nitrogen) and subsequent
freeze-drying thus yield porous tubular scaffolds, which show: (a) radi-
ally orientated pores, resulting from the radial freezing process; and (b)
a gradient of pore sizes along the tube wall, with increasing pore sizes
from the outer to the inner wall, resulting from the concentration profile
of collagen established during the spinning.

Conversely, PLGA-pluronic composite tubes, possessing radial pores
with a cell-impermeable inner wall and a cell-permeable outer wall,
have been developed by means of a modified immersion precipitation
method, to allow a good nutrient transport while isolating the defect
from external fibrous tissues (Oh and Lee, 2007). The fabrication method
described therein is one of the multitude of phase separation techniques,
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either non-solvent or thermally induced, employed in the literature. In
particular, the method involves a non-solvent induced phase separation
(NIPS), which is based on contacting a polymer solution, previously cast
into a mould, with a non-solvent. As the non-solvent penetrates the solu-
tion, the polymer precipitates, forming a solid phase. By evaporating the
non-solvent, a porous scaffold is left behind. In that study, an alginate
hydrogel rod was immersed in a PLGA-pluronic solution, and the diffu-
sion of water (i.e. the non-solvent) from the rod to the solution caused
the precipitation of a polymeric layer around the rod. Pluronic was used
in addition to PLGA in order to increase the hydrophilic character of the
device. The resulting polymeric tube showed a wall thickness dependent
on the immersion time, whereas the gradient of pore sizes along the wall,
with nanosized pores (50 nm) at the inner surface and cell-permeable
pores at the outer one (50 um), was related to the concentration profile
of PLGA-pluronic generated by water diffusion. The pore volume frac-
tion was also tunable, by changing the solvent/non-solvent ratio.

Regardless of the different biomaterials used, the implantation of con-
duits with micropatterned porosity in animal models could help in under-
standing the effect of tube wall porosity (in terms of both pore size and
orientation) on the quality of nerve regeneration, which is still unclear.

In addition to the conduit permeability, findings from a number of inde-
pendent investigations suggest that the surface area of the tube wall should
be optimized, as better nerve regeneration is achievable with increased sur-
face area (Chew et al., 2007; Vleggeert-Lankamp et al., 2007; Wang et al.,
2007; Yang et al., 2007). The specific surface area of a scaffold, or surface
area per unit volume (SAV), defines the area of the scaffold available for
cell adhesion, and is strictly related to its porosity. The surface area can be
assessed, at least approximately, if the pore volume fraction (P), pore size
and pore shape are known (O’Brien et al.,2004), with SAV being inversely
proportional to the pore diameter, and directly proportional to the solid vol-
ume fraction S (S =1 — P) of the scaffold. The existence of an optimal pore
size range for the regeneration of different tissue types (Yang et al., 2001;
Yannas, 2001) suggests that an optimal surface area is needed for improved
cell binding. For PCL tubes with a macroporous outer wall, a microporous
inner wall (pore size 1-10 um) was found to be more advantageous for nerve
regeneration than non-porous and macroporous inner walls (Vleggeert-
Lankamp et al.,2007), and this might be ascribed to the existence of an opti-
mal surface area for nerve regeneration. However, it is worth stressing that
the effective interaction of cells with the substrate should be considered for
the estimation of the true surface area. For polymers that do not mimic the
mammalian ECM, like synthetic ones, the effective SAV for a given porosity
might be difficult to assess. Moreover, it should be considered that increased
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porosity of the conduit wall might have a detrimental effect on its mechani-
cal properties (Meek and den Dunnen, 2009), which are important for its
protective chamber role as well as for proper handling and suturing.

Microfabrication by means of soft lithography is largely exploited for
the production of microgrooved conduits, which possess increased surface
area available for cell interaction and may also provide contact guidance
to Schwann cells and axons (Hsu et al., 2009). Contact guidance is the abil-
ity of the matrix to provide cells with directional cues, in order to guide
their migration along specific patterns. The orientation of the matrix pores
(or fibres) has been shown to affect also the maturation of Schwann cells
(Chew et al., 2008). In this perspective, it is clear that fibrous tubular scaf-
folds, produced, for example, by means of electrospinning (Subramanian
et al.,2011), might be extremely advantageous compared to foam-like ones,
as they intrinsically combine permeability, high surface area and increased
contact guidance (Jiang et al.,2010).

Whether the surface area of the conduit is a more important design crite-
rion than its contact guidance is still matter of investigation. A recent study
shows that aligned poly(acrylonitrile-co-methacrylate) electrospun fibres
deposited onto the inner wall of a polysulfone nerve conduit are funda-
mental to elicit nerve regeneration, compared to non-aligned ones (Kim
et al.,2008). Conversely, an independent investigation on the effect of dif-
ferent electrospun fibres on the inner surface of synthetic conduits seems
to suggest that increasing the surface area of the conduit may improve its
regenerative capacity more significantly than the contact guidance, at least
in the long term (Chew et al.,2007). Obviously, the quantitation of the true
surface area available for cell interaction (which depends on the specific
biomaterial used) would be helpful for a deeper understanding of its effects
on nerve regeneration.

Considering the overall bioactive role played by the scaffold microstruc-
ture, the choice of a suitable fabrication method should be based on the
processing variables that allow the modulation of porosity of the resulting
scaffold, especially in terms of pore size, orientation and volume fraction.
The larger the number of such variables, the higher is the potential of the
fabrication method for the scaffold design. Among novel fabrication meth-
ods, it is worth mentioning rapid prototyping techniques as emerging tools to
produce customized tissue engineering scaffolds, including nerve conduits.
Unfortunately, to date only a limited number of materials can be processed,
although recent investigations have shown the applicability of rapid proto-
typing techniques to collagen-based composites for nerve regeneration (Cui
et al.,2009). Moreover, the spatial resolution of rapid prototyping methods
is currently limited to tens of microns, which might represent a drawback for
many tissue engineering applications.
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4.3.2 Axially orientated cylindrical matrices

As discussed previously, luminal sponge-like fillers with axially orientated
pores can improve PNS regeneration by providing prompt contact guidance
to Schwann cells and axons, in an attempt to mimic what basement mem-
brane endoneurial tubes physiologically do in response to axonotmesis. This
is extremely important when bridging large defects, as accelerating axonal
regrowth might impede distal denervation.

At this stage, it is worth highlighting what the expression ‘large defects’ in
PNS regeneration stands for. Since the first studies on nerve entubulation,
gap length has been considered the most limiting factor in regeneration.
For gaps shorter than the critical length size, which is related to the animal
species, the frequency of reinnervation obtained through the entubulation
technique is usually high, regardless of the specific device used. This is why
the regenerative potential of a nerve guide should be determined in gaps
larger than the critical size (Yannas, 2001). However, it has been recently
hypothesized that the overall volume of the nerve chamber, determined by
length and diameter of the defect, is the true limiting factor in nerve regen-
eration (Moore et al.,2009). This assumption is based on the fact that, even
when encouraging animal data have been provided for a given device, clin-
ical studies on relatively large human nerves, such as the ulnar and median
nerves (which have a diameter of approximately 3-4 mm), have mostly led
to unsuccessful results (Stanec and Stanec, 1998; Weber et al., 2000; Meek
and Coert, 2008). A possible explanation for a critical chamber volume lies
in the inability of a larger chamber to provide a sufficient concentration of
neurotrophic factors and/or a crossing fibrin cable. It is clear that, in such
cases, the presence of a luminal filler with axially orientated pores within
the chamber might be particularly helpful in promoting nerve regeneration,
also considering that the porous matrix might serve as a delivery vehicle
for exogenous cells (which are invaluable sources of growth factors) and/or
growth factors.

As discussed above for nerve guidance conduits, surface area and con-
tact guidance are key properties to consider when designing porous luminal
fillers. As shown for different tissues, an optimal scaffold pore size exists
for nerve regeneration. For instance, orientated collagen matrices, inserted
into a collagen tube, provided results comparable to the ones achieved by
the nerve autograft only with a pore size of 20 um, in a 10 mm gap in the rat
sciatic nerve model (Chang et al., 1988, 1990; Chamberlain et al., 1998b). In
addition to the surface area, more recent studies seem to suggest that the
contact guidance in the longitudinal direction is the key element for success-
ful nerve regeneration (Yao et al.,2010), as non-orientated scaffolds might
hamper nerve regeneration by obstructing axonal elongation (Evans et al.,
2002; Stang et al., 2005).
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Combined unidirectional freezing and freeze-drying are probably the
most widely exploited techniques to produce orientated foam-like matrices,
starting from natural biomaterials such as collagen (Chang et al.,1990; Schoof
et al., 2000, 2001; Kuberka et al., 2002), agarose (Stokols et al., 2004) and
alginate (Kataoka et al.,2001). Two different uniaxial freezing methods can
be adopted to obtain orientated pores. An aligned porous structure can be
obtained by freezing a polymer solution or suspension via slow immersion
into a cooling bath, and subsequent freeze-drying. For a given polymer
concentration, the velocity of immersion and the temperature of the freez-
ing bath can significantly affect the pore size and the pore orientation of
the resulting matrices, as shown for collagen-glycosaminoglycan scaffolds
(Loree, 1996). For those matrices, only particular combinations of immers-
ing velocity and freezing temperature were found to yield axially orientated
pores for cylindrical scaffolds with diameters ranging from 1.5 to 3.8 mm
(Loree, 1988; Louie, 1997; Chamberlain et al., 1998a; Spilker et al.,2001).

Alternatively, a solution or suspension of the selected biomaterial can be
injected into a cylindrical mould, made of an insulating material, and the
bottom of the mould can be placed in contact with a ‘freezing’ metal plate or
shelf. Whereas pore orientation can be controlled by the longitudinal tem-
perature gradient induced during the freezing, with ice crystals growing uni-
directionally from the bottom to the top of the matrix, the pore size depends
on polymer concentration and local freezing temperature (with the former
affecting also the pore volume fraction). Indeed, the main limitation of the
technique is that a pore size gradient is established throughout the length of
the matrix, as a result of the longitudinal gradient of freezing temperature.
This difference in pore size, which can be neglected for ‘short’ matrices, i.e.
with lengths up to a few mm (Stokols et al., 2004; Madaghiele et al.,2008),
should be carefully evaluated when designing axially orientated matrices
for bridging long nerve gaps, as pore size difference between the two sides
of the matrix might be significant. Moreover, it might be also difficult to
control the axial orientation of pores, considering that a certain radial freez-
ing can be established near the wall of the mould, resulting from a minimal
radial heat conduction (Madaghiele et al., 2008). Both pore size gradient
and radial freezing might contribute to the non-continuity of pore channels
along macroscopic lengths (Fig. 4.3).

Other fabrication techniques reported to date for the production of scaf-
folds with longitudinally orientated pores include fibre templating (Flynn
et al.,2003), porogen leaching (Lin ef al.,2003), injection moulding and sol-
vent evaporation (Moore et al., 2006), microfilament alignment (Cai et al.,
2005) and wire-heating (Huang et al., 2005). Most of these manufacturing
methods are based on the use of additional chemicals and/or polymeric
fibres or metal wires, which are incorporated into the scaffold architecture
and then removed, e.g. through solvents or thermal separation processes, to
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4.3 Synthesis of cylindrical collagen-based scaffolds with uniaxially
orientated pores. (a) Schematization of the ideal uniaxial freezing
process. (b) Real freezing process. A certain radial component

of pore orientation can be obtained if the collagen slurry is not
perfectly insulated along the radial direction, during the freezing (left:
photograph of the non-ideal freezing process of a collagen slurry, by
means of liquid nitrogen; right: resulting microstructure visualized by
electron microscopy).

obtain the desired pore structure. However, the use of additional chemicals
and/or complex fabrication methods is not recommended in terms of device
safety and biocompatibility.

Aligned fibrous matrices, instead of foam-like ones, have also been
investigated, based on collagen (Okamoto et al., 2010), polyesters (Wang
et al.,2005; Hu, et al., 2008) and silk (Yang et al.,2007; Radtke et al.,2011).
With regard to collagen filaments used to bridge a rat sciatic nerve defect,
a higher number of filaments was found to enhance the number of regen-
erated axons (Yoshii et al., 2003), probably due to increased surface area
and contact guidance. However, the packing density of fibres (i.e. the pore
volume fraction of the fibrous filler), as well as their spatial distribution
within the conduit, affects nerve regeneration (Ngo et al.,2003). It has been
recently argued that sponge-like matrices, with aligned microchannels over
the entire length, might be more suitable for nerve regeneration than fibrous
scaffolds (Spivey et al., 2012). This hypothesis is based on the consider-
ation that, regardless of fibre packing, fibres cannot be aligned over macro-
scale distances, thus do not provide continuous channels able to mimic the
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morphology of the fibrin cable and/or the endoneurial tubes accommodat-
ing Schwann cells. A pioneering comparative study by Toba and colleagues
(Toba et al., 2001) attempted to analyse nerve regeneration achieved by
either collagen fibres or an orientated collagen sponge, used as luminal fill-
ers for PLA conduits along a 80 mm gap in a canine peroneal nerve. The
study showed that there was no difference in regenerative efficacy between
the two fillers, although in both cases axonal regeneration in the distal end
was poor and functional recovery was not assessed.

44 Methods of assessing nerve regeneration and
overview of porous scaffolds

Asdiscussed above, the implant of a graft between the stumps of a transected
nerve might suffice to induce a certain axonal regeneration. However, the
quality of induced nerve regeneration is deeply affected by the following:
(a) the properties of the graft, such as permeability, surface area, contact
guidance, degradation rate and mechanical stiffness; and (b) the gap size
(i.e. graft length and diameter), since, for a given animal model with critical
defect length and for a selected device, the quality of nerve regeneration is
found to decrease as the gap increases.

In order to analyse and compare the regenerative capability of different
devices, a gap value equal to or larger than the critical size should be fixed,
and nerve regeneration achievable in the distal end (if any) should be eval-
uated, together with reinnervation of the target muscle. In this section, after
presenting the methods by which nerve regeneration can be assessed, we
focus on the use of porous scaffolds in PNS regenerative medicine, stressing
the reasons for the existing gap between experimental and clinical settings.

4.4.1 Evaluation methods

Nerve regeneration should be evaluated both morphologically and func-
tionally, by comparing specific properties of the regenerated nerve graft
with those of a normal or intact nerve. Some morphological and functional
evaluation methods are briefly presented in the following, with the aim of
providing a few basic elements for a correct interpretation of PNS regenera-
tion data encountered in the literature.

Morphological analysis

Nerve histology is traditionally orientated to the assessment of nervous tis-
sue regeneration. To this aim, key parameters to be evaluated are the num-
ber and diameter of myelinated axons, the thickness of the myelin sheath
(expressed in terms of G-ratio, i.e. the ratio of the axon diameter to the
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myelinated fibre diameter), and the ratio of the total myelinated fibre area
to the total nerve tissue area (i.e. the so-called N-ratio). Experimental evi-
dence suggests that axon remyelination during regeneration is impaired,
leading to thinner myelinated axons (Dyck et al., 2005), even though some
myelinated tissue remodelling occurs in the long term (Archibald et al.,
1995; Chamberlain et al., 2000). Values of G-ratio of about 0.7 are reported
for normal rat nerves (Raimondo et al., 2009), and G-ratios of regenerated
nerves are usually far below the normal values (Dyck et al., 2005). Even
when normal values of G-ratios have been reported for the regenerated
nerve trunk in the long term (den Dunnen et al., 1993), functional recov-
ery remains poor. This finding suggests that morphological analysis only of
nerve tissue is not sufficient to demonstrate proper and full nerve regenera-
tion, and functional analysis is thus additionally required.

From a morphological point of view, it is worth pointing out that regener-
ated and normal nerves differ also in their stromal tissues. Clear evidence of
in vivo regeneration of physiological endoneurium and epineurium has not
been shown (Yannas, 2001). The absence or improper formation of those
tissues might explain, at least in part, the poor functional outcome of the
regenerated nerve. Histology should thus be orientated to the assessment of
regeneration of non-neuronal tissues as well.

Non-invasive magnetic resonance neurography can be implemented to
evaluate nerve damage and/or regeneration, in addition to histology and
electrophysiology (Cudlip et al., 2002; Bendszus et al., 2004; Hsu et al.,
2011).

Functional analysis

Electrophysiological measurements, which include sensory and motor nerve
conduction, electromyography, spinal reflex tests, and motor and sensory
evoked potentials (SEP), provide quantitative analysis of nerve function.
Non-invasive methods, in particular, allow serial assessments of nerve regen-
eration and are directed to the evaluation of the compound muscle action
potential (CMAP), which records the function of the target muscle follow-
ing nerve stimulation, and the nerve conduction velocity (NCV). In the rat
sciatic nerve model, the targets frequently used are the gastrocnemius, tibial
or plantar muscles. Most studies show significant differences between the
normal and regenerated nerves, with normal nerve usually having shorter
latency and higher amplitude of CM AP (the latency and amplitude are often
expressed as the ratio of the experimental side to the contralateral side)
(Yannas, 2001). The NCV, measured along the nerve graft, is calculated as
the ratio of the conducting distance and the latency time to the peak of the
maximal action potential (Navarro and Udine, 2009). The NCV of a regen-
erated nerve is typically lower than that of normal nerves (Chamberlain
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et al.,1998b). However, NCV values are strongly dependent on temperature
and on evaluation time for the same animal, thus CMAP measurement is
considered more meaningful than NCV one (Navarro and Udine, 2009).

Functional recovery can be evaluated also by kinematic gait analysis,
which has been well established in the last decades, especially for the rat
model. Sciatic functional index (SFI) calculation is based on the measure-
ments of rat footprints in a walkway (de Medinaceli et al., 1982; Varejdo et al.,
2001). Video analysis and computerized technologies have been developed
to allow for the measurement of dynamic and static gait parameters.

4.4.2 Current and ‘'next generation’ porous scaffolds
in peripheral nervous system (PNS) regenerative
medicine

Although no tubular device has shown superior effectiveness compared to
the nerve autograft, several guidance conduits, based either on natural or
synthetic biomaterials, are currently available for clinical use (Kehoe et al.,
2012), with inner diameters up to 10 mm and lengths up to 40 mm (with the
longest size usually available for the smallest inner diameter). Conduits are
indeed adopted for the treatment of small defects in small-diameter nerves
(e.g. digital and radial sensory nerves). Good functional recovery has
been reported so far for specific devices, at least in some treated patients
(Bushnell et al. 2008; Farole and Jamal, 2008; Meek and Coert, 2008). A
comprehensive review on the clinical applications and outcomes of avail-
able conduits for PNS regeneration has been recently published and is sug-
gested for further reading (Kehoe et al., 2012). In this context, the focus is
on the optimization of biomaterial-based scaffolds for an effective clinical
outcome of nerve regenerative medicine. First, it is worth highlighting that
no specific tube wall microstructure is reported for the ‘first generation’
devices that are currently available (Fig. 4.4). The Neuragen® tube, which
is the one with the largest number of prospective and retrospective clinical
studies, is a collagen-based device with a random, cell-impermeable poros-
ity in the tube wall, which shows a comparable efficacy to autograft for
gaps up to 20 mm. The choice of a tubular scaffold, among those currently
available for clinical use, should thus be based on the reported clinical
results, when these are available, and/or on the evaluation of their degrada-
tion rate and mechanical properties. Although being widely employed, the
Neuragen® tube requires 36-48 months to fully degrade, which is prob-
ably too long a time for optimal nerve regeneration and can make other
‘fast’-degrading tubular devices more appealing (other resorbable nerve
guidance conduits, currently available, show residence times in vivo rang-
ing from 3 to 16 months).



118 Biomedical Foams for Tissue Engineering Applications

First
generation |

\
T |

Lo )
\\\\/

Fourth
generation

4.4 Scheme of current and next generation scaffolds for PNS
regeneration. Second generation conduits differ from the current ones
as they include specific porous patterns for optimized surface area
and contact guidance. Third generation devices combine conduits and
longitudinally orientated luminal fillers. Fourth generation devices
include also exogenous molecules and/or cells.

As discussed above, relatively recent studies show that a more accu-
rate design of conduit porosity and/or topography can potentially lead to
improved nerve regeneration, in terms of axon remyelination and func-
tional recovery, resulting from optimized surface area and contact guidance.
Such ‘second generation’ devices are still matter of experimental investiga-
tion. Even when the positive effect of specific porous nano- and/or micro-
patterns in the tube walls has been demonstrated in animal models, further
optimization of the fabrication methods is indeed required for translation
to the clinical practice. In addition to the choice of a biocompatible material
suitable for medical use, the fabrication method should be adjusted to fulfil
the strict regulatory requirements concerning the production of implantable
medical devices.

With specific regard to the design of conduits with luminal grooves for
improved contact guidance, it is reasonable to hypothesize that orientated
luminal fillers, instead of empty grooved conduits, are more capable of induc-
ing nerve regeneration with functional recovery. Currently, no luminal fillers
are used in clinical practice, in spite of the number of studies reporting their
efficacy in enhancing nerve regeneration. In animal models, the bridgeable
gap length has increased dramatically, when using a nerve conduit filled with
either fibres or an aligned matrix, in the absence of any other exogenous
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factor (i.e. cells and/or soluble molecular regulators). For example, a gap of
30 mm in the dog sciatic nerve has been bridged by using PGA filaments
within a chitosan conduit, leading to a degree of functional recovery com-
parable to that of the autograft control (Wang et al., 2005). Matsumoto and
colleagues reported that a 8 cm long gap could be bridged in a dog model,
with functional recovery, by using a PGA conduit filled with laminin coated
collagen fibres (Matsumoto et al.,2000). However, despite the encouraging
animal results, the true evidence of the clinical efficacy of such ‘third gener-
ation’ devices seems hard to achieve.

First of all, translational research in PNS regeneration seems to be limited
by the lack of standardization of experimental design. Very often, investiga-
tors choose arbitrarily the main variables of their experiments (i.e. animal
species, gap length, time and location of observation along the regenerat-
ing nerve trunk). Moreover, many studies are performed without consid-
ering the presence of both a negative (i.e. silicone tube) and a positive (i.e.
autograft) control, which can lead to erroneous or limited evaluations of
the actual regenerative capability of a device. More importantly, in cases
of complex device configurations (e.g. tubes with luminal fillers), the study
of the efficacy of each part of the combined device is often missing, thus
the evaluation of the effective contribution of a tube design or tube filling
to regeneration cannot be performed. These limitations hinder the compre-
hension of the regenerative mechanisms induced by a specific device and
make a comparison among different devices particularly challenging.

Finally, it is worth pointing out that the choice of the animal model seems
to be extremely important and might explain, at least partially, the strik-
ing difference in PNS regeneration reported for animal and human nerves
respectively, for given devices. The use of small animals (e.g. rat, mouse) for
PNS injury is debatable, for both the much smaller gap sizes involved, com-
pared to humans, and the superior neuroregeneration activity of rodents
compared to higher mammals. Even if assuming that the speed of axonal
growth in humans is comparable to that found in rodents, i.e. 1-4 mm/day
(Williams et al., 1983; Hoke, 2006), such a speed would be unable to cover
the entire gap length of the human nerve, before chronic denervation occurs
in the distal stump (Hoke, 2006). This observation confirms the importance
of accelerating nerve regeneration along large gaps by means, for example,
of porous luminal fillers inside a nerve guidance conduit, or by means of
electrical stimulation (Gordon et al., 2009).

4.5 Future trends

In spite of the conduits already available on the market for enhancing nerve
regeneration, the poor clinical results suggest that there is yet a long way to
go to achieve successful PNS regeneration with good functional recovery.
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The intrinsic regenerative complexity of human nerves, which relates to the
large gap volume to be bridged, highlights the need for an accurate design
of both scaffolds and animal experiments.

The evolution from first generation guidance conduits to nano- or micro-
patterned second generation ones appears feasible in the near future, if bio-
compatible fabrication methods are used and clear evidence of their safety
and efficacy can be demonstrated in suitable animal models. With regard to
the choice of the animal model, it has been recently suggested that rodent
models would probably provide more reliable data for the development of
novel therapies on humans if the evaluation of nerve regeneration was per-
formed at relatively early time points, when differences between positive and
negative control groups are still significant. Alternatively, the animal model
could account for denervation of the distal segment before repair, i.e. a
delayed repair (Shi et al.,2010). The timing of outcome measurement is thus
an experimental variable that deeply affects the evaluation of PNS regenera-
tion. This is why a standardization of observation times both in the short and
in the long term, for given animal models, would be helpful for a deeper com-
prehension of nerve regeneration achieved by means of different devices. To
the same aim, proteomic or genomic studies characterizing the response of
PNS to the scaffold implant show promise for highlighting any key regenera-
tive processes occurring within a given implant and/or undesired molecular
patterns induced by the device (Jiménez et al., 2005; Bosse et al.,2006).

The experimental finding that no conduit has been so far superior to
autograft seems to confirm that improvements in the scaffold design need
to be addressed, including the possible use of biological stimuli, together
with biomaterials, to restore nerve morphology and function. The use of
orientated luminal fillers within guidance conduits, which would repre-
sent a third generation, assembled device for PNS regeneration, is prob-
ably a good strategy to follow and translate into the clinics especially for
the treatment of large gaps, provided that the unique contribution of the
filler to the regenerative capability of the entire device is clearly provided.
The orientated matrix could also be used as a delivery vehicle for exog-
enous biological factors (i.e. cells and molecular regulators). As reported
above, nerve conduits may indeed be unable to bridge large defects, due to
a lower local concentration of soluble growth factors released by the nerve
stumps. The delivery of exogenous molecules and/or cells to the injury site is
thus expected to improve nerve regeneration and early functional outcome.
According to the classification here presented, fourth generation devices
for PNS regeneration are those that include exogenous bioactive agents in
their design. Being very complex, the implementation in the clinical setting
of such hybrid devices appears quite challenging and much more time con-
suming than that foreseen for biomaterial-only-based devices. Their clinical
use for PNS regeneration thus seems unlikely in the near future.
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4.6 Conclusion

PNS regeneration following nerve transection can be enhanced by implant-
ing porous tubular scaffolds, either singularly or combined with cylindri-
cal sponge-like or fibrous matrices with axially orientated pores. Although
no device configuration has been found so far to lead to better regenera-
tion compared to the nerve autograft, reported evidence suggests that an
accurate design of scaffold porosity, aimed at optimizing surface area and
contact guidance, can improve the functional outcome of next generation
devices. Suitable animal models accounting for the larger defect size of
human nerves might then help to predict a reliable clinical outcome, based
on animal results.

4.7 References

Agrawal, C.M., McKinney, J.S., Lanctot, D. and Athanasiou, K.A. (2000). Effects
of fluid flow on the in vitro degradation kinetics of biodegradable scaffolds
for tissue engineering, Biomaterials, 21(23), 2443-2452, DOI1:10.1016/S0142-
9612(00)00112-5.

Aldini, N.N., Perego, G., Cella, G.D., Maltarello, M.C., Fini, M., Rocca, M.
and Giardino, R. (1996). Effectiveness of a bioresorbable conduit in the
repair of peripheral nerves, Biomaterials, 17, 959-962, DOI:10.1016/0142-
9612(96)84669-2.

Apel, PJ., Garrett, J.P, Sierpinski, P., Ma, J., Atala, A., Smith, T.L., Koman, L.A. and
Van Dyke, M.E. (2008). Peripheral nerve regeneration using a keratin-based
scaffold: long-term functional and histological outcomes in a mouse model, J
Hand Surg, 33, 1541-1547, DOI:10.1016/;.jhsa.2008.05.034.

Archibald, S.J., Sheffner, J., Krarup, C. and Madison, R.D. (1995). Monkey median
nerve repaired by nerve graft or collagen nerve guide tube, J Neurosci, 185,
4109-4123.

Barnes, C.A., Brison, J., Michel R, Brown B.N., Castner D.G., Badylak S.F.and Ratner
B.D. (2011). The surface molecular functionality of decellularized extracellular
matrices, Biomaterials, 32,137-143, DOI: 10.1016/j.biomaterials.2010.09.007.

Bendszus, M., Wessig, C., Solymosi, L., Reiners, K. and Koltzenburg, M. (2004).
MRI of peripheral nerve degeneration and regeneration: correlation with
electrophysiology and histology, Exp Neurol, 188, 171-177, DOI: 10.1016/j.
expneurol.2004.03.025.

Borkenhagen, M., Stoll, R.C., Neuenschwander, P., Suter, UW. and Aebischer, P.
(1998). In vivo performance of a new biodegradable polyester urethane system
used as a nerve guidance channel, Biomaterials, 19, 2155-2165, DOI: 10.1016/
S0142-9612(98)00122-7.

Bosse, F., Hasenpusch-Theil, K., Kiiry, P. and Miiller, H.-W. (2006). Gene expression
profiling reveals that peripheral nerve regeneration is a consequence of both
novel injury-dependent and reactivated developmental processes,J Neurochem,
96, 1441-1457, DOI:10.1111/j. 1471-4159.2005.03635 .x.

Bryan, DJ., Holway, A.H., Wang, K.K., Silva, A.E., Trantolo, D.J., Wise, D. and
Summerhayes, I.C. (2000). Influence of glial growth factor and Schwann cells



122 Biomedical Foams for Tissue Engineering Applications

in a bioresorbable guidance channel on peripheral nerve regeneration, Tissue
Eng, 6,129-138, DOI:10.1089/107632700320757.

Bushnell, B.D., McWilliams, A.D., Whitener, G.B. and Messer, T.M. (2008). Early
clinical experience with collagen nerve tubes in digital nerve repair, J Hand
Surg, 33,1081-1087. DOI: 10.1016/j.jhsa.2008.03.015.

Cai, J., Peng, X., Nelson, K.D., Eberhart, R. and Smith, G.M. (2005). Permeable guid-
ance channels containing microfilament scaffolds enhance axon growth and
maturation,J Biomed Mater Res A,75,374-386, DOI: 10.1002/jbm.a.30432.

Chamberlain, L.J., Yannas, [.V., Arrizabalaga, A., Hsu, H.-P, Norregaard, T.V. and
Spector, M. (1998a). Early peripheral nerve healing in collagen and silicone
tube implants: myofibroblasts and the cellular response, Biomaterials, 19,1393—
1403. DOI: 10.1016/S0142-9612(98)00018-0.

Chamberlain, L.J., Yannas, I.V., Hsu, H.-P,, Strichartz, G. and Spector M. (1998b).
Collagen-GAG substrate enhances the quality of nerve regeneration through
collagen tubes up to level of autograft, Exp Neurol,154,315-329, DOI: 10.1006/
exnr.1998.6955.

Chamberlain, L.J., Yannas, I.V., Hsu, H.-P. and Spector, M. (2000). Connective tis-
sue response to tubular implants for peripheral nerve regeneration: the role
of myofibroblasts, J Comp Neurol, 417, 415-430, DOI: 10.1002/(SICI)1096-
9861(20000221)417:4<415:: AID-CNE3>3.0.CO;2-9.

Chang, A.S., Yannas, I.V., Krarup, C., Sethi, R.R., Norregaard, T.V. and Zervas,
N.T. (1988). Polymeric templates for peripheral nerve regeneration.
Electrophysiological study of functional recovery, Proc ACS Div Polym Mater
Sci Eng, 59, 906-910.

Chang, A.S., Yannas, I.V,, Perutz, S., Loree, H., Sethi, R.R., Krarup, C., Norregaard, T.V.,
Zervas,N.T. and Silver, J. (1990). Electrophysiological study of recovery of periph-
eral nerves regenerated by a collagen-glycosaminoglycan copolymer matrix. In:
Gebelein, C.G. (ed.), Progress in Biomedical Polymers. Plenum, New York.

Chang, C.J. and Hsu, S.H. (2006) The effect of high outflow permeability in asymmet-
ric poly(D-L-lactic acid-co-glycolic acid) conduits for peripheral nerve regen-
eration, Biomaterials,27,1035-1042, DOI: 10.1016/j.biomaterials.2005.07.003.

Chew, S.Y., Mi, R., Hoke, A. and Leong, K.W. (2007). Aligned protein-polymer com-
posite fibers enhance nerve regeneration: a potential tissue-engineering plat-
form, Adv Funct Mater,17,1288-1296, DOI: 10.1002/adfm.200600441.

Chew, S.Y., Mi, R., Hoke, A. and Leong, K.W. (2008). The effect of the alignment
of electrospun fibrous scaffolds on Schwann cell maturation, Biomaterials, 29,
653-661, DOI: 10.1016/j.biomaterials.2007.10.025.

Cudlip, S.A., Howe, F.A., Griffiths, J.R. and Bell, B.A. (2002). Magnetic resonance
neurography of peripheral nerve following experimental crush injury, and
correlation with functional deficit, J Neurosurg, 96, 755-775, DOI: 10.3171/
jns.2002.96.4.0755.

Cui, T, Yan, Y., Zhang, R., Liu, L., Xu, W. and Wang, X. (2009). Rapid prototyping of
a double-layer polyurethane-collagen conduit for peripheral nerve regenera-
tion, Tissue Eng Part C Methods, 15,1-9, DOI:10.1089/ten.tec.2008.0354.

Daly, W., Yao, L., Zeugolis, D., Windebank, A. and Pandit, A. (2012). A biomaterials
approach to peripheral nerve regeneration: bridging the peripheral nerve gap
and enhancing functional recovery,J R Soc Interface,9,202-221, DOI: 10.1098/
rsif.2011.0438.



Tailoring the pore structure of foam scaffolds for nerve regeneration 123

Dellinger, J.G., Wojtowicz, A.M. and Jamison, R.D. (2006). Effects of degradation
and porosity on the load bearing properties of model hydroxyapatite bone
scaffolds,J Biomed Mater Res A,77(3),563-571, DOI: 10.1002/jbm.a.30658.

Dellon, A.L. and Mackinnon, S.E. (1988). Basic scientific and clinical applications of
peripheral nerve regeneration, Surg Ann, 20, 59-100.

de Medinaceli, L., Freed, W.J. and Wyatt, R.J. (1982). An index of the functional con-
dition of rat sciatic nerve based on measurements made from walking tracks,
Exp Neurol,77,634-643, DOI: 10.1016/0014-4886(82)90234-5.

den Dunnen W.F.A., van der Lei, B., Schakenraad, J.M., Blaauw E.H., Stokroos, I.,
Pennings, A.J. and Robinson, PH. (1993). Long-term evaluation of nerve regen-
eration in a biodegradable nerve guide, Microsurg, 14, 508-515, DOI: 10.1002/
micr.1920140808.

Drury,J.L.and Mooney, D.J. (2003). Hydrogels for tissue engineering: scaffold design
variables and applications, Biomaterials, 24(24), 4337-4351, DOI:10.1016/
S0142-9612(03)00340-5.

Dyck, PJ., Dyck, PJ.B. and Engelstad, J.N. (2005). Pathological alterations of nerves.
Schwann cell regulation of extracellular matrix biosynthesis and assembly.
In: Dick, PJ. and Thomas, PK. (eds.), Peripheral Neuropathy. 733-829. W.B
Saunders, Philadelphia.

Evans, G.R.D., Brandt, K., Katz, S., Chauvin, P., Otto, L., Bogle, M., Wang, B.,
Meszlenyi R.K., Lu, L., Mikos, A.G. and Patrick C.W.Jr. (2002). Bioactive
poly(l-lactic acid) conduits seeded with Schwann cells for peripheral
nerve regeneration, Biomaterials, 23, 841-848, DOI: 10.1016/S0142-
9612(01)00190-9.

Farole, A. and Jamal, B.T. (2008). A bioabsorbable collagen nerve cuff (NeuraGen)
for repair of lingual and inferior alveolar nerve injuries: a case series, J Oral
Maxil Surg, 66,2058-2062, DOI: 10.1016/j.joms.2008.06.017.

Flynn, L., Dalton, P.D.and Shoichet,M.S. (2003). Fiber templating of poly (2-hydroxy-
ethyl methacrylate) for neural tissue engineering, Biomaterials, 24, 4265-4272,
DOI:10.1016/S0142-9612(03)00334-X.

Friess, W. (1998). Collagen — biomaterial for drug delivery, Eur J Pharm Biopharm,
45,113-136, DOI: 10.1016/S0939-6411(98)00017-4.

Fu, S.Y. and Gordon, T. (1997). The cellular and molecular basis of peripheral nerve
regeneration. Mol Neurobiol, 14, 67¢116, DOI: 10.1007/BF02740621.

Gordon, T., Chan, K.M., Sulaiman, O.A., Udina, E., Amirjani, N. and Brushart, T.M.
(2009). Accelerating axon growth to overcome limitations in functional recov-
ery after peripheral nerve injury, Neurosurg, 65, A132-A144, DOI: 10.1227/01.
NEU.0000335650.09473.D3.

Harley, B.A., Spilker, M.H., Wu, J.W., Asano, K., Hsu, H.-P,, Spector, M. and Yannas,
1.V. (2004). Optimal degradation rate for collagen chambers used for regener-
ation of peripheral nerves over long gaps, Cells Tissues Organs, 176, 153-165,
DOI: 10.1159/000075035.

Harley, B.A., Hastings, A.Z., Yannas, I.V. and Sannino, A. (2006). Fabricating tubular
scaffolds with a radial pore size gradient by a spinning technique, Biomaterials,
27, 866-874, DOI: 10.1016/j.biomaterials.2005.07.012.

Hoke, A. (2006). Mechanisms of disease: what factors limit the success of peripheral
nerve regeneration in humans?, Nat Clin Pract Neuro,2,448-454,DO1:10.1038/
ncpneuro0262.



124 Biomedical Foams for Tissue Engineering Applications

Hsu, S.H., Su, C.H. and Chiu, .M. (2009). A novel approach to align adult neu-
ral stem cells on micropatterned conduits for peripheral nerve regener-
ation: a feasibility study, Artif Organs, 33, 26-35, DOI: 10.1111/j.1525-
1594.2008.00671.x.

Hsu, S.H., Chan, S.H., Chiang, C.M., Chenand, C.C.C. and Jiang, C.F. (2011).
Peripheral nerve regeneration using a microporous polylactic acid asymmetric
conduit in a rabbit long-gap sciatic nerve transection model, Biomaterials, 32,
3764-3775, DOI: 10.1016/j.biomaterials.2011.01.065.

Hu,W.,Gu,J.,Deng, A. and Gu, X. (2008). Polyglycolic acid filaments guide Schwann
cell migration in vitro and in vivo, Biotechnol Lett,30,1937-1942, DOI1:10.1007/
$10529-008-9795-1.

Huang, Y.C., Huang, Y.Y., Huang, C.C. and Liu, H.C. (2005). Manufacture of
porous polymer nerve conduits through a lyophilizing and wire-heating pro-
cess, J Biomed Mater Res B Appl Biomater, 74(1), 659-664, DOI: 10.1002/
jbm.b.30267.

Itoh, S., Takakuda, K., Kawabata, S., Aso, Y., Kasai, K., Itoh, H. and Shinomiya,
K. (2002). Evaluation of cross-linking procedures of collagen tubes used in
peripheral nerve repair, Biomaterials, 23, 4475-4481, DOI: 10.1016/S0142-
9612(02)00166-7.

Jeong, C.G., Zhang, H. and Hollister S.J. (2011). Three-dimensional poly(1,8-octane-
diol-co-citrate) scaffold pore shape and permeability effects on sub-cutaneous
in vivo chondrogenesis using primary chondrocytes, Acta Biomater,7,505-514,
DOI: 10.1016/j.actbio.2010.08.027.

Jiang, X., Lim, S.H., Mao, H.-Q. and Chew, S.Y. (2010). Current applications and
future perspectives of artificial nerve conduits, Exper Neurol,223,86-101, DOI:
10.1016/j.expneurol.2009.09.009.

Jiménez, C. R., Stam, F. J., Li, K. W., Gouwenberg, Y., Hornshaw, M. P, De Winter, F.,
Verhaagen, J. and Smit, A.B. (2005). Proteomics of the injured rat sciatic nerve
reveals protein expression dynamics during regeneration, Mol Cell Proteomics,
4,120-132, DOI:10.1074/mcp. M400076-M CP200.

Karande, T.S., Ong, J.L.. and Agrawal, C.M. (2004). Diffusion in musculoskeletal
tissue engineering scaffolds: design issues related to porosity, permeability,
architecture, and nutrient mixing, Ann Biomed Eng, 32(12), 1728-1743, DOL:
10.1007/s10439-004-7825-2.

Kataoka, K., Suzuki, Y., Kitada, M., Ohnishi, K., Suzuki, K., Tanihara, M., Ide,
C., Endo, K. and Nishimura, Y. (2001). Alginate, a bioresorbable mate-
rial derived from brown seaweed, enhances elongation of amputated
axons of spinal cord in infant rats. J Biomed Mater Res, 54, 373-384, DOI:
10.1002/1097-4636(20010305)54:3<373:: AID-JBM90>3.0.CO;2-Q.

Katoh, K., Tanabe, T. and Yamauchi, K. (2004). Novel approach to fabricate kera-
tin sponge scaffolds with controlled pore size and porosity, Biomaterials, 25,
4255-4262, DOI: 10.1016/j.biomaterials.2003.11.018.

Kehoe, S., Zhang, X.F. and Boyd, D. (2012). FDA approved guidance conduits and
wraps for peripheral nerve injury: a review of materials and efficacy, Injury Int
J Care Injured, 43, 553-572, D01:10.1016/j.injury.2010.12.030.

Kim, B.S.,Y00,J.J. and Atala, A. (2004). Peripheral nerve regeneration using acellular
nerve grafts,J Biomed Mater Res A, 68(2),201-209, DOI: 10.1002/jbm.a.10045.



Tailoring the pore structure of foam scaffolds for nerve regeneration 125

Kim, Y.T., Haftel, V.K., Kumar, S. and Bellamkonda, R.V. (2008). The role of aligned
polymer fiber-based constructs in the bridging of long peripheral nerve gaps,
Biomaterials,29,3117-3127, DOI: 10.1016/j.biomaterials.2008.03.042.

Kuberka, M., Von Heimburg, D., Schoof, H., Heschel, I. and Rau, G. (2002).
Magnification of the pore size in biodegradable collagen sponges, Int J Artif
Organs,25(1),67-73.

Li, S.,de Wijn, J.R., Li, J., Layrolle, P. and de Groot, K. (2003). Macroporous biphasic
calcium phosphate scaffold with high permeability/porosity ratio, Tissue Eng,
9(3),535-548, DOI:10.1089/107632703322066714.

Lin,A.S.P.,Barrows,T.H.,Cartmell,S.H.and Guldberg,R.E.(2003).Microarchitectural
and mechanical characterization of oriented porous polymer scaffolds,
Biomaterials, 24, 481-489, DOI: 10.1016/S0142-9612(02)00361-7.

Louie, L.K. (1997). Effect of a porous collagen-glycosaminoglycan copolymer on early
tendon healing in a novel animal model. Thesis Ph. D. — Massachusetts Institute
of Technology Dept. of Materials Science and Engineering. 196 leaves p.

Loree, HM. (1988). A freeze-drying process for fabrication of polymeric bridges
for peripheral nerve regeneration. Thesis M.S. — Massachusetts Institute of
Technology Dept. of Mechanical Engineering. 106 leaves p.

Lundborg, G., Dahlin, L.B. and Danielsen, N. (1991). Ulnar nerve repair by the sil-
icone chamber technique, Scand J Plast Reconstr Hand Surg, 25, 79-82, DOI:
10.3109/02844319109034927.

Lundborg, G., Rosén, B., Abrahamson, S.O., Dahlin, L. and Danielsen, N. (1994).
Tubular repair of the median nerve in the human forearm, J Hand Surg (Br
Eur),19B,273-276, DOI: 10.1016/0266-7681(94)90068-X.

Mackinnon, S.E., Dellon, A.N., Hudson, A.R. and Hunter, D.A. (1984). Chronic nerve
compression — an experimental model in the rat, Ann Plast Surg,13,112-120.

Madaghiele, M., Sannino, A., Yannas, I.V. and Spector, M. (2008). Collagen-based
matrices with axially oriented pores, J Biomed Mater Res, 85A,757-767, DOI:
10.1002/jbm.a.31517.

Martini R. (1994). Expression and functional roles of neural cell surface molecules
and extracellular matrix components during development and regeneration of
peripheral nerves. J Neurocytol, 23,1-28, DOI: 10.1007/BF01189813.

Matsumoto, K., Ohnishi, K., Kiyotani, T., Sekine, T., Ueda, H., Nakamura, T., Endo,
K. and Shimizu, Y. (2000). Peripheral nerve regeneration across an 80-mm gap
bridged by a polyglycolic acid (PGA)-collagen tube filled with laminin-coated
collagen fibers: a histological and electrophysiological evaluation of regener-
ated nerves, Brain Res, 868,315-328, DOI: 10.1016/S0006-8993(00)02207-1.

Meek, M.F. and Coert, JH. (2008). US Food and Drug Administration/
Conformit Europe-approved absorbable nerve conduits for clinical repair
of peripheral and cranial nerves, Ann Plast Surg, 60, 466472, DOI: 10.1097/
SAP.0b013e31804d441c.

Meek, M.F. and den Dunnen, W.F. (2009). Porosity of the wall of a Neurolac nerve
conduit hampers nerve regeneration, Microsurg, 29, 473-478, DOI: 10.1002/
micr.20642.

Merle, M., Dellon, A.N., Campbell, .N. and Chang, P.S. (1989). Complications from
silicone-polymer intubulation of nerves, Microsurgery, 10, 130-133. DOI:
10.1002/micr.1920100213.



126 Biomedical Foams for Tissue Engineering Applications

Moore,A.M.,Kasukurthi,R.,Magill, C.K.,Farhadi, F.,Borschel, G.H. and Mackinnon,
S.E. (2009). Limitations of conduits in peripheral nerve repairs, Hand, 4, 180—
186, DOI: 10.1007/s11552-008-9158-3.

Moore, M.J., Friedman, J.A., Lewellyn, E.B., Mantila, S.M., Krych, A .J., Ameenuddin,
S., Knight, A.M., Lu, L., Currier, B.L., Spinner, R.J., Marsh, R.W., Windebank,
AJ. and Yaszemski, M.J. (2006). Multiple-channel scaffolds to promote spi-
nal cord axon regeneration, Biomaterials, 27(3), 419-429, DOI: 10.1016/j.
biomaterials.2005.07.045.

Muschler, G.F.,,Nakamoto, C.and Griffith, L.G. (2004). Engineering principles of clin-
ical cell-based tissue engineering,J Bone Joint Surg Am, 86-A(7), 1541-1558.

Navarro, X. and Udine, E. (2009). Methods and protocols in peripheral nerve regen-
eration experimental research: Part III. Electrophysiological evaluation, Int
Rev Neurobiol, 87,105-126, DOI: 10.1016/S0074-7742(09)87006-2.

Ngo, T.-T. B.,, Waggoner, P. J., Romero, A. A., Nelson, K. D., Eberhart, R. C. and Smith,
G. M. (2003). Poly(L-lactide) microfilaments enhance peripheral nerve regener-
ation across extended nerve lesions, J Neurosci Res,72,227-238, DOI1:10.1002/
jnr.10570.

O’Brien, FJ., Harley, B.A., Yannas, I.V. and Gibson L. (2004). Influence of freezing
rate on pore structure in freeze-dried collagen-GAG scaffolds, Biomaterials,
25(6), 1077-1086, DOI: 10.1016/S0142-9612(03)00630-6.

Oh, S.H. and Lee, JH. (2007). Fabrication and characterization of hydrophilized
porous PLGA nerve guide conduits by a modified immersion precipitation
method, J Biomed Mater Res,80A,530-538, DOI: 10.1002/jbm.a.30937.

Okamoto, H., Hata, K., Kagami, H., Okada, K., Ito, Y., Narita, Y., Hirata, H., Sekiya
I.,Otsuka, T. and Ueda, M. (2010). Recovery process of sciatic nerve defect with
novel bioabsorbable collagen tubes packed with collagen filaments in dogs, J
Biomed Mater Res,92A,859-868, DOI: 10.1002/jbm.a.32421.

Pek, Y.S., Spector, M., Yannas, I.V. and Gibson, L.J. (2004). Degradation of a col-
lagen-chondroitin-6-sulfate matrix by collagenase and by chondroitinase,
Biomaterials, 25, 473-482, DOI:10.1016/S0142-9612(03)00541-6.

Radtke, C., Allmeling, C., Waldmann, K.-H., Reimers, K., Thies, K., Schenk, H.C,
Hillmer, A., Guggenheim, M., Brandes, G. and Vogt, PM. (2011). Spider silk con-
structs enhance axonal regeneration and remyelination in long nerve defects in
sheep, PLOS ONE, 6(2), 16990, DOI:10.1371/journal.pone.0016990.

Raimondo, S., Fornaro, M., Di Scipio, F., Ronhi, G., Giacobini-Robecchi, M.G. and
Geuna, S. (2009). Methods and protocols in peripheral nerve regeneration
experimental research: Part I — morphological techniques, Int Rev Neurobiol,
87,81-103, DOI: 10.1016/S0074-7742(09)87005-0.

Sannino, A., Silvestri, L., Madaghiele, M., Harley, B.A. and Yannas, I.V. (2010).
Modeling the fabrication process of micropatterned macromolecular scaffolds
for peripheral nerve regeneration, J Appl Polym Sci, 116, 1879-1888, DOI:
10.1002/app.31715.

Schoof, H., Bruns, L., Fischer, A., Heschel, I. and Rau, G. (2000). Dendritic ice mor-
phology in unidirectionally solidified collagen suspensions, J Crystal Growth,
209, 122-129, DOI: 10.1016/S0022-0248(99)00519-9.

Schoof, H., Apel, J., Heschel, I. and Rau, G. (2001). Control of pore structure and
size in freeze-dried collagen sponges, J Biomed Mater Res (Appl Biomater), 58,
352-357,DOI: 10.1002/jbm.1028.



Tailoring the pore structure of foam scaffolds for nerve regeneration 127

Shi, W., Yao, J., Chen, X., Lin, W., Gu, X. and Wang, X. (2010). The delayed repair of
sciatic nerve defects with tissue engineered nerve grafts in rats, Artif Cells Blood
Substit Immobil Biotechnol, 38,29-37, DOI:10.3109/10731190903495751.

Sierpinski, P, Garrett, J., Ma, J., Apel, P, Klorig, D., Smith, T., Koman, L.A., Atala, A.
and Van Dyke, M. (2008). The use of keratin biomaterials derived from human
hair for the promotion of rapid regeneration of peripheral nerves, Biomaterials,
29, 118-128, DOI: 10.1016/j.biomaterials.2007.08.023.

Sinha, V.R. and Trehan, A. (2003). Biodegradable microspheres for protein delivery,
J Control Release, 90(3),261-280, DOI: 10.1016/S0168-3659(03)00194-9.

Subramanian, A., Krishnan, UM. and Sethuraman, S. (2011). Fabrication of uniaxi-
ally aligned 3D electrospun scaffolds for neural regeneration, Biomed Mater, 6,
025044 (10 pp), DOI:10.1088/1748-6041/6/2/025004.

Spivey, E.C.,Khaing, Z.Z., Shear,J.B. and Schmidt, C.E. (2012). The fundamental role
of subcellular topography in peripheral nerve repair therapies, Biomaterials, 33,
4264-4276,D0]1:10.1016/j.biomaterials.2012.02.043.

Stang, F.,Fansa, H., Wolf, G., Reppin, M. and Keilhoff, G. (2005). Structural parameters
of collagen nerve grafts influence peripheral nerve regeneration, Biomaterials,
26,3083-3091, DOI:10.1016/j.biomaterials.2004.07.060.

Stang, F., Keilhoff, G. and Fansa, H. (2009). Biocompatibility of different nerve tubes,
Materials, 2,1480-1507, DOI:10.3390/ma2041480.

Stanec, S. and Stanec, Z. (1998). Ulnar nerve reconstruction with an expanded
polytetrafluoroethylene conduit, Br J Plast Surg, 51, 637-639, DOI: 10.1054/
bjps.1998.9996.

Stokols, S. and Tuszynski, M.H. (2004). The fabrication and characterization of lin-
early oriented nerve guidance scaffolds for spinal cord injury, Biomaterials,
25(27), 5839-5846, DOI:10.1016/j.biomaterials.2004.01.041.

Stokols, S. and Tuszinsky, M.H. (2006). Freeze-dried agarose scaffolds with uniaxial
channels stimulate and guide linear axonal growth following spinal cord injury,
Biomaterials, 27, 443-451, DOI:10.1016/j.biomaterials.2005.06.039.

Toba,T.,Nakamura,T., Shimizu, Y., Matsumoto, K., Ohnishi, K., Fukuda, S., Yoshitani,
M., Ueda, H., Hori, Y. and Endo, K. (2001). Regeneration of canine peroneal
nerve with the use of a polyglycolic acid-collagen tube filled with laminin-
soaked collagen sponge: a comparative study of collagen sponge and collagen
fibers as filling materials for nerve conduits, J Biomed Mater Res, 58, 622—630,
DOI:10.1002/jbm.1061.

Van Bael, S., Chai, Y.C,, Truscello, S., Moesen, M., Kerckhofs, G., Van Oosterwyck,
H., Kruth, J.-P. and Schrooten J. (2012). The effect of pore geometry on the
in vitro biological behavior of human periosteum-derived cells seeded on
selective laser-melted Ti6Al4V bone scaffolds, Acta Biomater, 8, 2824-2834,
DOI:10.1016/j.actbio.2012.04.001.

Varejao, A.S.P, Meek, M.F,, Ferreira, A.J.A., Patricio, J.LA.B. and Cabrita, A.M.
(2001). Functional evaluation of peripheral nerve regeneration in the rat:
walking track analysis. J Neurosci Methods, 108, 1-9, DOI: 10.1016/S0165-
0270(01)00378-8.

Vleggeert-Lankamp, C.L.A.M., Ruiter, G.C.W., Wolfs, J.E.C., Pego, A.P,, Berg, R.J.
v.d.,Feirabend, H.K.P., Malessy, M.J.A. and Lakke, E.A.J.F. (2007). Pores in syn-
thetic nerve conduits are beneficial to regeneration, J Biomed Mater Res, 80A,
965-982, DOI: 10.1002/jbm.a.30941.



128 Biomedical Foams for Tissue Engineering Applications

Wang, S.,Wan,A.C., Xu, X., Gao, S.,Mao,H.Q., Leong, K.W. and Yu, H. (2001). A new
nerve guide conduit material composed of a biodegradable poly(phosphoester),
Biomaterials, 22,1157-1169, DOI: 10.1016/S0142-9612(00)00356-2.

Wang, W, Itoh, S., Matsuda, A., Ichinose, S., Shinomiya, K., Hata, Y. and Tanaka, J.
(2007). Influences of mechanical properties and permeability on chitosan nano/
microfiber mesh tubes as a scaffold for nerve regeneration, J Biomed Mater
Res, 84A,557-566, DOI: 10.1002/jbm.a.31536.

Wang, X., Hu, W., Cao, Y., Yao, J., Wu, J. and Gu, X. (2005). Dog sciatic nerve regen-
eration across a 30-mm defect bridged by a chitosan/PGA artificial nerve graft,
Brain, 128, 1897-1910, DOI: 10.1093/brain/awh517.

Weber, R.A., Breidenbach, W.C., Brown, R.E., Jabaley, M.E. and Mass, D.P. (2000).
A randomized prospective study of polyglycolic acid conduits for digital nerve
reconstruction in humans, Plast Reconstr Surg, 106, 1036-1045.

Williams, L.R., Longo EM., Powell, H.C., Lundborg, G. and Varon, S (1983). Spatial-
temporal progress of peripheral nerve regeneration within a silicone cham-
ber: parameters for a bioassay, / Comp Neurol, 218, 460-470, DOI: 10.1002/
¢cne.9021804009.

Wu, L. and Ding, J. (2005). Effects of porosity and pore size on in vitro degradation
of three-dimensional porous poly(D,L-lactide-co-glycolide) scaffolds for tissue
engineering, J Biomed Mater Res A,75(4),767-777, DOI: 10.1002/jbm.a.30487.

Xie, F.,, Li, Q.F, Gu, B., Liu, K. and Shen, G.X. (2008). In vitro and in vivo evaluation
of a biodegradable chitosan-PLA composite peripheral nerve guide conduit
material, Microsurg, 28, 471-479, DOI: 10.1002/micr.20514.

Yannas, I1.V. (2001), Tissue and Organ Regeneration in Adults, Springer, New York.

Yang, S., Leong, K.F., Du, Z. and Chua, C.K. (2001). The design of scaffolds for use
in tissue engineering. Part 1. Traditional factors, Tissue Eng,7(6),679-689, DOI:
10.1089/107632701753337645.

Yang, Y., Ding, F., Wu, J., Hu, W., Liu, W., Liu, J. and Gu, X. (2007). Development and
evaluation of silk fibroin-based nerve grafts for use in peripheral nerve regen-
eration, Biomaterials, 28, 5526-5535, DOI:10.1016/j.biomaterials.2007.09.001.

Yao, L., Billiar, K., Windebank, A.J. and Pandit, A. (2010). Multi-channelled collagen
conduits for peripheral nerve regeneration: design, fabrication and character-
ization, Tissue Eng Part C,16(6), 1585-1596, DOI:10.1089/ten.tec.2010.0152.

Yoshii, S., Oka, M., Shima, M., Taniguchi, A. and Akagi, M. (2003). Bridging a 30-mm
nerve defect using collagen filaments,J Biomed Mater Res,67TA, 467-474, DOI:
10.1002/jbm.a.10103.

Zmora, S., Glicklis, R. and Cohen, S. (2002). Tailoring the pore architecture in
3-D alginate scaffolds by controlling the freezing regime during fabrication,
Biomaterials, 23, 4087-4094, DOI: 10.1016/S0142-9612(02)00146-1.



5

Tailoring properties of polymeric
biomedical foams

E. M. PRIETO and S. A. GUELCHER,
Vanderbilt University, USA

DOI: 10.1533/9780857097033.1.129

Abstract: Synthetic polymers are versatile materials that can be processed
into biomedical foams with a wide range of mechanical, thermal, and
degradation properties. Tailoring of these properties can be achieved by
using different polymeric families such as polyesters, polyurethanes, and
tyrosine-derived polymers. Final properties also depend on the porous
structure achieved. Foaming techniques such as porogen leaching, gas
foaming, emulsion templating, and thermal induced phase separation
each offer different ways to control pore structure. The current chapter
focuses on polymeric biomedical foam formulations based on synthetic
polymers with macropores and offers perspectives on future directions in
the advancement of polymeric biomedical foam formulations.

Key words: synthetic polymer foams, macropores, polymer foaming,
biomedical foams, foam characterization.

5.1 Introduction

As tissue engineering constructs evolved from inert materials that offered
support to bioactive scaffolds that degrade as new tissue is developed, syn-
thetic polymers have been widely studied as matrix materials for different
biomedical applications. Resorbable polymers degrade in the body and
can be processed using various techniques (Liu and Ma, 2004). In order
to promote tissue regeneration, polymeric scaffolds must be biocompatible,
degrade into nontoxic products at a rate matching that of new tissue deposi-
tion, have mechanical properties in the range of the surrounding host tissue,
and allow the diffusion of nutrients to the interior of the scaffold to sup-
port cellular infiltration (Nair and Laurencin, 2007). Polymeric foams with
interconnected pores provide continuous channels with increased surface
area through which cells can migrate and infiltrate the material. According
to the foaming technique used, different processing times and final porous
structures can be obtained. This versatility has allowed polymeric foams to
be developed for different biomedical applications such as skin, cartilage,
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and bone scaffolds, each of which has different requirements. In addition,
polymeric foams have also been used as delivery vehicles for growth factors
or cells. The release mechanism of biologics can be controlled by encapsula-
tion, tailored polymeric degradation, or attachment of signaling molecules
to the polymer surface.

The scope of this chapter includes polymeric biomedical foam formula-
tions based on synthetic polymers with macropores (pore size > 50 um). A
summary of polymers used extensively in foam formulation is presented,
which discusses chemical compositions, synthesis routes, as well as thermal
and degradation properties of the materials. The chapter continues with a
review of current foaming and characterization techniques, a summary of
applications in tissue engineering, and perspectives on future trends that
will continue to advance the field.

5.2 Aliphatic polyesters used for porous
scaffold fabrication

Polyesters are among the most studied biodegradable materials for bio-
medical applications (Agrawal and Ray, 2001; Liu and Ma, 2004; Nair
and Laurencin, 2007; Pan and Ding, 2012). The degradation profiles and
mechanical properties of polyesters can be tailored according to the final
application by modifying the backbone composition. Due to this versatility,
polyester foams have been developed as scaffolds for bone, cartilage, and
meniscus, among other applications (Farng and Sherman, 2004; Nair and
Laurencin, 2007).

Polylactic acid (PLA), polyglycolic acid (PGA), and PLA-PGA copolymer
(PLGA) can be synthesized from the appropriate o-hydroxy acids through
polycondensation, or from cyclic esters using ring opening polymerization
(ROP) (Vaca-Garcia,2008). ROP is often preferred since it generates higher
molecular weights required to achieve target properties. Figure 5.1 shows
cyclic monomers commonly used to synthesize PLA, PGA, and polycapro-
lactone (PCL) through ROP. Although there are several ROP catalysts that
control the kinetics of the opening of cyclic esters, the most commonly used
for biomedical applications are stannous octoate and stannous chloride, due
to the minimal toxicity that they elicit at the doses found in biomaterials
(Jamiolkowski and Dormier, 2006). ROP initiators usually contain hydroxyl
active groups and can have different functionalities. The molecular weight
of the final polymer is influenced by the amount of initiator used, not by its
functionality, and higher concentrations of initiator generate lower molec-
ular weight (Jamiolkowski and Dormier, 2006). Polyesters with increased
branching are produced when an initiator with higher functionality is used.

The main degradation mechanism of polyesters is hydrolytic chain scis-
sion of the ester bonds in the backbone (Brannon-Peppas and Vert, 2000;
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5.1 Cyclic monomers for the production of polyesters using ROP:
Lactide (for PLA), Glycolide (for PGA), e-Caprolactone (for PCL).

Agrawal and Ray, 2001; Nair and Laurencin, 2007; Vaca-Garcia, 2008). This
process is a combination of diffusion-reaction—dissolution steps (Brannon-
Peppas and Vert, 2000). As water diffuses into the scaffold it hydrolyzes
accessible ester bonds. As a result, new carboxyl ends are generated, which
in turn continue to catalyze the hydrolytic degradation. The molecular
weight of the polymeric chains decreases until the fragments are capable
of dissolving into the surrounding medium. Once dissolved, the fragments
start diffusing toward the surface of the scaffold as they continue to degrade.
At this stage the mechanical properties of the scaffold decrease and signifi-
cant changes in weight loss are identified (Pan and Ding, 2012). The specific
polyester formulation influences the rate of degradation by modifying the
diffusion coefficient of water into the scaffold, the hydrolysis rate constant
of the ester bonds, the diffusion coefficient of the polymeric fragments, and
the solubility of the degradation products (Brannon-Peppas and Vert, 2000).
Higher carboxylic acid concentration present in the interior of the scaffold
accelerates the degradation rate of the bulk material compared to that of
the surface. As a result, polyester foams have been reported to degrade
more slowly than solid films (Pan and Ding, 2012).

5.2.1 Polyglycolide

PGA is a crystalline polymer (45-55%) with a glass transition temperature
close to body temperature (35-40°C) and melting temperature between
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225°C and 230°C depending on the molecular weight (Vaca-Garcia, 2008).
Its high crystallinity provides PGA with excellent mechanical properties as
well as low solubility in organic solvents (Nair and Laurencin, 2007; Vaca-
Garcia, 2008). PGA has been processed into scaffolds for biomedical appli-
cations using extrusion, injection, compression molding, solvent casting, and
specifically into foams using particulate leaching (Gunatillake et al.,2006) or
fiber bonding (Mikos et al., 1993) techniques.

PGA is highly susceptible to the action of water and can also be degraded
by esterases (Vaca-Garcia, 2008). Degradation studies have shown that the
polymer loses its strength due to hydrolysis in 1-2 months, and loses mass
within 6-12 months (Nair and Laurencin, 2007). Glycolic acid is the result-
ing degradation product, and it can be secreted in urine or as carbon dioxide
and water after being processed in the tricarboxylic acid cycle (TCA) (Nair
and Laurencin, 2007; Vaca-Garcia, 2008). Although glycolic acid is a natural
metabolite, high acidic concentrations generated during PGA degradation
can adversely affect the surrounding tissue.

5.2.2 Polylactide

Given the chirality of lactic acid, lactide monomer exists in three optically
active forms: p-lactide, L-lactide, and meso-lactide (Fig. 5.1). Depending on
the monomers used for polymerization, poly(L-lactic acid) (PLLA), poly(p-
lactic acid) (PDLA), or poly(p,L-lactic acid) (PDLLA) are obtained with
different crystalline structures and thermal properties. PLLA has a crystal-
line content of about 37% depending on molecular weight and processing
parameters, a glass transition temperature in the range of 50°C to 80°C,
and a melting temperature between 173°C and 178°C (Vaca-Garcia, 2008).
On the other hand, the random distribution of p- and L-lactide units in
PDLLA makes it an amorphous polymer with a glass transition temper-
ature between 55°C and 60°C (Nair and Laurencin, 2007). Mainly due to
the differences in crystallinity, PLLLA exhibits higher mechanical properties
than PDLLA. Porous PLA scaffolds have been developed using particulate
leaching (Mikos et al., 1994), thermally induced phase separation (TIPS)
(Nam and Park, 1999), and a combination of solvent casting and porogen
leaching (Mikos and Temenoff, 2000; Ma and Choi, 2001) techniques.
Invivo,polylactides degrade into lactic acid, which can enter the TCA cycle
and be subsequently secreted from the body as carbon dioxide (Agrawal
and Ray, 2001). In comparison to PGA, the pendant methyl group in PLA
increases the hydrophobicity of the material and shields the ester bonds
from the effect of water (Jamiolkowski and Dormier, 2006). The resulting
slower degradation rate of PLA makes it a more suitable material for ortho-
pedic applications where healing times are longer than those required for
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soft tissue (Jamiolkowski and Dormier, 2006). When hydrolyzed, PLLA has
been reported to lose its strength after 6 months while PDLLA loses it after
1-2 months (Nair and Laurencin, 2007).

5.2.3 Poly(lactide-co-glycolide)

Polymers with intermediate properties can be obtained by copolymer-
izing glycolide and lactide monomers to obtain PLGA. By modifying
the percentage of each monomer used, the final properties of the poly-
mer can be tailored to specific applications. As a result, PLGA has been
the most widely studied polyester for biomedical applications in the last
15 years. PLGA can be either semi-crystalline, with a melting temperature
between 224°C and 226°C (Vaca-Garcia, 2008), or amorphous, depending
on the ratio of lactide to glycolide monomers used during polymerization.
Increasing the content of glycolide in the formulation has been shown to
decrease the glass transition temperature and mechanical properties of
the final PLGA (Pan and Ding, 2012). PLGA porous polymers have been
obtained using solvent casting/porogen leaching (Mikos and Temenoff,
2000; Ma and Choi, 2001), gas foaming (Kim et al., 2006), super critical
CO, foaming (Mooney et al., 1996; Nam and Park, 1999; Singh et al.,2004),
phase separation (Zhang and Ma, 1999), thermal sintering/particle leach-
ing (Amini et al.,2012), emulsion-freeze drying (Whang et al., 1995), three-
dimensional printing (Zein et al.,2002), and electrospinning (Zeng et al.,
2003) techniques.

Since PLGA contains both PLA and PGA, its degradation rate depends
on the ratio of lactide to glycolide monomers, and can vary from months to
years. The degradation rate also depends on the molecular weight, shape,
structure, and porosity of the final product (Nair and Laurencin, 2007; Pan
and Ding, 2012). PLGA 50/50 has been shown to be more hydrolytically
unstable than its homopolymers, degrading in approximately 1-2 months
(Nair and Laurencin, 2007). Increasing the amount of b,L-lactide monomer
in the formulation slowed down the degradation time to 4-5 months when
using a 75/25 formulation, or to 5-6 months when using an 85/15 PLA/PGA
polymer ratio (Middleton and Tipton, 2000).

5.2.4 Polycaprolactone

PCL is a semi-crystalline polymer (up to 69% crystallinity (Labet and
Thielemans, 2009)), with low glass transition and melting temperatures of
about —60°C and 60°C, respectively (Vaca-Garcia, 2008). PCL has lower
mechanical properties than the PLA or PGA polyesters, for example, with a
tensile strength of 23 MPa (Gunatillake et al.,2006).It degrades into hexanoic
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acid and is more stable under aqueous conditions than PLA or PGA polyes-
ters. In vivo, it fully degrades in about 2-3 years (Nair and Laurencin, 2007).
Due to its lower mechanical properties, PCL has not been widely studied for
orthopedic applications. However, PCL is commonly copolymerized with
PLA,PGA, or PLA-PLGA copolymers to lower the glass transition temper-
ature and reduce the degradation rate of the resulting polymer. Processing
techniques used to obtain PCL foams include supercritical CO, foaming
(Liao et al.,2012), and a combination of gas foaming and particulate leach-
ing (Salerno et al.,2008,2012a, b).

5.2.5 Poly(propylene fumarate)

Poly(propylene fumarate) (PPF) is a linear, unsaturated, cross-linkable, and
biodegradable polyester (Shi and Mikos,2006; Wang et al.,2006; Christenson
et al., 2007; Kasper et al., 2009) used in bone scaffolds. Several synthetic
procedures exist to obtain linear PPF (Peter et al., 1997). A common syn-
thesis protocol for linear biomedical-grade PPF with minimal generation of
byproducts involves two steps (Kasper et al.,2009) as shown in Fig. 5.2. The
first step consists of the reaction of diethyl fumarate with excess propylene
glycol in the presence of zinc chloride acid catalyst (ZnCl,) and cross-link-
ing inhibitor hydroquinone at a molar ratio of 1:3:0.01:0.002, respectively.
Intermediate products from this initial step are bis(hydroxypropyl) fuma-
rate and ethanol. After 90% of the ethanol has been collected as a distil-
late, the second step comprises transesterification of bis(hydroxypropyl
fumarate) into PPF with the generation of propylene glycol as a byproduct.
The molecular weight of PPF increases with reaction time and temperature.
When the desired molecular weight of linear PPF is achieved (as measured
by gel permeation chromatography), the product is purified by dissolution

Step 1:
o O
Zncl OH +
N \H/\)J\ + HO 2 )\/ \[]/\)J\ /N
O/\ Y\OH Cross-linking HO O/\r HO
inhibitor O
Diethyl fumarate Propylene glycol Bis(hydroxypropyl fumarate) Ethanol
Step 2:
o O
)\/ OH ZI"CI2 N OH + HO
HO — > HO o] OH
) n
Bis(hydroxypropyl fumarate) Poly(propylene fumarate) Propylene glycol

5.2 Two-step mechanism for the production of PPF. (Source: Adapted
from Shi and Mikos, 2006.)
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in methylene chloride followed by acid and water/brine washes, to remove
the catalyst and rotary evaporation.

In order to obtain polymeric networks with higher mechanical proper-
ties, linear PPF can be cross-linked through the fumarate double bonds
present in its backbone (Nair and Laurencin, 2007). Cross-linking can take
place without the presence of cross-linking molecules, and it can be trig-
gered either by thermal changes in the presence of free-radical initiators
or by exposure to light in the presence of photoinitiators (Shi and Mikos,
2006). Biomedical formulations usually include cross-linking monomers
that allow controlling the physical and curing properties of the materials.
Poly(propylene fumarate)-diacrylate (PPF-DA), a derivative of PPF with
terminal acrylate groups, is commonly used as a PPF cross-linker (Shi and
Mikos, 2006).

Physical, mechanical, and degradation properties of PPF networks can
be tuned by modifying one or several formulation parameters such as mac-
romer molecular weight, cross-linking density, nature of the cross-linking
agents, and porosity. Increased molecular weight of the linear PPF has been
suggested to increase glass transition temperatures and viscosity (Wang
et al., 2006). Increased viscosity allows PPF to be injected into irregular
shaped defects to later be cross-linked in situ. PPF networks exhibit a wide
range of mechanical properties that increase with higher cross-linking den-
sities (Timmer et al., 2003). PPF degrades by hydrolysis of the ester bonds
into propylene glycol and fumaric acid (Shi and Mikos, 2006). Fumaric
acid is incorporated into the TCA cycle, while propylene glycol, which is
a commonly used food additive, can be secreted by the body without gen-
erating any toxic reaction. Degradation products of networks that contain
PPF-DA also include poly(acrylic acid-co-fumaric acid), and acrylic acid,
both of which can be excreted by the kidneys (He et al.,2001). Degradation
times can vary between 12 weeks, to degrade 50% of a weak thermal cross-
linked PPF porous network with N-vinyl pyrrolidone (NVP) as the cross-
linker, to more than 52 weeks to achieve the same mass loss with a solid
network of PPF and PPF-DA (Shi and Mikos, 2006). Although porosity
tends to reduce the mechanical properties of the materials, it enhances
the biological response after implantation. Techniques to produce porous
PPF-based scaffolds include cross-linking in combination with salt leaching
(Fisher et al., 2002), emulsion templating (Christenson et al., 2007; Moglia
et al.,2011), gas foaming (Kempen et al., 2006), and a combination of 3D
printing and injection molding (Lee et al., 2006).

5.3 Polyurethanes for biomedical foam production

Since the 1960s when Biomer® was introduced to the biomedical field as
an elastomeric material for cardiovascular applications (Lelah and Cooper,
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1986), polyurethanes have been developed for a wide range of biomedi-
cal applications due to their versatility and biocompatibility. Both biostable
and biodegradable polyurethanes with a variety of mechanical properties
and porosities can be obtained by careful selection of raw materials and pro-
cessing conditions. As a result, polyurethanes can be used as stable materials
with low protein adhesion in blood-contact applications, or as tissue engi-
neering scaffolds that support and promote cellular attachment and prolif-
eration (Guelcher, 2006, 2008).

Polyurethanes are obtained from the reaction of isocyanates (-N=C=0
functionality) with compounds containing active hydrogen atoms such as
alcohols or amines. Extensive reviews of polyurethane chemistry are found
in the literature (Woods, 1982; Hepburn, 1992; Oertel, 1994; Szycher, 1999;
Reed, 2000), and relevant reactions involved in the production of biomedi-
cal polyurethanes are presented in Fig. 5.3. Urethane bonds are formed from
the reaction of isocyanate and alcohol groups (Fig. 5.3a), while urea bonds
result from the reaction of isocyanate with amine groups (Fig. 5.3b). In addi-
tion, the reaction of isocyanates with water generates unstable carbamic
acid, which decomposes into an amine and carbon dioxide gas (Fig. 5.3c).
The resulting amine produces urea bonds, while the carbon dioxide gas acts
as an in situ blowing agent (Guelcher, 2006).

Polyisocyanates used in the synthesis of polyurethanes can be aliphatic
or aromatic. Aromatic polyisocyanates include 4,4-methylene diphenyl dii-
socyanate (MDI) and toluene diisocyanate (TDI), while aliphatic polyiso-
cyanates include 1,6-diisocyanatohexanone (HDI), 1,4-diisocyanatobutane
(BDI), and lysine methyl ester diisocyanate (LDI) (Nair and Laurencin,
2007). In comparison to aliphatic polyisocyanates, aromatic polyisocyanates
have higher reactivity and generate polyurethanes with improved mechan-
ical properties. However, aromatic isocyanates also have increased toxicity,
which makes aliphatic polyisocyanates a preferred material for the formula-
tion of biomedical polyurethanes. An important characteristic of polyisocy-
anates used to obtain polyurethanes is the free isocyanate (NCO) content,
typically measured by titration:

%free NCO = 2_ % [5.1]
w

where w (Da eq™') corresponds to the equivalent weight, fis the functional-
ity,and M is the molecular weight of the polyisocyanate (Guelcher, 2006).
Polyols that react with isocyanate to produce the urethane bonds have
hydroxyl end groups and a backbone composed of polyesters, polyethers,
polycarbonates, polydimethylsiloxane, or polybutadiene. Examples of
commonly used polyols include poly(propylene oxide) (PPO),poly(ethylene
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5.3 Reactions involved in the production of biomedical polyurethanes.
(a) urethane production, (b) urea production, and (c) blowing reaction.
(Source: Adapted from Guelcher, 2006.)

oxide) (PEO),and polyesters discussed in the previous section such as PDLA,
PGA, and PCL. Polyol composition influences the processing, mechanical,
and degradation properties of the polyurethane (Oertel, 1994; Herrington
et al.,2004). As a result, the design of the polyol backbone is dictated by
the final application of the polyurethane. For example, for tissue engineer-
ing scaffolds, polyols synthesized by ROP of e-caprolactone, glycolide, and
D,L-lactide have been developed as polyurethane intermediates, due to their
tunable hydrolytic degradation rates (Sawhney and Hubbell, 1990). Polyols
are synthesized by reacting an initiator with appropriate types and amounts
of monomers to achieve the target molecular weight. As discussed in the
section on polyester synthesis, the initiator molecule defines the function-
ality (f) of the resulting polyol, while the ratio of monomers to initiator
controls the final molecular weight. Common initiators include butanediol
(f=2),glycerol (f=3), pentaerythritol (f=4), or sucrose (f=8). An important
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characteristic of polyols used in the formulation of polyurethanes is the
hydroxyl number, typically measured by titration (ASTM, 2008):

3
O number=201% _ 561100 L 5.2]

w m

where w (Da eq™') corresponds to the hydroxyl equivalent weight, f is the
polyol functionality, and m (Da) is the polyol molecular weight.

Prepolymers are intermediate compounds with either polyol or iso-
cyanate functionality. They are obtained by reacting polyol with excess
diisocyanate, or vice versa (Herrington et al., 2004). Even though obtain-
ing polyurethanes using prepolymer intermediates is less cost effective
than using isocyanates and polyols, advantages associated with this pro-
cess include: increased viscosity, which favors better mixing, reduced
vapor hazard due to higher molecular weight, improved control over the
final properties of the product, and reduction of undesired side reactions
(Herrington et al., 2004; Guelcher, 2008). Prepolymer properties (free
NCO number and target molecular weight) can be tailored by modifying
the NCO:OH ratio:

NCO:OH ratio = Ixcor _ Mi/wi.
donr Mp IWp

[5.3]

where g; is the number of equivalents, 71, is the mass of component i, sub-
script  denotes isocyanate, and P the polyol (Guelcher, 2008). Addition of
chain extenders to the prepolymer allows the production of higher molecular
weight polyurethanes with hard (isocyanate) and soft (polyol) segments.

Another important parameter in the formulation of polyurethanes is the
isocyanate index, defined as the ratio of NCO equivalents used in the formu-
lation to the theoretical number of NCO equivalents required to react with
the polyol and other active groups (total number of hydroxyl and amine
equivalents in the formulation). It is calculated as (Herrington et al., 2004;
Guelcher, 2006):

Actual amount of isocyanate used

. : %100 = dncos x10
Theoretical amount of isocyanate used Gonp + Gnry A T Gonc

[5.4]

Index =

Changes in the index of polyurethane formulations generate significant
changes in hardness of the final product. Indexes in the range of 105-115
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generate flexible foams, while increasing the index increases the hardness
(up to a certain limit) and generates higher curing times. For biomedical
applications, an additional consideration to take into account when increas-
ing the index of polyurethane foams is the presence of unreacted isocyanate
groups in the final foam.

Depending on the properties of the raw materials, polyurethanes can be
polymerized either in solution or by reactive liquid molding, in which case
the intermediates must be liquids at synthesis temperatures. Biomedical
polyurethane foams have been developed using TIPS (Guan et al., 2005),
salt leaching/freeze drying (Spaans et al., 1998; Gogolewski et al., 2006;
Gogolewski and Gorna, 2007), wet fiber spinning (Gisselfaelt et al., 2002;
Liljensten et al., 2002), electrospinning (Stankus et al., 2004; Stankus et al.,
2007), emulsion templating (Moglia et al., 2011), and reactive liquid mold-
ing (Dumas et al., 2010; Adolph et al., 2012) techniques. In addition to the
polyisocyanate and polyol components, polyurethane formulations can also
include the addition of water, catalysts, surfactants, pore openers, plasticizers,
and other additives (Herrington et al., 2004). In polyurethane foams, cata-
lyst selection allows control of the curing time of the formulation accord-
ing to the requirements of the specific application. Catalyst selection also
influences the balance of the polymer formation rate (polyol-isocyanate
reaction), and gas generation rate (isocyanate-water reaction). Although
the catalytic activity of several classes of compounds has been studied, the
most common polyurethane catalysts are tertiary amines and organome-
tallic catalysts, which selectively catalyze the blowing and gelling reactions,
respectively (Oertel, 1994; Herrington et al., 2004). The selection of addi-
tives must be done after a careful review of the literature, keeping in mind
the final application of the product.

Degradation mechanisms of polyurethanes are dependent on the
backbone composition of the intermediates. Lysine-derived poly(ester
urethanes) have been reported to degrade via hydrolytic, enzymatic,
and oxidative mechanisms (Hafeman et al., 2010). Biodegradable poly-
urethanes have also been developed containing enzymatically degrad-
able chain extenders in the hard segment (Elliot et al., 2002; Guan and
Wagner, 2005; Moglia et al., 2011). Strategies to reduce the degradation
rate of polyurethane biomedical implants include the addition of antioxi-
dants such as vitamin E (Anderson et al., 1998), the incorporation of ester-
and ether-free soft segments (Mathur et al., 1997; Anderson et al., 1998;
Coury, 2004), and the use of surface-modifying end groups (SME) (Ward
et al., 1998) or surface-modifying macromolecules (SMM) (Santerre et al.,
2000). The formulation of polyurethane scaffolds for biomedical applica-
tions requires careful design of the polymer backbone to ensure that the
material remains in the defect as long as it is needed in each specific appli-
cation to support healing.
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5.4 Tyrosine-derived polymers

Tyrosine-derived polymers have been developed as materials with sig-
nificant biological compatibility, due to the presence of naturally occur-
ring building blocks and degradable bonds, as well as high mechanical
properties provided by the aromatic rings in their backbone. The main
building block of these polymers is the diphenolic monomer desamino-
tyrosyl-L-tyrosine alkyl ester (DTR, where R represents the alkyl pen-
dant group), which is obtained from the carbodiimide-mediated reaction
between L-tyrosine alkyl ester and desaminotyrosine (DAT) (Kohn and
Schut, 2006). DTR can be polymerized with different reagents to create
tyrosine-derived polymers with a range of mechanical properties and deg-
radation profiles. Reaction with phosgene, dicarboxylic acids, or alkyl or
aryl dichlorophosphates generates poly(DTR carbonates) (Magno et al.,
2010), poly(DTR arylates), or poly(DTR phosphate esters), respectively
(Kohn and Schut, 2006). Tyrosine-derived polycarbonate foams have been
prepared using a combination of solvent casting/porogen leaching tech-
niques (Magno et al.,2010).

The composition of the polymer backbone and the nature of the
pendant alkyl group have great influence over the properties of DTR-
derived polymers. By varying the composition of the alkyl chain, the
glass transition temperature can be tuned to values ranging from 50 to 90
°C, strength can be adjusted from 50 to 70 MPa, and modulus from 1 to
2 GPa (Nair and Laurencin, 2007). Copolymerization with poly(ethylene
glycol) (PEG) decreases the hydrophobicity of the material, thereby
increasing water sorption, lowering wet mechanical properties, and accel-
erating hydrolytic degradation. The main product of hydrolytic degra-
dation of tyrosine-derived polymers is desaminotyrosyl-tyrosine (DT)
(Tangpasuthadol et al.,2000a,2000b), which in vivo undergoes additional
enzymatic degradation to DAT and tyrosine (Nair and Laurencin, 2007).
Similar to the effect of copolymerization with PEG, the inclusion of DT
in the backbone of the polymer generates faster degradation rates, due
to the free carboxylic acid group present (Johnson et al., 2009; Magno
et al.,2010). Instead, incorporation of longer alkyl chains as the pendant
groups reduces the hydrolytic degradation rate. The capability of modi-
fying the properties of the polymer by varying the composition not only
of the backbone but also of the pendant groups renders tyrosine-derived
polymers a versatile platform for a wide range of biomedical applications.
Specific formulations have been developed for bone tissue engineering
where higher mechanical properties and longer degradation times than
those of common o-polyesters are required (Ertel er al., 1995; Magno
et al.,2010; Kim et al., 2012).
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5.5 Processing techniques for fabricating
porous scaffolds

In addition to the material composition, the final porous structure of poly-
meric foams determines the mechanical properties and degradation rates
of scaffolds. Different foaming techniques have been developed that offer
control over pore size, shape, and interconnectivity. These techniques will
be discussed next, highlighting the foaming mechanism used and relevant
results presented in the literature.

5.5.1 Casting/porogen leaching

Polymer casting followed by porogen leaching is a simple technique to fabri-
cate porous scaffolds and is one of the most widely used (Mikos and Temenoff,
2000; Liu and Ma, 2004). Casting can be carried out in solution or with reac-
tive liquid intermediates, as is the case with some polyurethane formulations.
When solvent casting is used, the polymer solution is mixed with porogen
particles and cast into the desired mold. Afterwards, the polymeric solvent
is removed (by evaporation or lyophilization) and the remaining compos-
ite is washed with a solvent capable of solubilizing the porogen particles.
When using reactive liquid intermediates, the porogen particles are mixed
with the reagents before the reaction proceeds (for example, before adding
the catalyst). After the material has cured, the porogen is removed with an
appropriate solvent. Advantages of using this processing technique are good
control over scaffold porosity and pore size, which will depend on the poro-
gen loading and size, respectively. However, the porogen content needs to be
high enough to obtain sufficient pore interconnectivity. The major drawback
of this technique is the use of solvents (for casting and/or removal of the
porogen), the removal of which increases the processing time and precludes
the loading of biologics into the material. Incomplete removal of the solvents
can also affect cell viability after implantation, so this technique is mostly
favorable for applications that can use pre-formed scaffolds.

Commonly used porogens include NaCl particles and paraffin beads.
When using salt particles to prepare a porous PLLA or PLGA scaffolds for
bone tissue engineering, porogen loadings above 70 wt.% are required to
achieve high pore interconnectivity (Mikos et al., 1994). The salt leaching
technique has also been used to fabricate porous scaffolds using polyure-
thanes (Adhikari ef al.,2008) and PCL (Salerno et al.,2008). Paraffin beads
with controlled particle size have been used as porogens for PLLA and
PLGA scaffolds (Ma and Choi, 2001). The beads were fused together using
heat to form a three-dimensional array in a mold into which the polyesters
were cast. The conditions of the heat treatment to bind the beads influenced
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5.4 Scanning electron microscopy (SEM) images of PLGA foams after
removal of the paraffin beads (420-500 um) used as porogen. (a) x50
(b) x100. (Source: Ma and Choi, 2001.)

the size of the openings between pores. After leaching the porogen, scaf-
folds with high pore interconnectivity were obtained (Fig. 5.4).

5.5.2 Gas foaming

In contrast to the casting/porogen leaching technique, gas foaming does
not require the use of organic solvents and the process can be carried on
at low temperatures. Pores with various structures are generated, either by
chemical or physical foaming (Christenson et al., 2007; Jacobs et al., 2008).
Chemical foaming produces gaseous products (as a result of reactions or
decomposition), which generate bubbles in the inside of the polymer. Pores
created by carbon dioxide produced by isocyanates reacting with water are
an example of chemical foaming in polyurethanes (Fig. 5.5a). On the other
hand, physical foaming involves the removal of gas dissolved in the polymer
at high pressures, a method known as supercritical gas foaming. In this tech-
nique, supercritical CO, (scCO,) is used to generate pores in the material.
A superecritical fluid is a dense phase that combines gas-like diffusivity with
liquid-like density in a state above the critical temperature (7,) and pressure
(P,).scCO, is a preferred foaming agent since, in addition to being nontoxic,
nonflammable, noncorrosive, abundant, inexpensive, and commercially
available, CO, has non-extreme critical properties (7. = 31.1°C, P. = 7.37
MPa) (Liao et al.,2012).

The first step in supercritical gas foaming is to saturate the non-porous,
amorphous, or semi-crystalline polymer with scCO,. At this stage the scCO,
acts as a plasticizer and forms a single phase with the polymer (Mooney
et al.,1996). Equilibrium conditions, such as concentration of dissolved CO,,
depend on the type of polymer, and operation temperature and pressure
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5.5 SEM images of foams produced using chemical and physical
foaming. (a) Injectable polyurethane scaffold foamed with carbon
dioxide gas produced by the blowing reaction. (Source: Adolph et al.,
2012.) (b) PLGA foamed with scCO,. (Source: Mooney et al., 1996.)

(Jacobs et al.,2008). After equilibrium is reached, CO, is removed from the
polymer,either by reducing the pressure (pressure quenching),increasing the
temperature (temperature soaking), or both (Liao et al., 2012). As a result,
gas bubbles nucleate and grow inside the material. The rate at which nucle-
ation takes place depends on the interactions of scCO, with the polymer, so
different processing conditions are required for each system. Removal of
the scCO, also increases the glass transition temperature of the polymer and
the final porous structure is fixed in the glassy state (Fig. 5.5b).

scCO, gas foaming was first used to fabricate porous sponges of PLLA,
PDLLA, and PLGA with pore diameters of 100 pm and porosities up to
93% (Mooney et al., 1996). However, surfaces with low porosities were
achieved and pore interconnectivity was low, which can directly affect nutri-
ent transport inside the scaffold and hinder cellular viability. To overcome
these limitations, several modifications to the original scCO, gas foaming
technique have been developed. Open-pore PCL scaffolds were developed
by combining scCO, gas foaming with thermoplastic gelatin (Salerno et al.,
2012b) or salt (Salerno et al., 2008, 2012b) leaching. In this approach, the
melt polymer was mixed with the porogen before the gas foaming step.
Porosity, pore size and distribution, and interconnectivity were modified by
optimizing the processing parameters (temperature, pressure, and porogen
loading and distribution, Fig. 5.6). Increasing the porogen loading from 30
to 70 wt.% generated a scaffold with smaller pores and a narrower pore
size distribution (Salerno et al.,2008). Mooney et al. also used the combina-
tion of gas foaming and salt leaching to improve interconnectivity of PLGA
scaffolds (Murphy et al., 2002). In their approach, salt granules were fused
under 95% humidity conditions before adding them to the polymer solution
and proceeding with gas foaming. This led to solvent cast PLGA scaffolds
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5.6 SEM images of PCL foams produced using a combination of
CO, foaming and salt leaching techniques. The images show the
dependence of morphology on salt concentration and foaming
temperature. (Source: Salerno et al., 2012.)

with open interconnected pores with two-fold higher mechanical proper-
ties than the gas-foamed PLGA controls. Even though porogen leaching in
combination with scCO, has been shown to improve scaffold interconnec-
tivity, its limitations include longer scaffold fabrication times and difficul-
ties in removing the porogen material (Liao et al.,2012). Additional process
alternatives studied in the last decade include particle seeding (Collins et al.,
2010), ultrasound post-treatment (Wang et al., 2006), and the use of cosol-
vents during gas foaming (Tsivintzelis et al.,2007).

Detailed studies of the effect of processing parameters and polymer
characteristics on the final porous morphology have also been completed
in recent years. Depressurization rate (Barry et al., 2006; Salerno et al.,
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2008) and time (Jenkins et al.,2006) have been reported to influence the
porosity and pore size and morphology of methacrylate and PCL foams.
Regarding polymer characteristics, studies have suggested that crystallin-
ity of the initial polymer (Fujiwara et al., 2005) and the addition of metal
chromophores to the polymeric chains (Nawaby et al., 2005) can influ-
ence the pore size and distribution. Several reviews of the effects of these
variables are extensively discussed in the literature (Jacobs et al., 2008;
Salerno et al., 2008, 2012a; Liao et al.,2012; Tayton et al., 2012).

5.5.3 Emulsion-based methods

PLGA foams with porosities between 91% and 95% and median pore sizes
in the range of 13-35 um (with large pores greater than 200 um) were first
prepared by emulsion-freeze drying using methylene chloride as the solvent
(Whang et al., 1995). In this study, the polymer solution was homogenized
with distilled water, cast into a mold, and frozen in liquid nitrogen to pre-
serve the emulsion structure. Solvent and water were removed using freeze
drying. Parameters such as polymer solution to water ratio, and viscosity of
the emulsion were modified to control the foam morphology. However, the
use of organic solvents and the small pores obtained hindered the useful-
ness of these foams in tissue engineering.

Emulsion templating has emerged as a foam production technique with
high control over pore size, morphology, and interconnectivity (Christenson
et al.,2007; Moglia et al.,2011). Emulsions used as templates have a droplet
volume >74% (Lissant, 1974) and are known as high internal phase emul-
sions (HIPEs). As shown in Fig. 5.7a, in emulsion templating a monomer (in
solution or as a viscous liquid) is first homogenized with a diluent to create
a HIPE. The HIPE is then cast into a mold at an appropriate temperature
for monomer polymerization, and after droplet removal the resulting foams
are known as polyHIPEs (Zhang and Cooper, 2005). Control over foam
architecture is achieved by modifying parameters that influence the stability
of the initial emulsion. Emulsion stability is determined by thermodynam-
ics and it involves minimization of the free energy at the interface (Moglia
et al.,2011). Emulsion stability studies have shown that surface tension is a
more accurate predictor of emulsion stability (and thus morphology) than
viscosity. Compared to non-emulsified components, the increase in surface
energy of an emulsion is given by:

AW = cAA [5.5]

where AW is the free energy of the interface, o is the interfacial energy, and
AA is the change in surface area (Moglia et al., 2011). The stability of the
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emulsion increases when AA decreases and this translates into phase sepa-
ration. Higher o also translates into larger initial droplets (lower AA), and/
or increased rate of droplet coalescence. According to these observations,
modulation of the interfacial energy of the emulsion (for example using a
surfactant) provides control over the final pore size of emulsion-templated
foams. Interconnectivity of the foams is related to the thickness of the poly-
mer film between droplets. During polymerization of the monomer into a
higher density material, the film shrinks according to structural character-
istics of the polymer. Shrinkage of thin films generates openings between
pores in the final foam. Film thickness depends on the total droplet volume
and individual droplet size. As a result, the pore size distribution and inter-
connectivity of emulsion-templated foams can be modified with variations
of surfactant nature and concentration, polymer solution to aqueous phase
ratio, and polymer composition, all of which affect initial emulsion stability
(Williams et al., 1990; Christenson ef al.,2007; Moglia et al.,2011).

Different polyHIPE formulations have been developed as potential
materials for tissue engineering. Christenson et al. (2007) obtained PPF
foams with pore sizes in the range of 10-300 um, porosities of 80-89%,
and open pores when the pores were smaller than 50 um (Fig. 5.7b). PPF,
PPF-DA (PPF)-diacrylate cross-linker, toluene, and sorbitan monooleate
(surfactant) were premixed and then emulsified with an aqueous phase
containing potassium persulfate and calcium chloride. Once the HIPE was
uniform, it was transferred to a mold at 60°C and the polymer was allowed
to cure for 48 h, locking the geometry of the HIPE. The remaining liquid
was then removed in an oven at 60°C. Even though the proposed method
allowed for controlling pore size and interconnectivity, the interconnected
foams had pores smaller than those ideal for tissue engineering applications
(> 100 um (Nam and Park, 1999) and organic solvents were still employed.
Aiming to overcome these limitations, an injectable propylene fumarate
dimethacrylate (PFDMA)-based polyHIPE formulation was recently
developed (Moglia et al.,2011). The biodegradable PFDMA macromer and
the surfactant were premixed and then emulsified with an aqueous solu-
tion containing calcium chloride and ammonium persulfate (initiator). The
emulsion was then injected into the mold and allowed to cross-link at 37°C
for 12 h. The resulting foams had minimal residual solvent, closed pores
with sizes in the range of 4-29 um (Fig. 5.7c), porosity of 75%, and aver-
age compressive modulus and strength of 33 and 5 MPa, respectively. Even
though none of the current foam formulations based on emulsion methods
addresses all of the requirements for biomedical applications, the examples
discussed above underscore the versatility of emulsion templating as a tech-
nique to develop porous materials with controlled morphology. Ongoing
studies are being developed to obtain emulsion-templated foams with open
interconnected pores with sizes > 100 um (Moglia et al., 2011).
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5.7 PolyHIPE foams. (a) Diagram illustrating the polymerization of a
continuous monomer phase in a monomer/diluent emulsion followed
by diluent removal to obtain a polymeric foam, (b) SEM images of PPF
polyHIPES using toluene as the diluent and different concentrations of
propylene fumarate diacrylate (PFDA) cross-linker. (Source: Christenson
et al., 2007.), and (c) SEM images of PFDMA injectable polyHIPES
prepared with different concentrations of polyglycerol polyricinoleate
(PGPR) surfactant. (Source: Moglia et al., 2011.)

5.5.4 Thermally induced phase separation (TIPS)

Similar to emulsion-based methods, phase separation is the governing
process controlling the creation of pores in TIPS. The phase distribution
in polymer solutions depends on the composition and physical conditions
(temperature and pressure) of the solution. A temperature-composition
phase diagram describes the states of a specific solution at different con-
ditions, and it is usually divided into three regions (Fig. 5.8a): (a) above
the binodal curve where the solution exists as a single phase, (b) between
the binodal and the spinodal curve in a metastable state, and (c) below the
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5.8 TIPS foaming. (a) Temperature vs concentration diagram with
different states in a polymer solution. (Source: Nam and Park, 1999.)
(b) SEM image of a PLGA/PUR (polyurethane) foam prepared using
TIPS. (Source: Rowlands et al., 2007.) (c) SEM image of a PLLA foam
prepared viaTIPS at 30°C. (Source: Carfi Pavia et al., 2008.)

spinodal curve in an unstable state. Phase separation occurs both at the
metastable and unstable states, and it is governed by different mechanisms
in each region (Nam and Park, 1999; Rowlands et al.,2007; Carfi Pavia et al.,
2008). When the temperature of the solution is lowered such that it exists
in a metastable state, nucleation and growth dominate the phase separation
process and result in an emulsion-like structure. Instead, if the temperature
is lowered into an unstable state, phase separation is governed by a spinodal
decomposition mechanism characterized by two continuous polymer-rich
and solvent-rich phases.

Polymeric foams can be obtained using TIPS by removing the solvent
after phase separation of a polymer solution. Increased interconnectivity
is achieved when phase separation is promoted by spinodal decomposition
in comparison to the nucleation-growth mechanism (Nam and Park, 1999).
However, nucleation-growth mechanisms provide control over the pore
size of the resulting foam (Carfi Pavia et al.,2008). PLLA foams have been
obtained by TIPS using protocols that include residence times at both of
the states (metastable and unstable) (Carfi Pavia et al., 2008). These studies
showed that the resulting pore architecture depends on the specific thermal
pathway selected for phase separation. In the metastable region, lower tem-
peratures promoted faster nucleation and slower growth, while higher tem-
peratures resulted in the opposite effect. Longer residence times at either of
the states also increased the presence of micropores in the polymeric phase.
TIPS has also been used to produce foams from combinations of dissimilar
polymers such as MDI-polydimethylsiloxane (PDMS) based polyurethane
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and PLGA (Rowlands et al.,2007). This technique achieved intimate mixing
of the polymers in solution at 90°C, followed by phase separation at —5°C.
The resulting foams had morphological, mechanical, and cell adhesion prop-
erties with values in between those of its homopolymers. These observations
suggest that polymeric foams with varying porous architecture (Fig. 5.8b,c)
and final properties can be obtained by varying the polymer and solvent
nature and concentrations, as well as the cooling history of the material.

5.6 Characterization of polymeric foams

Independent of the processing technique used to obtain polymeric foams,
parameters that influence their performance include, but are not limited to,
polymer composition, porosity and pore size distribution, mechanical prop-
erties, and stability. This section provides a summary of the techniques and
some protocols used to characterize the polymeric foams. A detailed discus-
sion about how the techniques work is not provided, since this falls outside
the scope of the chapter, but citations to previous work using the techniques
have been included as reference.

Polymer composition and structure influence both its process ability
as well as the foam’s final performance. Molecular weight distribution is
usually quantified using gas permeation chromatography (Lu et al., 2000;
Kasper et al., 2009). Differential scanning calorimetry (DSC) is used to
identify thermal transitions such as the glass transition and melting tem-
peratures. Standard thermal analysis protocols include a combination
of heat—cool-heat cycles with heating and cooling rates of 5-10°C min™,
and identification of the thermal transitions from the second heating cycle
(Rowlands et al., 2007; Magno et al., 2010). DSC can also be used to quan-
tify the crystalline content of the polymeric phases (Lu ef al.,2000; Ma and
Choi, 2001), although more detailed information about crystallinity can be
obtained using X-ray diffraction techniques (Carfi Pavia et al., 2008). For
some processing techniques, such as those regulated by phase separation,
the viscosity of the polymer solutions influences the morphology of the final
foam. Rotational rheometers have been used to measure viscosity as well as
the storage (G’) and loss (G”) moduli (Salerno et al.,2008). Additional pro-
tocols to measure viscosity include the use of more traditional Ubbelohde
viscometers (ASTM, 1997; Christenson et al.,2007).

The porous architecture of polymeric foams has a direct impact on the
mechanical properties, degradation rates, and cellular infiltration of the scaf-
folds. Although high porosity and interconnectivity are desired to support
cellular infiltration, mechanical properties decrease with porosity squared,
while the effect on degradation rates varies depending on the polymer. Pore
size distribution and morphology can be evaluated using scanning electron
microscopy (SEM). After foaming, a section of the material is gold sputter-
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coated and imaged at different locations. The images are used to measure
pore diameter, which is reported either as an average (n > 100) or after
applying a statistical correction to account for non-ideal spherical pores
(ASTM, 2004; Christenson et al., 2007; Salerno et al., 2008). Porosity is
commonly determined gravimetrically by comparing dry foam density (p)
with the density of bulk polymer (p,) according to: Porosity =1—(p,/p,)
(Guelcher et al., 2006; Moglia et al.,2011). X-Ray microtomography (LCT)
has also been used to accurately quantify porosity. In this case, dry foams
are scanned in a UCT system at high resolution modes, and porosity val-
ues are obtained after thresholding the reconstructed image (Jacobs et al.,
2008; McBane et al., 2011; Amini et al., 2012). Pore size distribution, total
pore volume, surface area, and density can also be obtained using mercury
intrusion porosimetry (MIP) (Nam and Park, 1999; Lu et al.,2000), although
interconnected pores are required in order to obtain representative results
using this technique.

In vitro degradation profiles of polymeric foams have been determined
by incubating samples at 37°C in phosphate-buffered saline (PBS) at vari-
ous pH levels, enzyme-containing media, or oxidative media (Lu et al.,2000;
Carfi Pavia et al., 2008; Hafeman et al.,2010; McBane et al.,2011). At each
time point, the media with degradation products is collected and the dry
sample mass is measured and compared to the initial sample mass. In addi-
tion to reporting the mass loss in time, the media collected can be analyzed
with techniques such as high-performance liquid chromatography (HPLC)
to determine the nature and concentration of the degradation products.

Depending on the application of the polymeric foams, specific mechanical
requirements must be achieved under tension, compression, and/or torsion.
Mechanical testing of the samples resulting in stress—strain data is conducted
with protocols modeled by standard methods (ASTM, 2001, 2002, 2010).
Reported properties usually include compressive and tensile modulus and
strength (Lu et al.,2000; Ma and Choi, 2001; Rowlands et al.,2007; Hafeman
et al.,2010; Moglia et al.,2011).

5.7 Invitro and in vivo testing

The performance of biomedical polymeric foams is tested using both in
vitro and in vivo models. In vitro testing provides preliminary information
about cytotoxicity and cellular attachment, proliferation, and differentia-
tion (Winn et al., 2006). Foam sterilization methods include ethanol treat-
ment followed by washes with water or PBS, UV irradiation, or gamma
irradiation. Cytotoxicity studies involve the contact of cells with leachates
from the polymeric foams. Leachates can be collected before cell culture
by incubating foams in appropriate solutions, which are then added to the
cell culture media either directly or after dilution. Viability of the treated
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Table 5.1 Examples of in vivo models used to test biomedical polymeric foams

Application  Animal (defect) Polymer Reference
Bone Rabbit (calvaria) PPF Fisher et al., 2002
Tyrosine- Kim et al., 2012
derived

Rat (proximal tibia) PPF Yaszemski et al., 1995
Sheep (femoral cortical) PUR Adhikari et al., 2008
Rat (femoral plug) PUR Li et al.,, 2009

Skin Rat (excisional wounds) PUR Adolph et al., 2012

Aneurysm Dog (carotid artery PUR Metcalfe et al., 2003

aneurysms)

cells, measured using live/dead staining or metabolic activity based assays,
is compared to that of cells treated only with media. As a variation of this
method, well-plate inserts can be used to submerge the foams in the cell cul-
ture media without having direct contact with the cells. As an example, this
insert method has been used to study the cytotoxicity of tyrosine-derived
polycarbonate scaffolds containing DTR, DT, and low molecular weight
blocks of PEG on MC3T3-E1 cells (Magno et al.,2010). Cellular metabolic
activity was above 98% for every group at all three time points tested (1,
7, 14 days), and cell numbers increased over time, which suggest that the
tyrosine-derived polymers have minimal toxicity to the cells and support
cellular proliferation. Direct contact in vitro models allow the study of cel-
lular attachment, proliferation, and differentiation on the surface of the
materials. Various cell types have been seeded on polymeric foams includ-
ing 3T3 fibroblasts (Rowlands et al., 2007; Moglia et al., 2011) and RAW
264.7 macrophages (Hafeman et al., 2010). After culture, cellular attach-
ment is monitored by using a combination of fixation, staining, and imaging
of the cells usually using optical, confocal fluorescent, or scanning electron
microscopes. After lead-candidate polymeric foam formulations have been
identified according to their performance in vitro, in vivo models are used
to evaluate the biocompatibility and efficacy of the material to promote the
desired healing outcome (Anderson, 2006). According to the target appli-
cation, authors have used different animal models to test their developed
materials. Examples of these models are summarized in Table 5.1.

5.8 Applications of polymeric foams
in tissue engineering

The previous sections have discussed how the final performance of porous
scaffolds strongly depends on several factors. Formulations with various
degradation times, mechanical properties, and porosities, in addition to the
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biocompatibility of the materials, position polymeric foams as materials with
a wide range of applications in the field of tissue engineering. The following
paragraphs contain examples of formulations that have shown high poten-
tial for their use in bone, cartilage, skin, and endovascular applications.
Scaffolds for bone tissue engineering must provide osteoconductivity,
osteoinductivity, and biomechanical functionality in addition to being bio-
compatible and biodegradable (Amini et al., 2012; Kim et al., 2012). PPF
foams prepared by solvent casting followed by salt leaching have been tested
in calvarial defects in vivo and shown to be biocompatible and to support
new bone formation after 8 weeks (Fisher ez al.,2002). Polyurethane porous
implants and injectable formulations with mechanical properties above
those of trabecular bone (compressive modulus 50-800 MPa, compressive
strength 1-10 MPa (Amini ez al.,2012)) but lower than those of cortical bone
(compressive modulus ~20 GPa, compressive strength ~200 MPa (An and
Draughn, 1999)) were tested in femoral cortical defects in sheep (Adhikari
et al., 2008). The implant and the injectable formulations were proven to
be biocompatible and increased new bone formation was observed after
6 months. The incorporation of B-tricalcium phosphate (3-TCP) particles
improved mechanical properties and reduced polymer degradation rates.
Tyrosine-derived polycarbonates containing DTR, DT, and PEG, prepared
using a combination of solvent casting, porogen leaching, and phase sepa-
ration techniques have also been tested both in vitro and in vivo. The scaf-
folds had 85% porosity, a bimodal pore size distribution with macropores
> 200 um and micropores < 20 um (Magno et al.,2010), and a compressive
modulus > 0.5 MPa (minimal requirement for bone graft substitutes) after 6
weeks of incubation in PBS at 37°C (Kim et al.,2012). When tested in vivo
using a critical size calvarial defect in New Zealand white rabbits, the mate-
rials generated minimal inflammatory response and degraded faster than
under in vitro conditions. New bone formation was promoted when the scaf-
folds were loaded with 50 ug of recombinant human bone morphogenetic
protein-2 (rhBMP-2) or coated with calcium phosphate (Kim et al.,2012).
Recently, PLGA porous scaffolds with pore sizes in the range of
200-600 um were prepared via thermal sintering of PLGA spheres and
porogen leaching (Amini et al., 2012). The scaffolds had initial mechanical
properties in the range of human trabecular bone, and improved oxygen
diffusion across the scaffold. This last property is of interest for the treat-
ment of large-area bone defects to support cellular infiltration deep into the
scaffolds. In general, the in vivo performance of polymeric foams in bone
defects has shown to be improved with the incorporation of ceramic fillers
or biologics which provide osteoinductive properties to the already biocom-
patible and osteoconductive scaffolds. Examples of ceramic fillers include
calcium phosphates (Yaszemski et al., 1995; Bennett et al., 1996; Adhikari
et al., 2008), allograft bone (Dumas et al., 2010), and bioactive glass (Lu
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et al.,2003; Gentile et al., 2012), while biologics include rhBMP-2 (Li et al.,
2009; Kim et al., 2012), lovastatin (Yoshii et al., 2010), and transforming
growth factor beta (TGF-f3) (Peter et al.,2000).

Scaffolds with graded porosity to treat osteochondral defects have recently
been developed. A combination of supercritical gas foaming and salt leaching
techniques was used to obtain PCL (Salerno et al.,2008) and PCL/ hydroxy-
apatite (HA) composite scaffolds (Salerno et al., 2012a) with porosities in
the range of 75-93%. Controlled distribution of salt particles in the matrix
generated a porosity gradient similar to that present in articular cartilage.
In vitro, foams with graded porosity produced by three-dimensional fiber
deposition have shown anisotropic cell distribution and glycosaminoglycan
production similar to that observed in bovine articular cartilage (Woodfiled
et al.,2005).

Scaffolds for skin wound healing protect the wound from infection and pro-
vide a pathway for cells to infiltrate and regenerate. Natural polymers such as
collagen and chitosan have been extensively used as scaffolding materials for
skin since they provide biological cues (Zhong et al., 2010). However, these
polymers lack mechanical properties and are expensive to obtain. As an
alternative, synthetic polymers used for skin wound treatment include poly-
urethanes as commercially available wound dressings (Tegaderm™), PLGA
meshes (Chen et al., 2005), PLLA (Beumer et al., 1993), as well as compos-
ites of PCL and collagen which combine the advantages of both materials
(Dai et al., 2004). Recently, an injectable polyurethane porous scaffold pro-
duced using chemical foaming was developed with positive net results in vivo
(Adolph et al., 2012). The material had porosities between 86% and 91%,
working times of 5-7 min, and curing times of 15-19 min. The mechanical
properties of the scaffolds under wet conditions approached those of intact
skin, with a compressive modulus between 30 and 60 kPa. When implanted
in rat excisional wounds, the scaffolds promoted cellular proliferation and
prevented wound contraction and scar formation.

Polyurethanes have also been used to formulate porous shape memory
polymers (SMP) for embolic treatment of aneurysms using minimally inva-
sive delivery techniques. In comparison to shape memory alloys (SMA),
SMPs are lightweight, have high recovery strains and low recovery stresses,
can be formulated with a wide range of glass transition temperatures (7,),
are easy to process, and have a lower cost (Sokolowski et al., 2007; Small
etal.,2010). At temperatures near 7,, SMPs undergo drastic changes in elas-
tic modulus (Sokolowski et al., 2007). As a result, SMPs can be processed
and stored using cold hibernating elastic memory (CHEM) processing
(Sokolowski, 2010). In CHEM processing, the SMP foam is heated and com-
pacted above the T,. Then the material is cooled for storage and/or delivery.
The original shape of the SMP foam is recovered when the temperature is
raised above the T, CHEM polyurethane foams with a density of 0.032 g/
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cc have been tested in a dog aneurysm model and shown to support cellular
infiltration and neointima formation (Metcalfe et al.,2003). For non-necked
aneurysms, a device consisting of a light diffusing fiber covered by an SMP
stent with an attached SMP foam was tested in vitro (Small et al., 2010).
Upon thermal activation using the central fiber, the foam filled the aneu-
rysm while the stent provided support to the artery. Recently, a highly chem-
ically cross-linked polyurethane SMP foam was developed with improved
shape memory behavior and increased expansion capacity due to reduced
secondary-shape formation and ultra-low density (0.015-0.021 g/cc), respec-
tively (Singhal et al.,2012). Additional characteristics of this foam included
an activation temperature between 45°C and 70°C, mixed (closed and open)
pore morphology, and in vitro biocompatibility.

5.9 Future trends

The previous sections have described currently available technologies for
polymeric foam formulations with different degradation rates, mechani-
cal properties, and pore size and shape distribution. Although control over
these variables is achieved by modifying the starting materials and the
foaming technique employed, future improvements will need to address
challenges such as injectability, delivery of biologics, and polymer degrada-
tion in response to cellular activity. Injectable foams are capable of adapting
to irregular defects and are delivered using minimally invasive techniques
which favors faster healing progress. While solvents or high temperatures
can be used to induce flow of solid polymers, these strategies present poten-
tial disadvantages of adverse effects on exogenous biologics or host tissue.
Furthermore, polymers that set in situ in response to temperature or pH
changes, or the action of low concentrations of a biocompatible catalyst, pro-
vide the opportunity to incorporate active molecules or cells that enhance
the biological activity of the scaffold. Alternatively, the surface of implants
can be modified to induce biological activity. Control of infection is required
when implanting avascular foams in contaminated wounds. Thus, dual-pur-
pose scaffolds that both promote healing and prevent infection are being
developed to reduce the risk of infectious complications (Stewart et al.,
2010; Zheng et al.,2010; Wenke and Guelcher, 2011; Sanchez Jr et al.,2013).
In summary, future studies are required to identify materials and foaming
techniques that result in injectable formulations under surgery room condi-
tions, as well as scaffolds that can efficiently deliver biologics, such as cell,
growth factors, and/or antimicrobial agents.

5.10 Sources of further information and advice

For further information, the reader is advised to consult the following
references:
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B. Ratner, A. Hoffman, F. Schoen and J. Lemons, eds. (2004) Biomaterials Science:
An Introduction to Materials in Medicine. Boston: Elsevier Academic Press. A
comprehensive textbook that provides an excellent reference on the basic sci-
ence and clinical applications of biomaterials.

J. Hollinger, ed. (2012) An Introduction to Biomaterials, 2nd edition. Boca Raton,
FL: Woodhead Publishing Limited. A textbook that reviews many classes of
biomaterials, as well as their application in medicine.

B. Vernon, ed. (2012) Injectable Biomaterials: Science and Applications. Woodhead
Publishing Limited. A textbook that reviews the composition and properties,
technology, and clinical applications of injectable biomaterials.
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Abstract: This chapter discusses the theoretical and experimental aspects
related to the techniques for the preparation of scaffold by gas foaming of
biodegradable polymers, of both natural and synthetic origin. Properties
of polymer/gas solutions controlling nucleation and growth of gas bubbles
are analysed in the first part of this chapter. In the second part, specific
preparation methodologies and morphologies of foams based on selected
biodegradable polymers will be presented. These include polysaccharides
(starch, chitosan, alginates), vegetal (zein) and animal (gelatin) proteins,
and polyesters (poly(lactic acid) (PLA), poly(glycolic acid) (PGA), and

their copolymers PLGA, and poly-g-caprolactone (PCL)).

Key words: gas foaming, polysaccharides, proteins, polyesters, scaffolds.

6.1 Introduction

The design of scaffolds for tissue engineering (TE) strategies involves a num-
ber of criteria related to materials’ properties and structure. The temporary
3D scaffolds, used as templates for cell interactions and the formation of the
extracellular matrix, must be non-immunogenic, non-toxic, biocompatible
and biodegradable. The architectural structure of the scaffold should be char-
acterized by interconnected porosity with a well-defined pore-size distribu-
tion to allow not only cell adhesion, ingrowth and reorganization but also
neovascularization in vivo (Puppi et al.,2010). The selection of the biodegrad-
able materials and the control of the distribution of pore size and intercon-
nectivity must assure functional as well as structural requirements necessary
for cells including: (i) diffusion of nutrients and gases to cells; (ii) removal
of by-products from cells; (iii) mechanical compatibility with both growing
cells and surrounding host tissue; (iv) cell adhesion and response to specific
molecular signals; and (v) degradation and resorption rate compatible with
the mechanical properties required by the newly grown tissue.

Many different polymeric materials have been used to develop 3D scaf-
folds. They can be categorized simply as naturally derived materials (e.g.
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proteins and polysaccharides) and synthetic polymers (e.g. poly(lactic acid)
(PLA), poly(glycolic acid) (PGA), and their copolymers PLGA, and poly(e-
caprolactone) (PCL)). Naturally derived materials have the potential advan-
tage of biological recognition, which may positively support cell adhesion
and function. However, there are a number of drawbacks related to some
specific properties of natural polymers. They may exhibit immunogenicity,
lower mechanical properties, be highly hydrophilic, have a high degrada-
tion rate, or, most of all, properties may vary among different production
batches. For these reasons, synthetic polymers have often been preferred,
due to their reproducible large-scale production, better control of strength,
degradation rates and microstructures (Liu and Ma, 2004).

A variety of processing technologies have been developed to fabricate
porous 3D polymeric scaffolds for tissue engineering (TE). These techniques
mainly include solvent casting and particulate leaching, gas foaming, emul-
sion freeze-drying, electrospinning, rapid prototyping, thermally induced
phase separation, or a combination of these (Ma, 2004; Puppi et al., 2010).

In this chapter, we will focus on the theoretical and experimental aspects
related to the preparation techniques of scaffolds based on gas foaming of
biodegradable polymers, of both natural and synthetic origin. The strategies
commonly employed when using the gas foaming technology to control the
porous architecture in foams, such as number and size of pores and degree
of pore interconnection, within a biodegradable polymeric phase will be
described. Properties of biodegradable polymers/blowing agents solutions
involved in nucleation and growth of gas bubbles are analysed in the first
part of this chapter. Gas solubility and diffusivity, rheological, volumetric
and thermal properties as well as interfacial tension of biodegradable poly-
mer/gas systems are presented by taking into consideration both theoretical
aspects and experimental data available in the scientific literature.

In the second part, specific preparation methodologies and morpholo-
gies of foams based on selected biodegradable polymers will be presented.
These include polysaccharides (starch, chitosan, alginates), vegetal (zein)
and animal (gelatin) proteins, and polyesters (PLA, PGLA, PCL).

6.2 Foaming techniques and properties of
expanding polymer/gas solutions

Thermoplastic foams can be produced by using continuous or discontinuous
technologies, such as extrusion, injection moulding and batch foaming. The
basic principle of foam formation is similar in all techniques: the foamed
structure is obtained through a nucleation and growth mechanism from a
polymer/gas solution, induced by an abrupt pressure drop. The manufacture
of foamed products requires a careful selection of the proper combination of
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polymer/foaming agent systems, and careful coordination of the individual
steps in the process. In particular, in extrusion foaming technologies there
are several operations, each performed by a specific section of the screw
profile, that need to be taken into account. These include: (i) polymer and
additives feeding; (ii) melting and compounding; (iii) venting; (iv) dynamic
sealing; (v) blowing agent injection; (vi) mixing and gas solubilization; (vii)
cooling; (viii) pumping; (ix) homogenization; (x) die forming; and (xi) cool-
ing of the extrudate and post processing.

In the batch process two methods are utilized. In the ‘pressure quench
method’, foaming is obtained by a rapid pressure quench of the poly-
mer/gas solution, stable at high blowing gas pressure. Fewer operations
with respect to extrusion are performed: polymer melting, pressurization
and solubilization, cooling and pressure quenching. In the ‘temperature
increase method’, foaming occurs after an increase in temperature that
produces a glassy to rubbery transition of the polymer/gas solution. Basic
operations are: pressurization at ambient or low temperature, pressure
release and heating.

In all these different methods, the optimization of the manufacturing pro-
cesses involves the control of the physical as well as the rheological behav-
iour of macromolecular viscoelastic materials containing a dissolved gas at
high concentration. In particular, nucleation and growth rates, which deter-
mine the final morphology of the foam, are related to the solubility and
diffusivity of the gas into the polymer melt and to the surface tension, rheo-
logical, thermal and volumetric properties of the polymer/gas solution.

6.2.1 Sorption thermodynamics and mass
transport properties

The first important step in foaming is the solubilization of low molecular
weight blowing agents, such as water, nitrogen, carbon dioxide and hydro-
carbons in the molten polymer. The blowing agent has to diffuse into the
polymer and form a polymer/blowing agent solution prior to fast super-
saturation. Two properties of the polymer/gas specific system contribute to
the solubilization phase: solubility — determining the quantity of gas sol-
ubilized in the polymer at processing temperatures and pressures — and
mutual diffusivity — determining the rate at which the solubilization occurs.
Diffusivity defines the minimum residence time in the extruder, or the min-
imum duration of the saturation phase in the batch process and, in the case
of biodegradable polymers, which are typically thermolabile (thermally
decomposable), should be high enough to limit the residence time before
degradation occurs. Furthermore, diffusivity has to be considered when
designing cooling rates and pressure drop rates (processing) since it defines
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foam morphology (in the competition between nucleation and growth) (Lin
et al., 2010). Blowing agent solubility, conversely, determines the extent of
plasticization (processing) and the final density of the foam.

The effects of sorption properties on the foamability of biodegradable
polymers have been reported in the literature by a number of research
groups. For instance, Di Maio et al. (2005) evidenced how CO, and N, solu-
bility and diffusivity in PCL can be utilized for the optimization of both den-
sity and morphology of PCL foams by using specifically designed mixtures
of the two blowing agents.

Similar results have been reported for PLA. Liu and Tomasko (2007)
reported a rather good solubility of CO, which, in turn, is responsible for
the achievement of PLA foam characterized by low density, as reported by,
among others, Di et al. (2005), Mihai et al. (2007,2010), Lee et al. (2008) and
Zhai et al. (2009). Li et al. (2006), furthermore, reported solubility data of
N, in PLA are almost one order of magnitude less than solubility of CO,, at
the same testing conditions. As expected, the very different solubilities gave
foams characterized by different expansion ratios. In particular, Lee et al.
(2008) reported PLA/CO, foams with densities as low as 0.03 g/cm?, while,
with N,, the lowest reported density was 0.5 g/cm?®. It is worthy of note that
the authors evidenced extensive differences in the foam morphology, with
CO, giving pores with 100 um mean diameter, while N, induced the forma-
tion of pores of sub-micron size.

Table 6.1 reports the sorption data for some biodegradable polymer of
interest in foaming.

6.2.2 Rheological properties

The rheological properties of the expanding polymer are of great importance
for their effect on the final foam density and morphology. For instance, an
easily deformable polymeric matrix is required at the beginning of foaming,
to allow the achievement of low-density foam and efficient use of the blow-
ing agent; at the later stage of foam formation, conversely, strain hardening
should occur, to avoid pore coalescence and foam collapse. Typically, strain
hardening is a pure rheological property, as occurring in several strongly
entangled polymers; however, alternative and/or concurrent mechanisms,
such as crystallization and/or vitrification, may be also utilized.

A critical issue regarding the rheological properties of the expanding
matter, in foaming, is the relevant effect of the blowing agent on the rhe-
ological properties of the polymer, typically leading to a reduction of the
viscosity, commonly addressed to as the ‘plasticization’ effect. Furthermore,
measurement of the rheological properties of polymer/gas mixture is rela-
tively complex, mainly because of the need to keep the system as a solution,



Table 6.1 Sorption data for some biodegradable polymers

Polymer Gas  Solubility Diffusivity Temperature Pressure References
(wt fraction) (cm?/s) (°C) (MPa)

Poly (lactic-co.glycolic acid), PLGA CO, 0.08 60 5 Liu and Tomasko, 2007
Poly (butylene succinate—co- CO, 01 2x10°% 180 20 Sato et al., 2000

adipate), PBSA
Starch CO, 0.04 180 20 Mihai et al., 2007
Poly (hydroxybutyrate), PHB CO, 0.025 35 2 Miguel et al., 1999
Poly (e-caprolactone), PCL N, 0.03 1x 104 75 10 Di Maio et al., 2005
Poly (e-caprolactone, PCL CO, 0.085 8 x 106 75 6 Di Maio et al., 2005
Poly (lactic acid), PLA N, 0.016 4 x 107 200 28 Li et al., 2006
Poly (lactic acid), PLA CO, 0.175 3x10-° 200 28 Li et al., 2006
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and avoiding the formation of a biphasic flow during the experiment, to be
conducted at high blowing agent pressure. This can be obtained with several
techniques, but basically in-line (directly in the process stream) or on-line (a
pressurized sampling stream) is taken from the process line and transferred
to a measuring system (Gendron and Daigneault, 2000). In recent years,
rheological data of polymer/blowing agent solutions have become available
to the scientific community from a number of research groups (Dealy, 1982;
Han and Ma, 1983; Macosko, 1994; Gerhardt et al., 1997; Elkovitch et al.,
1999; Lee et al., 1999; Areerat et al.,2002). More recently, data on biodegrad-
able polymers have been reported (Di Maio et al.,2006).

6.2.3 Volumetric, thermal and interfacial properties

When the polymer is exposed to a gaseous penetrant, its volume changes
as a consequence of the compression of the gas saturated polymer melt by
the mechanical action of pressure exerted by the external gas and of the gas
solubilization. With the increase of external gas pressure, typically, both the
volume and the mass monotonically increase. As a final balance, typically,
at low gas concentration, mass increase is the dominant effect, and a reduc-
tion of the specific volume is observed, while at higher gas concentration,
conversely, volume increase becomes the predominant effect, leading to a
bell-shaped curve.

Another relevant effect of gas dissolution on the expanding polymer is
the associated change of the characteristic thermal transitions. In foaming,
this phenomenon is exploited in two ways: (i) melting point depression is
desirable for lowering processing temperatures, to reduce energy consump-
tion and thermal degradation; (ii) it allows foaming at lower temperatures
and, hence, it helps in locking the newly formed porous structure by crystal-
lization or vitrification, solely by the loss of the plasticizing effect when the
blowing agent is released. Data on extrusion foaming die temperatures dif-
fer by several tens of degrees Celsius from those of neat polymer in numer-
ous examples, as a result of the dependence on the amount and kind of
blowing agent. Specific data on the depression of characteristic tempera-
tures of biodegradable polymers by blowing agents absorption are available
in the scientific literature, and the most relevant are reported in Table 6.2.
Specific literature on non-biodegradable polymers and modelling attempts
can be found in Quach and Simha (1972), Chiou et al. (1985), Wissinger and
Paulaitis (1991) and Condo et al. (1992).

The interfacial tension of the separation surface between the molten
polymer/blowing agent solutions and the surrounding blowing agent is
another key parameter controlling the foam morphology. It can be mea-
sured by using the ‘axisymmetric drop shape analysis’ (ADSA), which is
based on the evaluation of the shape of an axisymmetric pendant drop
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Table 6.2 Effect of gas sorption on melting point of selected biodegradable
polymers

Polymer T. (K) Blowing AT (Lian et al., 2006)
agent (MPa)

Poly (e-caprolactone), PCL 332 CO, (9.0) 22

Poly (butylene succinate), PBS 388 CO, (14.5) 14

Poly (ethylene adipate), PEA 328 CO, (27.6) 22

Poly (L-lactic acid), PLLA 448 CO, (27.6) 55

(Wu, 1982) according to the Laplace equation. Typically, a depression of the
interfacial tension is observed after blowing agent solubilization (Kiszka
et al., 1998; Nalawade et al., 2008), reported, among others, by Harrison
et al. (1996), Harrison et al. (1998), Li et al. (2004), Liu and Tomasko (2007)
and Pastore Carbone et al. (2011, 2012). The plasticizing actions are gen-
erally attributed to two concurrent phenomena: (1) as pressure increases,
the free energy density of the blowing agent becomes closer to that of the
polymer phase and the interfacial tension decreases; (2) as gas pressure
increases, the blowing agent concentration increases thus promoting a fur-
ther decrease of interfacial tension since the two phases in contact become
more similar.

6.3 Biofoams based on natural polymers

A great number of different natural materials have been studied and pro-
posed for the preparation of scaffolds in tissue engineering. Natural mate-
rials, such as polysaccharides and proteins, offer several advantages such
as biological signaling, cell adhesion, cell responsive degradation and
remodelling. However, due to their inadequate physical properties they are
often combined with other polymers. The most investigated polysaccharides
for the preparation of porous scaffolds by using the gas foaming technique
are starch, alginate and chitosan. Foams from proteins include zein and
gelatine.

6.3.1 Polysaccharides

Polysaccharides are naturally occurring biomacromolecules derived from
plants, animals and micro-organisms, characterized by monosaccharides
linked together by O-glycosidic linkages. The composition of the monosac-
charide units, the linkage types, the chain shape and the molecular weight
dictate their physical properties, including solubility, surface and interfacial
properties, and therefore their processability and biological response (Mano
et al.,2007).
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6.1 Polysaccharide foams prepared with different methods: (a) starch
with the microwave foaming (Torres et al., 2007), (b) alginate with the
‘carbon dioxide in water’ emulsion templating method (Partap et al.,
2006) and (c)-(d) chitosan with the CO, dense gas foaming (Ji et al., 2011).

These polysaccharides have been utilized to develop porous structures by
different methods. Starch-based scaffolds can be produced by using extru-
sion with blowing agents, in situ polymerization or by combining solvent
casting and particulate leaching, compression moulding and particulate
leaching (Gomes et al., 2002). Chitosan can be moulded in various forms
with a fairly well-designed porous structure by means of techniques such
as freeze-drying, rapid prototyping and internal bubbling process (Yannas,
1996; Di Martino et al.,2005; Ji et al., 2011). Alginates have been used mainly
in the form of hydrogels, since they can be easily prepared by crosslink-
ing under very mild conditions, at low temperature, and in the absence of
organic solvents (Puppi et al., 2010). Injectable gels based on pure alginate,
and in combination with chitosan (Li et al., 2005; Park et al., 2005) or hyal-
uronic acid (Lindenhayn et al., 1999), have been used for TE.

Among polysaccharides employed as TE scaffold materials, only starch,
alginate and chitosan have been used to develop porous structures based
on the gas foaming technique. Examples of porous morphologies obtained
from these biopolymers are shown in Fig. 6.1. More information on the pro-
cessing and properties of such systems are given below.

Starch foams

Starch is a polysaccharide composed of a mixture of a linear polymer
(amylose) and a highly branched macromolecule (amylopectin). In both
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polymeric structures, the repeating unit is the glucose molecule (Daniel
et al.,2000).This polysaccharide has been widely used to prepare plastic-like
materials by mixing granular starch with water and/or non-volatile plasticiz-
ers, which decrease the glass transition and the melting temperature (Perry
and Donald, 2000). Destructurized starch, also referred to as thermoplastic
starch (TPS), is commonly processed with low molecular weight plasticizers
such as glycerol, glycerol monostearate, glycol, xylitol, sorbitol, polyethylene
glycol, sugars and oligosaccharides, fatty acids, lipids and derivatives.

Starch-based foams have been studied to develop food as well as light-
weight biodegradable common products (Cotugno et al., 2005). The for-
mation of porous structures in starch polymers was first studied for the
preparation of food products. The oldest techniques to produce starch-
based foams are the ‘explosion puffing’ (Hoseney et al., 1983) and the ‘bak-
ing’ techniques (Tiefenbacher, 1993; Haas and coworkers, 1996) where the
steam generated by the moisture at high temperature in the sample acts as a
blowing agent. More recently, continuous technologies based on both single
and double screw extrusion processes have been used to produce extruded
products for different applications, such as packaging, or for thermal/acous-
tic insulation (Willett and Shogren,2002) with the aim of replacing oil-based
polymers with bio-based, biodegradable polymeric materials. In these extru-
sion foaming technologies, bubbles nucleate at the die exit as a consequence
of the pressure drop. Nuclei of water vapour bubbles are formed and grow
in size as additional water vapour molecules diffuse into the nuclei, until the
final structure of the extrudate is set. Starch-based products have also been
produced by using a combination of supercritical carbon dioxide (Sc-CO,)
and water as blowing agent (Cho and Rizvi, 2008), and improved expansion
porous structures were obtained.

In order to control the moisture resistance, the mechanical properties and
the degradation rate, starch has been often mixed with other biodegrad-
able thermoplastics (Shen et al., 2009). Blends of starch with PLA, ethyl-
ene vinyl alcohol (EVA), cellulose acetate (CA) and PCL were proposed as
potential alternative biodegradable materials for a wide range of biomed-
ical applications, including bone cements, hydrogels for drugs controlled
delivery, and bone substitutes (Gomes et al.,2001,2002; Salgado et al.,2002;
Neves et al.,2005; Torres et al.,2007; Duarte et al.,2009).

Alginate foams

Alginates are linear unbranched polysaccharides constituted of varying
amounts of (1- 4)-linked B-D-mannuronic acid and ¢o-L-guluronic acid, and
extracted primarily from brown algae (Smidsrgd and Skjék-Braek, 1990).
Due to their biocompatibility, they have been widely investigated in bio-
medical applications, including TE scaffolds (Yasuda et al.,2006; Cheng et al.,
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2008). The native alginates are mainly present as insoluble Ca** crosslinked
gels, but they can form relatively stable hydrogels in the presence of other
multivalent cations (e.g., Sr, Ba). These hydrogels are formed through inter-
action between the carboxylic acid group of the polymer and the chelating
cation (Puppi et al., 2010).

Alginate porous structures have been successfully prepared by using a
‘carbon dioxide in water’ emulsion templating method by Partap et al.
(2006). A highly porous alginate hydrogel was prepared by coupling a tem-
plating ‘oil-in-water’ emulsion reaction with an internal gelation reaction
to ‘lock in’ the structure from the internal oil phase. In their work, both an
organic solvent (isooctane) and dense-phase CO, (above the critical point
of CO,) have been used as the internal oil phases for the templating step.
They found that the dense-phase CO, simultaneously acts both as a templat-
ing ‘oil’ phase as well as producing the acidity (carbonic acid, pH 3-4) that
releases the calcium ions from their chelated form, crosslinking the alginate
and forming a porous hydrogel. Due to the dual role of CO, as a reagent and
a template, this process was named ‘reactive emulsion templating’ (RET).
Highly porous alginate hydrogels with a narrow range of macropore sizes
were obtained with the RET process. These hydrogels exhibit an open, well
interconnected pore network with a narrow pore-size distribution suitable
for tissue engineering applications.

Chitosan foams

Chitosan (CS) is a biodegradable cationic aminopolysaccharide derived
from chitin (N-deacetylated derivative), the second most abundant poly-
saccharide after cellulose. Chitin is a structural biopolymer that provides
structural integrity and protection to animals. While CS can be soluble in
water, the dissolution of chitin is very difficult to achieve, due to the high
intra- and inter-molecular hydrogen bonds. The main technologies utilized
to process chitin are solvent-based, and they have been used to cast films
or to make fibres by using the wet spinning process (Rinaudo, 2006; Pillai
et al.,2009).

Solvent casting/salt leaching (Wan et al., 2008) and freeze-drying have
been used to generate porosity in chitosan and composite mixtures of chi-
tosan and other polymers (Madihally and Matthew, 1999; Wu et al., 2008).
However, there are, in general, several disadvantages when using these tech-
niques due to the use of toxic solvents, the very slow removal of solvent by
evaporation, the irregular shape of pores and the insufficient interconnec-
tivity, a basic requirement necessary to enable the culture cells to diffuse
throughout the scaffold.

The CO,—water emulsion-template method, described above for alginate
systems, was employed to produce highly porous structures in hydrophilic
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poly(vinyl alcohol) (PVA) and chitosan (Lee et al.,2007). Other CO,-assisted
methods based on solvent exchange/supercritical fluid drying (Tsioptsias
and Panayiotou, 2008; Singh et al., 2009; Ji et al., 2010) were developed to
produce porous hydrophilic polymers. However, these methods have limita-
tions, such as the use of organic solvents and the inability to form microscale
pores that are suitable for tissue engineering.

Jietal (2011) have used the CO, dense gas foaming method to generate
gas bubbles in chitosan systems by rapid gas depressurization, as typically
done in polymer foaming. Highly interconnected pores with an average
pore diameter ranging from 30 to 40 um able to support cell penetration and
proliferation within the 3D structure were obtained with this technique.

6.3.2 Proteins

Many different proteins have been investigated to develop TE scaffolds.
They are often preferred over carbohydrates and synthetic polymers for
medical applications because proteins are a major part of the human body,
they are bio- and cyto-compatible and, as scaffold materials, it is easier
to maintain the functions of the extracellular matrix (ECM) with proteins
than with synthetic polymers (Chan and Mooney, 2008). Proteins contain
functional groups such as amino and carboxyl groups that can carry differ-
ent charges depending on the pH. Therefore, proteins from animals and
plants are good candidates to develop stimuli-responsive materials based
on pH.

Proteins derived from animals, such as collagen and its denaturated deriv-
atives gelatin and silk fibroin, have been widely studied. However, there are
several drawbacks associated with these proteins. Collagen shows poor wet
mechanical properties and potential immunogenicity, while silk is slowly
biodegradable and it is difficult to process. Plant proteins are widely avail-
able, have low potential to be immunogenic, and can be made into fibres,
films, hydrogels and micro- and nano-particles for medical applications
(Reddy and Yang, 2011). Studies, mostly with zein, have demonstrated the
potential of using plant proteins for tissue engineering and drug delivery.
Other plant proteins that have also shown biocompatibility in vitro studies
include wheat gluten and soy proteins.

Hydrogels, films, fibres, and nano- and micro-particles based on plant
proteins have been developed for biomedical application by using solvent-
based methods. In a similar way to TPS, addition of low molecular weight
plasticizers allows the proteins to undergo glass transition, and facilitates
deformation and processability. Agro-based proteins, such as wheat gluten,
corn zein and soy protein, and whey proteins have been successfully formed
into films using thermoplastic processes such as compression moulding and
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extrusion (Wang and Padua, 2003; Pommet and coworkers, 2005; Selling,
2007; Hernandez-Izquierdo and Krotcha, 2008; Di Maio and coworkers,
2010; Oliviero and coworkers, 2010).

Very few works have reported on the thermo-plasticization and the foam-
ing process of protein-based materials. As reported in the following, phys-
ical blowing agents, such as CO,, N, and their mixtures have been used to
prepare thermoplastic zein and thermoplastic gelatin foams using the batch
foaming technique.

Zein-based foams

Thermoplastic zein (TPZ) can be obtained by applying heat and shear
stresses in a mixer or in an extruder. Unfolding of the protein occurs in
the presence of a suitable plasticizer. For example, Di Maio and coworkers
(2010) have used several plasticizers (PEG400, lactic acid LA, lauric acid
LAU and stearic acid ST) with different polarity characteristics and molec-
ular weights to investigate the thermoplasticity of zein proteins. They have
shown that the efficiency of the thermoplasticization process influences the
mechanical properties of the final TPZ material and depends upon the ini-
tial temperature, the speed of rotation and time of mixing for each protein/
plasticizer system.

TPZ samples were placed into the pressure vessel and kept with blow-
ing agent mixture for 6 h at 70°C and at saturation pressure in the range
60-180 bar. After saturation, samples were rapidly cooled or heated to the
desired foaming temperature with a controlled profile, and finally pres-
sure was reduced to atmospheric pressure to allow foaming. To stabilize
the porous structure, foams were immediately cooled down to ambient
temperature and subsequently removed from the vessel. The authors have
shown that the size and number of pores can be tuned by controlling the
blowing agent composition, a mixture of N, and CO,, the foaming tempera-
ture in the range 44-140°C and the pressure drop rate in the range 250-700
bar/s (Fig. 6.2).

Very different porous structures can be obtained with TPZ plasticized
with 25% of polyethylene glycol (PEG 400, M.W. = 400) by changing
the blowing agent composition (Fig. 6.2). The use of pure CO, resulted
in poor porous morphologies characterized by few bubbles of larger size.
Better morphologies, characterized by a high number of small pores, were
obtained by using N,. However, due to the lower solubility of N, in these
materials, the density of these foams was high. The best blowing agent sys-
tem was found to be a mixture of these two gases (80-20 of N,-CO, vol.%)
that allowed to prepare foams at temperatures in the range 70-90°C.
Foams were characterized by pores of 20-40 pm in diameters and densi-
ties as low as 0.1 g/cm?.
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AN

6.2 SEM micrographs of TPZ and TPG foams: (a) TPZ foamed with CO,
at T,,m = 50°C; (b) TPZ foamed with N, at T;,,., = 100°C; (c) TPZ foamed
with a mixture 80-20 of CO,-N, at T;,,, = 79°C; (d) TPG foamed with a
mixture 80-20 of CO,-N, at T;,,, = 44°C; (e) TPG foamed with a mixture
80-20 of CO,~N, at T, = 120°C; (f) TPG/PCL, after removal of gelatin
phase, foamed with a mixture 80-20 vol % of CO,-N, at T;,,., = 44°C.
(Source: From Salerno et al. (2007a, 2007b.) (parts a to e only © Carl
Hanser Verlag, Muenchen)

Gelatin-based foams

Gelatin is the result of the denaturation process of collagen, the major struc-
tural protein of most connective tissues (Bigi et al.,2004). Due to its low cost
and biodegradability, its use has been widely investigated in food, pharma-
ceutical and photographic industries.

Thermoplastic gelatin (TPG) can be produced by mixing gelatin pow-
der and glycerol or lactic acid as plasticizer. Mixing temperature, speed of
rotation, and mixing time need to be optimized to obtain plastic-like melts
that can be foamed by using conventional gas foaming technologies. Salerno
and coworkers (2007a) have shown that TPG can be foamed above its glass
transition temperature (about 50°C) up to 140°C where severe thermal deg-
radation starts to occur. Foaming experiments were carried out by using a
batch process, with the same procedure as described above for TPZ foams.
The TPG foams were mainly characterized by closed pores.

TPG can be easily blended with biodegradable polymers characterized by
low melting temperatures. Blends of TPG and PCL can be foamed with the
same methods described above. A selective extraction of the water soluble
gelatin phase permits the development of porous network pathways charac-
terized by multimodal porosities (Fig. 6.2) (Salerno et al.,2007b).
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6.4 Biofoams based on biodegradable polyesters

Many different types of polyesters have been employed to develop TE scaf-
folds. All polyesters are, in principle, hydrolytically degradable. Typically,
(co)polyesters with short aliphatic chains between ester bonds degrade over
the timeframe required for biomedical applications. The most investigated
materials are the poly(hydroxycarboxylic acid), which are prepared by ring
opening polymerization of lactones or cyclic diesters such as PLA, PGA,
PLGA and PCL.

6.4.1 Polylactide-based foams

PLA can be synthesized by different routes starting from lactic acid, an o-
hydroxy acid existing in either L(+) or D(-) stereoisomer. Its properties,
namely the maximum crystallinity, melting temperature and glass transi-
tion temperature depend upon their molecular weight and stereochemistry.
Both poly(L-lactic acid) (PLLA) and poly(D-lactic acid) (PDLA) are semi-
crystalline, while the presence of significant amounts of one form within a
sequence of the other, giving poly(D,L-lactic acid), can result in an amor-
phous polymer (Steinbuchel and Doi, 2002). PLA can be processed by using
conventional technologies such as extrusion, injection moulding, injection
stretch blow moulding, casting, blown film thermoforming, foaming, blend-
ing, fibre spinning and compounding (Lim and coworkers, 2008).

The glass transition temperature (7,) of amorphous PLA lies between 55
to 60°C and is a function of the PLA molecular weight and stereochemis-
try. In semicrystalline PLA, the T, is higher (60-80°C) and depends on the
crystallization conditions that determine both the morphology of the crys-
talline/amorphous phases and the degree of crystallinity. The amorphous
phase in semicrystalline PLA is characterized by the presence of two phases,
a mobile fraction and a rigid fraction characterized by lower mobility and
higher T, (Iannace and Nicolais, 1997). The amount of rigid fraction depends
upon the crystallization conditions and it can reach values of about 25-30%
when PLA is isothermally crystallized in the range of 90-110°C.

PLA crystallizes when cooled from melt (melt crystallization) or when
heated above its T, (cold crystallization) in the range 80-150°C, but its fast-
est rate of crystallization occurs between 95°C and 115°C. The melting tem-
perature (7,,) of PLA occurs between 130°C and 180°C according to the
L-lactide content and the type of crystals formed during the crystallization.

The selection of the processing window aimed at exploring foaming
behaviour in the presence of blowing agents is based on the thermal proper-
ties of PLA. In particular, porous structures can be generated within a PLA
matrix by promoting bubble nucleation and growth during a controlled
cooling from the melt, typically in extrusion and injection-moulding-based
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technologies, or in the ‘solid state’ above the T, and below the 7. In both
methods, one must take into account that in presence of a physical blowing
agent, the T, the crystallization temperatures, and the T, will shift to lower
values. Carbon dioxide has been used as an efficient plasticizer and foam-
ing agent for the fabrication of 3D scaffolds based on PLA and poly(lactic
acid-co-glycolic acid) (PLGA). CO, can be also used in combination with N,
to improve the porous morphology of PLA and PLA-based nanocomposite
matrices (Di et al.,2005a, 2005b).

The effect of foaming conditions from the melt on foam architecture was
investigated by Mathieu ez al. (2005). Samples of PLA were placed in a pres-
sure vessel and saturated at 100 and 250 bar at 195°C. Foam expansion was
then achieved by sudden gas release, with additional water cooling. Neat
PLA foams with interconnected pores with a diameter of 200-400 um, and
compressive moduli between 10 and 180 MPa for porosities from 78% to
92%, were obtained (Fig. 6.3a).
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6.3 Porous morphologies of PLA foams prepared with different
techniques and processing conditions: (a) PLA saturated with CO,

at 195°C, 15 MPa, cooling at 5.1°C/s (Mathieu et al., 2005); (b) PLA
saturated with a mixture of CO, and N, (20:80) at 170°C, 16 MPa, T, =
110°C (Di et al., 2005b); (c) PLA saturated with CO, at 100°C, 5 MPa, after
ultrasound (Wang et al., 2006); (d) PLA/nanoclay (1%) saturated with a
mixture of CO, and N, (20:80) at 170°C, 16 MPa, T, = 110°C (Di et al.,
2005a).
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Foaming from melt can be also used to develop composite scaffolds based
on PLA matrix and ceramic fillers, hydroxyapatite (HA) or S-tricalcium
phosphate (8-TCP) (Mathieu et al., 2006; Montjovent et al.,2007). The rate
of cooling has a significant effect on the porous structure: cooling too rap-
idly will result in small closed pores, whereas a very slow cooling will not
allow freezing of the structure, which will finally collapse. An intermediate
cooling rate must be found which allows interconnections to be created,
while still stabilizing the morphology before it collapses.

To control the morphology of supercritically foamed scaffolds, it is essen-
tial to study the interactions of polymers with CO, and the consequent
solubility of CO, in the polymers, as well as the viscosity of the plasticized
polymers. Tai et al. (2010) have shown that the viscosities of the CO,-
plasticized polymers at 35°C and 100 bar were comparable to the values
for the polymer melts at 140°C. The PLA/gas solutions can therefore be
foamed at relatively low temperature, and this allows the incorporation
of biologically active guest species into polymer host with limited loss or
change of activity.

Based on the above considerations, the solid-state foaming process has
been studied to generate microporous foams (usually termed microcel-
lular foams) for biomedical applications by using gases such as CO, and
N,. Singh et al. (2004) have used this method with an amorphous PLGA
to generate microcellular structures with pore sizes ranging from sub-
micrometres to a few hundred micrometres at 35°C. However, the disad-
vantage of the process is that the foams it produces are mostly close-pored
and not suitable for tissue engineering applications. For this reason, solid-
state gas foaming of PLA-based scaffolds is often coupled with particu-
late leaching to generate open-pore structures (Mooney et al., 1996; Harris
et al.,1998; Nam et al.,2000).

Another method to break the pore walls of the solid-state foams is to use
ultrasound. Wang et al. (2006) have used semicrystalline PLA. The samples
were first foamed in the solid-state foaming process at temperature below
the melting point (100-150°C) to achieve suitable pore sizes. Then the
foamed samples were processed using ultrasound to enhance the inter-pore
connectivity of the solid-state foams (Fig. 6.3c).

6.4.2 Poly(e-caprolactone)-based foams

Poly(e-caprolactone) is a semicrystalline aliphatic linear polyester with
remarkable hydrophobicity. The hydrolytic degradation of PCL is very slow
(years), and it is therefore indicated as base material for the development
of long-term implants.
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Poly(e-caprolactone) (PCL) is obtained by ring opening polymeriza-
tion of e-caprolactone, and it has a very low T, (-61°C) and a low melt-
ing point (65°C) (Chiellini and Solaro, 1996; Albertsson and Varma, 2002;
Okada, 2002).

Due to the relatively low processing temperatures, and thanks to their
good rheological properties, PCL foams are being widely investigated. In
particular, their elongational viscosity is adequate for bearing the pore wall
stretching during bubble growth. Nevertheless, improvement of the molec-
ular weight has been pursued to reduce the mean pore size and to increase
the nucleated bubbles as experienced by Di Maio and coworkers (2005a).

Microcellular structures can be easily prepared with batch foaming, by
using the pressure quench (Xu et al., 2004; Jenkins et al., 2006) or the tem-
perature increase (Liu, 2008) techniques. The porous structure can also be
improved by carefully controlling the development of the crystalline phase
during cooling from the melt state. Nucleated crystals can promote bubble
nucleation in presence of supercritical CO, as blowing agent thus improv-
ing the microcellular morphology of the foam (Reignier and coworkers,
2007).

Combinations of different blowing agents have also been investigated. Di
Maio and coworkers (2005b) tailored the porous morphology by changing
the ratio between nitrogen and carbon dioxide contents. When using CO,
alone, the plasticization of the PCL in presence of the blowing gas allowed
the foaming of the polymer at temperatures in the range of 30-40°C. The
lowest density (0.03 g/cm?) was achieved at Ty, = 32°C, a saturation pres-
sure of 59 bar, and pressure drop rate of 30 bar/s. In this case, the porous
structure was characterized by pores with an average size of 250 um. In the
presence of pure nitrogen, the foaming temperatures were higher, in the
range of 43-50°C. So-called microcellular foams were obtained at T;,,,, =
43°C, with a saturation pressure of 170 bar, and pressure drop rate of 80
bar/s, with a pore diameter of about 20 pm. However, due to the lower sol-
ubility of N, compared to CO,, the densities of N,-based foams were higher
(0.2-0.6 g/cm?®). Low-density PCL foams characterized by lower pore size
were obtained by using a mixture of CO, and N,. In fact, CO, was found to
be a good foaming agent, due to the high solubility and the high plasticizing
effects, while N, led to a better morphology in terms of pore size and num-
ber of cells. Foams of different density and number of cells were obtained by
using different compositions of CO,/N, and different saturation pressures.
In this case, a small amount of CO, was enough to inflate the high number of
bubbles generated by N, and to achieve foams with a very fine morphology
and low density (around 0.07 g/cm?) at the same time. The foaming tempera-
tures were intermediate between the foaming temperatures of the two pure
gases, suggesting that the plasticizing effect could, in this gross evaluation,
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be considered additive. SEM micrographs reported in Fig. 6.4a-6.4d show
the porous structures of PCL foams prepared with different blowing agents
and conditions.

Tsivitzelis and coworkers (2007) prepared PCL foams using CO,—
ethanol supercritical mixtures as blowing agents (Fig. 6.4e). The results
revealed that difficulties in the foaming of polymers related to their crys-
talline structure could be overcome with the addition of small amounts of
organic solvents. The structures that were obtained with the addition of
small amounts of ethanol were more uniform with larger pore sizes with
respect to pure CO,.

Most of the PCL foams prepared by the gas foaming technique reported
above are characterized by porous structures based on closed pores. The
development of open-pore structures can be obtained by promoting the rup-
ture of the pores during their growth, or by combining the gas foaming with

6.4 Porous morphologies of PCL foams prepared with different
techniques and processing conditions: (a) PCL foamed with CO, at
29.4°C, Psat = 5 MPa, density = 0.099 g/cm? (Di Maio et al., 2005b);

(b) Crosslinked PCL foamed with chemical blowing agent (BA) in oil
bath at 200°C, density = 0.044 g/cm? (Liu et al., 2008); (c) PCL foamed
with N, at 48.9°C, Psat = 17.2 MPa, density = 0.19 g/cm? (Di Maio et al.,
2005b); (d) PCL foamed with CO,~N, mixture at 40.6°C, Psat(CO,) = 1.7
MPa, Psat(N,) = 12.1 MPa, density = 0.15 g/cm? (Di Maio et al., 2005b);
(e) PCL foamed with CO,—ethanol mixture at 40°C, Psat = 14.7 MPa,
density = 0.35 g/cm? (Tsivitzelis et al., 2007); (f) Gas foaming combined
with salt leaching from PCL/NaCl (50/50) microcomposites,

Tioam = 34°C, Psat = 6.5 MPa at 70°C (Salerno et al., 2008).
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templating techniques. Microparticulate composites of PCL and micromet-
ric sodium chloride particles (NaCl), in concentrations ranging from 70/30
to 20/80 wt.% of PCL/NaCl, were melt-mixed and gas-foamed using carbon
dioxide as physical blowing agent by Salerno et al. (2008). After foaming, the
microparticles were leached out, leading to a porous morphology character-
ized by an open-pore network (Fig. 6.4f). The control of porosity (in the range
78-93%) and pore size (from around 90 to 10 um) was mainly achieved by
varying microparticulate concentration and foaming temperatures.
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Abstract: Bioactive glasses have been widely used in the field of bone
tissue engineering due to their appropriate biological and mechanical
properties. In this chapter we will review recent developments in
fabricating bioactive-glass-derived 3D foams (scaffolds), discussing also
their structural and biological properties. The most common fabrication
routes will be presented and discussed. Further key findings from in
vitro and in vivo studies on bioactive glass scaffolds will be presented
in order to support the concept of the use of bioactive glass in (bone)
tissue engineering applications. In addition to the ‘standard’ silicate-
based bioactive glass compositions, representative findings on novel glass
compositions for biomedical use, e.g. containing therapeutic metal ions,
will be highlighted.

Key words: bioactive glass, tissue engineering, scaffolds, osteogenesis,
biomedical foams.

7.1 Introduction

During the last decades bioactive glasses (BG) and glass—ceramics have
been widely used in biomedical applications, including as filler materi-
als, tissue scaffolds and bioactive coatings (Hench, 1998, 2009). Several
silicate-based compositions such as ‘45S5” (wt.%: 45 SiO,, 24.5 Na,0, 24.5
CaO, 6 P,0;) or ‘13-93’ (wt.%: 53 SiO,, 6 Na,0, 12 K,0; 5 MgO, 20 CaO,
and 4 P,O;) have been shown to exhibit bioactive behavior by provid-
ing strong bonding to bone (Hench, 1991; Rahaman et al., 2011) and also
inducing stimulatory effects on osteogenesis (Xynos et al.,2001; Jell and
Stevens, 2006; Hench, 2009) and angiogenesis (Gorustovich et al., 2010).
Since health issues related to the planet’s aging population are increas-
ing, the clinical demand for tissue and organ repair continues to grow
(Palangkaraya and Yong, 2009). Therefore, tissue engineering (TE) is one
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promising approach being developed to regenerate damaged hard and
soft tissue (Hutmacher, 2000). In TE strategies, a 3D structure, the so-
called scaffold, made from a suitable biomaterial and exhibiting inter-
connected pores with desired pore size and shape is used (Rezwan et al.,
2006; Gerhardt and Boccaccini, 2010). For bone TE these scaffolds should
provide osteogenic and also (ideally) angiogenic properties, a surface
which supports the adhesion, proliferation and differentiation of relevant
cells (e.g. stem cells, osteoblast cells), and a sufficient mechanical integrity
and adequate degradation kinetics that should correspond to the bone
formation rate (Jones and Hench, 2003). Bioactive glass-derived foams
(scaffolds) can be fabricated using several different techniques, including
sol-gel foaming and foam replica (FR) methods, which are presented in
Section 7.2 in more detail.

In addition, the incorporation of particular ions into the silicate network,
such as silver (Bellantone et al.,2002; Blaker et al.,2004; Balamurugan et al.,
2008) and boron (Munukka et al.,2008; Gorriti et al.,2009), has been inves-
tigated in order to develop antibacterial and antimicrobial materials. BGs
have been also suggested for use as carrier platforms for the delivery of
metal ions with therapeutic effect and also for growth factors, hormones and
drugs (Hoppe et al.,2011; Hum and Boccaccini, 2012; Mourifio et al.,2012).
In addition, mesoporous BG microspheres have demonstrated enhanced
hemostatic activity, as well as reduced clot detection times and increased
coagulation rates compared to nonporous microspheres (Ostomel et al.,
2006).The present chapter focuses on bioactive glass foams being developed
as scaffolds for bone TE applications, with emphasis on (i) fabrication routes
for BGs (Section 7.2.1) (ii) the production of foam-like scaffolds (Section
7.2.2) and (iii) in vitro and in vivo studies on these scaffolds (Section 7.3).
Beside standard silicate glass compositions such as ‘45S5,” recent studies on
novel glass chemistries containing metal ions added for achieving specific
cellular responses and to induce enhanced osteogenesis will be highlighted.
Finally, Section 7.4 includes a summary of key developments and indica-
tions for future research.

7.2 Processing ‘foam-like’ bioactive
glass-based scaffolds

In this section the glass fabrication and its further processing into ‘foam-
like’ scaffolds is presented. The use of traditional melting route and sol-gel
techniques for synthesis of bioactive glasses as two most common methods
are described in detail. Furthermore, various techniques for processing bio-
active glass derived foams and respective structural and mechanical proper-
ties are given.
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7.2.1 Bioactive glass production

Melt-derived bioactive glass

BGs can be made by melting raw materials or by the sol-gel technique.
In the melt-derived process conventional glass melting is used, whereby
desired amounts of oxides, carbonates or phosphates are homogenized
and melted in a platinum crucible at 1350-1500°C. The molten glass is then
either poured into graphite molds, in order to obtain solid glass blocks, or
quenched in water or oil, which results in a glass frit. Subsequent mechani-
cal grinding (e.g. in a planetary mill) can be applied to obtain glass powder,
which can be directly used as bone defect filler material, as an addition to
polymer-BG composites, or can be further processed for fabrication of 3D
scaffolds by sintering methods, as described in Section 7.2.2.

Melting is a flexible technique that allows the production of various differ-
ent glass compositions, simply by varying the number and proportion ratio
of the raw materials. Melting processes have been used in order to obtain
metal oxide containing BG including Sr-containing glass (Fredholm et al.,
2010), boron-derived glasses (Brown et al., 2009), Co-BG (Azevedo et al.,
2010) and F-containing glasses (Lusvardi et al.,2009; Brauer et al.,2010).

These novel compositions are being investigated for use in the biomedical
field for bone TE applications, since several metallic ions, such as Cu and Sr,
are known to stimulate bone formation and tissue vascularization (Hoppe
et al., 2011). Relevant studies on the in vitro and in vivo behavior of these
glasses are summarized in Section 7.3.2.

The melt-derived route for processing BGs shows also some disadvan-
tages. For example, it might be difficult to achieve high purity glasses due
to the high melting temperatures involved (impurities from crucible mate-
rial) and the subsequent use of grinding steps, which could lead to contam-
ination with debris particles of the grinding media. Moreover, the standard
45S5 Bioglass® tends to crystallize during the sintering process forming a
predominantly crystalline phase (combeite) (Boccaccini et al., 2007), which
may reduce the hydroxyapatite (HAp) conversion rate (Chen et al., 2006;
Breed and Hall, 2012) and thus affect the bioactivity of the material. Other
modified bioactive glass compositions, such as ‘13-93,” have been developed
that show enhanced viscous flow and can be densified without crystalliza-
tion (Fu et al., 2008).

Sol-gel-derived glass

Low-temperature techniques, such as the sol-gel route, offer another oppor-
tunity to produce BGs. Hereby the synthesis of an inorganic network is pro-
cessed by mixing organic precursor (e.g. metal alkoxides) in solution, which
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is followed by hydrolysis, gelation and low-temperature firing. Silicate glass
alkoxide precursors, such as tetraethylorthosilicate (TEOS), undergo hydro-
lysis forming a colloidal solution (sol). After a polycondensation of silanol
(Si-OH) groups, a silicate (-Si—-O-Si-) network is formed. While the gel is
forming, the viscosity of the system increases as the network connectivity
raises. Afterwards the gel is dried and stabilized during a thermal process at
around 600-800°C (Pereira et al.,2005; Jones, 2007). Sol-gel-derived glasses
exhibit mesoporous characteristics and have larger surface area than melt-
derived glasses, showing pores from 300 to 800 nm with total porosities of
over 60% (Zhang et al., 2005). By choosing suitable precursor materials,
novel bioactive glass compositions containing metal oxides can be produced.
For instance, Zn containing sol-gel-derived glass (Du and Chang, 2004;
Balamurugan et al.,2007), Sr (Hesaraki et al.,2010) and Mg-containing (Du
and Chang, 2004) glasses for biomedical applications have been developed.

7.2.2 Scaffold fabrication

Various fabrication techniques have been described to produce 3D porous
bioactive glass and ceramic foams (Deisinger, 2010) including FR (Chen
et al., 2006), diverse rapid prototyping methods (Comesaia et al., 2011),
freeze casting (Mallik, 2008) or freeze extrusion (Doiphode et al., 2011;
Huang et al., 2011). Table 7.1 provides an overview of selected techniques
currently used for fabrication of bioactive glass foams and corresponding
structural and mechanical properties. A more comprehensive overview
over fabrication methods of bioactive glass scaffolds and bioglass—polymer
composite foams can be found elsewhere (Gerhardt and Boccaccini, 2010).
Clearly, all these methods lead to different morphologies and structures of
bioactive glass scaffolds, as given in Fig. 7.1.

The polymer FR method was introduced in 2006 (Chen et al., 2006) to
fabricate 3D ‘45S5’-based scaffolds for bone TE and it has been widely used
since then (Ramay and Zhang, 2003; Chen et al.,2006; Fu et al.,2008). Briefly,
polyurethane (PU) foam, used as sacrificial template, is infiltrated with a glass
powder containing slurry that adheres to the PU foam surface. Afterwards,
the excess slurry is removed and the coated PU foam is dried and then den-
sified in a sintering step. The PU template determines the macro-structure
of the final glass or glass—ceramic foam-like scaffold. Typically, glass foams
made by the FR method show total porosities of > 85 vol.% and pore sizes
in the range 100-400 um. The chemical composition and extent of crystal-
linity depends on the starting glass powder composition used. While 45S5
Bioglass®-derived scaffolds crystallize during sintering and form silicate and
phosphorous rich phases (Chen et al., 2006; Boccaccini et al., 2007), more
recently developed glasses such as ‘13-93’ which contain larger amounts of
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7.1 Different structures and morphologies for bioactive-glass-derived
scaffolds made by a variety of methods: (a) thermal bonding (sintering)
of particles (microspheres); (b) thermal bonding of short fibers; (c)
‘trabecular’ microstructure prepared by a polymer foam replication
technique; (d) oriented microstructure prepared by unidirectional
freezing of suspensions (plane perpendicular to the orientation
direction); (e) X-ray microCT image of the oriented scaffold shown

in (d); (f) grid-like microstructure prepared by robocasting. Glass
composition: (a) 16Ca0-21Li,0-63B,0;; (b—e) 13-93; (f) 6P53B. (Source:
Reprinted from Rahaman et al., 2011.)

alkali oxides, remain amorphous without any crystallization during the den-
sification heat treatment (Fu et al.,2007,2008). The structure and chemistry
of the scaffold also determine the scaffold’s in vitro bioactivity, mechanical
properties and also has an effect on protein adsorption on scaffold surfaces.
For example, dense highly crystalline 45S5 Bioglass®-derived scaffolds have
compressive strength in the range of 0.25-0.4 MPa (see Table 7.1), lying even
below the lowest compressive strength values reported for spongy bone. On
the other hand, for amorphous 13-93 bioactive-glass-derived scaffolds, com-
pressive strength values up to 11 MPa have been reported (Fu et al., 2008).
The different values for the strength of these scaffolds might be related to
the processing conditions and the resulting structure of the scaffolds. 13-93
bioactive glass can be densified in a viscous flow process; this should lead
to crack-free struts where sintering is not impaired by the crystallization
process, which occurs in 45S5 type bioactive glass. Fu et al. (2008) reported
pore size values of 100-500 pm and a compressive strength of 11 + 1 MPa
for 13-93-derived glass scaffolds made by FR technique. The influence of
chemical composition, fabrication method and scaffold structure on the
mechanical properties of bioactive-glass-derived foams has been discussed
in the literature (Fu et al.,2011a).



Table 7.1 Overview of selected available techniques for fabrication of bioactive-glass-derived foams and corresponding properties

Fabrication Glass composition Porosity  Pore size (um) Strength (MPa)? Reference
technique (%)
FR 'Fa-GC’ 75 ~100 2 Vitale-Brovarone
(mol- %) 50 SiO,, 18 Ca0, 9 CaF,, et al., 2008
7 Na,0, 7 K,0, 6 P,0;, 3 MgO
‘13-93' 85+2 ~100-500 1M1 x1 Fu et al., 2008
(wt.%): 53 SiO,, 6 Na,0, 12 K,0,
5 MgO, 20 Ca0, 4 P,0O4
‘4585’ ~90 510-720 0.3-0.4 Chen et al., 2006
(wt.%): 45 SiO,, 24.5
Na,0, 24.5 CaO, 6 P,04
Gel casting ‘ICIE’16 ~80 ~380 1.9 Wu et al., 2011¢c
(mol-%): 49.46 SiO,, 36.27 CaO,
6.6 Na,0O, 1.07 P,0;, 6.6 K,0)
Freeze extrusion  “13-93’ ~50 Pore width: 300 ~140 Doiphode et al.,
pm and struts 2011; Huang
diameter 300 um etal., 201
‘45585’ ~53 - Song et al., 2006
‘13-93' 55-60%  90-110 (pore width, 25 + 3 MPa Fu et al., 2010
columnar) (columnar)
20-30 (pore width, 10+2
lamellar) (lamellar)
Direct ink ‘6P53B’ 60 500 um (pores size), 136 + 22 Fu et al., 2011b
(wt.%): 52.7 SiO,, 10.3 Na,0, 2.8 K,0, 100 um (rod
10.2 MgO0, 18.0 CaO0, 6 P,04 diameter)
Lithography ‘45S5’ - - 0.33 Tesavibul et al.,

2012

aCompressive strength.
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Related to in vitro bioactivity in simulated body fluid (SBF), early stud-
ies involving dense specimens indicated that crystallinity reduces the
bioactivity of bioactive glass (Filho et al., 1996). However, later studies
focusing on highly porous scaffolds have shown that the bioactive char-
acter remains for crystalline materials, and the formation of HAp is just
delayed (Chen et al.,2006). Beside the now well-established FR method to
make bioactive glass scaffolds, other techniques have been considered to
fabricate 3D porous glass and glass—ceramic scaffolds. Organic molecules,
starch from rice, potato, or corn grains for instance, can be used to intro-
duce porosity by swelling these molecules in water (Vitale-Brovarone
et al., 2005). After the sintering process and burn out of the organic fill-
ers, a highly interconnected pore system remains, which contains pores of
size 84 um and a pore content of 40 vol. %, as reported for bioactive glass
(Vitale-Brovarone ef al., 2005).

Although not of a foam-like structure, for completeness fiber-derived
scaffolds are also mentioned here, which are based on the assembly of bio-
active glass fibers to produce porous structures. Melt-derived glass fibers
are packed and bonded together in a ceramic mold using a continuous bead
of silicone adhesive (Brown et al., 2008), or sintered together (Moimas
et al.,2006). Typically, fiber-based scaffolds show porosities of 40-60 vol.%
and compression strength values of 12-18 MPa, notably higher than values
achieved by the FR method, albeit at lower porosities.

Other techniques for fabricating glass foams include freeze casting
(Mallik, 2008) and freeze extrusion (Doiphode et al., 2011; Huang et al.,
2011). Camphene, ice or water, and glycerol can be used as freezing vehicles
(Song et al.,2006; Liu et al., 2011). After mixing the glass powder with the
relevant vehicles, the slurries are cast and frozen at temperatures between
—20°C and -70°C, followed by a sintering process.

Freeze-casted 13-93 scaffolds with oriented (lamellar and columnar)
pores and equivalent porosity of 55-60% were shown to have a compres-
sive strength of 25 + 3 MPa, compressive modulus of 1.2 GPa and pore width
of 90-110 pym for columnar scaffolds, compared to values of 10 + 2 MPa,
0.4 GPa and 20-30 um, respectively, obtained for the lamellar scaffolds (Fu
etal.,2010).

Rapid prototyping techniques have also been described for fabricating
porous bioactive glass-based scaffolds. Direct ink writing, for instance, was
used to develop bioactive glass (6P53B composition) scaffolds exhibiting
a compressive strength of 136 + 22 MPa, which is comparable to the value
for cortical bone (100-150 MPa) with porosity of 60% (Fu et al.,2011b). In
a recent study, a method using lithography-based additive manufacturing
technologies (AMT) was applied to create 45S5 bioactive glass scaffolds
(Tesavibul et al., 2012), resulting in scaffolds showing biaxial strength and
compressive strength of ~40 MPa and 0.33 MPa, respectively.
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7.2 Microstructure of sol-gel-derived bioactive glass (70S30) scaffold
shown by means of SEM (a) and X-ray micro-computed tomography
(XMT) image (b). (Source: Reprinted from Jones et al., 2006a.)

Using sol-gel-derived bioactive glass particles, direct foaming methods can
be applied in order to fabricate porous scaffolds (Jones et al., 2006b, 2010).
Jones et al. (2006a) described sol-gel-derived BG foams where the scaffolds
are obtained by direct foaming of the sol with Teepol as foaming agent. After
a drying process, the gelled foams are aged at 60°C, dried at 130°C and sta-
bilized at 600°C. In a further heat treatment process the foams are densified
at 800°C. Figure 7.2 shows a typical structure of a sol-gel-derived bioactive
glass scaffold. By varying the amount of foaming agent the pore size distribu-
tion and overall porosity can be tuned (Jones et al.,2006a). The mechanical
strength of sol-gel-derived bioactive glass scaffolds is usually in the range of
0.3-2.3 MPa (in compression), limiting their applications to non-load-bearing
TE approaches. Another related technique involving sol-gel-derived glasses
has been developed using sugar cane as a template (Qian et al., 2009).

7.3 Invitro and in vivo studies of bioactive
glass-based biomedical foams

Beside bioactive behavior, the ability to form a strong bonding to bone,
bioactive glasses have been shown to upregulate several osteogenesis (and
angiogenesis) related genes in relevant cell types resulting in enhanced tis-
sue regeneration. Moreover, recent advances have been made in order to
enhance the biocompatibility of bioactive glasses by introducing therapeu-
tic metallic ions into the glass matrix which induce additional stimulating
effects when released in physiological environment. In this section relevant
studies on in vitro and in vivo behavior of traditional bioactive silicate glass
compositions as well as novel metal ions containing bioactive glasses are
summarized.
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7.3.1 Basic silicate compositions

Since Hench et al. (1972) discovered the first bioactive silicate material
(45S5 Bioglass®), with its ability to form a strong bond to bone, there has
been extensive research work on bioactive silicate glasses for biomedical
applications including bone TE (Hench et al., 2004; Boccaccini et al., 2005;
Gorustovich,2010; Hench and Thompson, 2010; Hoppe et al.,2011). The rel-
evant research has been extended from considerations of classical inorganic
interactions between the materials interface and the physiological environ-
ment to the understanding of molecular interactions of ionic dissolution
products of silicate glasses and human cells. It has been shown, for exam-
ple, that ionic dissolution products released from silicate-based BGs can
stimulate bone formation by expressing osteogenic genes in human stem
cells (Xynos et al., 2001). The evidence presented in the literature shows
that ionic dissolution products released from BGs can stimulate specific
genes of cells toward a path of bone regeneration and self-repair, result-
ing in stimulated and enhanced new bone formation. Key findings on gene
stimulating potential of BGs were summarized elsewhere (Jell and Stevens,
2006; Hench, 2009; Hoppe et al., 2011) describing the role of BGs as a so-
called ‘third generation biomaterial’ (Hench and Polak,2002). It is now well
accepted that bioactive silicate glasses are able to stimulate osteogenesis,
thus exhibiting unique properties relevant to bone TE applications.

In vitro studies on 45S5 glass-derived scaffolds have confirmed the poten-
tial of such 3D glass foams to support the attachment and growth of human
osteoblast cells (HOB) (Chen et al., 2008). Chen et al. (2008), for example,
showed the attachment, infiltration and high level of proliferation of human
osteosarcoma MG-63 cells when cultured for 6 days on a 45S5 Bioglass®-
derived crystallized scaffold. Figure 7.3 shows the attachment and growth
of MG-63 cells on a 4585 derived scaffold according to experiments at our
laboratory at the University of Erlangen-Nuremberg. Another study showed
enhanced extra-cellular matrix (ECM) formation and development of min-
eralized nodules for osteoblast cells cultured in Bioglass® conditions medium
(Tsigkou et al., 2009). Fu et al. (2008) showed that FR derived 13-93 bioac-
tive glass scaffolds support the attachment and subsequent proliferation of
MC3T3-E1 preosteoblastic cells when cultured on the scaffold for 28 days.

In vitro studies on sol-gel-derived glass-based scaffolds have shown simi-
lar results. For example, osteoblast culture on sol-gel-derived foam (Gough
et al., 2004) revealed good attachment and proliferation of HOBs on the
foams, as demonstrated by scanning electron microscopy (Fig.74). Moreover,
nodule formation and mineralization were observed in the pores. Jones et al.
(2007) also observed the formation of mineralized bone nodules on 70S30
bioactive glass within 2 weeks of in vitro culture of primary HOBs without
the presence of supplementary growth factors in the medium.
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7.3 Osteosarcoma cells (MG-63) cultivated on a 45S5 Bioglass® -
derived scaffold for 3 weeks at different magnifications. (Source:
Micrograph courtesy of Dr Rainer Detsch, Institute of Biomaterials,
University of Erlangen-Nuremberg.)

5kV X400 50 um

7.4 SEM micrographs of HOBs on a 70S30C derived scaffold after 2
weeks of cultured (a) cell distribution and (b) spreading over a pore
interconnect. (Source: Reprinted from Jones et al., 2007.)

Since it has become clear that successful application of an engineered
tissue construct relies on highly vascularized structures, the angiogenic
potential of biomaterials has moved into focus of researchers in the field of
biomaterials for bone TE.

The angiogenic potential of BGs has been investigated in several in vitro
studies (Day, 2005; Day and Boccaccini, 2005; Keshaw et al., 2005; Leu
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and Leach, 2008; Keshaw et al., 2009; Leu et al., 2009; Moosvi and Day,
2009; Gerhardt et al., 2011). It has been shown, for example, that bioac-
tive glass (type 45S5 Bioglass®) stimulates the proliferation of endothelial
cells (Leu and Leach, 2008; Gerhardt et al., 2011) and the formation of
endothelial tubules (Leu and Leach, 2008). Further studies showed that
Bioglass® stimulates the secretion of both vascular endothelial growth fac-
tor (VEGF) and basic fibroblast growth factor (bFGF), which are impor-
tant angiogenic growth factors, from human fibroblasts cells (CCD-18Co),
when the cells were cultivated in cell culture medium containing Bioglass®
particles (Day, 2005). In addition, in vivo results confirmed that BG is able
to stimulate and promote neovascularization (Mahmood et al., 2001; Day
et al.,2004; Nandi et al., 2009; Vargas et al., 2009; Gorustovich et al.,2010).
Day et al. (2004) for instance have shown the angiogenic effect of 45S5
Bioglass® indicated through neovascularization into BG-coated polymer
meshes when implanted subcutaneously in rats.

Another study by Deb et al. (2010) investigated co-culturing of osteoblast
and endothelial cells on Bioglass®-derived foams, which showed increased
proliferation of both HOBs and human umbilical vein endothelial cells
(HUVEC) compared to HAp scaffolds. Relevant studies on the angiogenic
effects of BGs have been comprehensively reviewed elsewhere (Gorustovich
et al.,2010) that have indicated the angiogenic potential of BGs. However,
the specific role of BGs on angiogenic cellular and intermolecular mecha-
nisms is still not fully understood. The influence of the shape, morphology
and size of bioactive glass particles (which are for instance used as fillers in
polymer-BG composites) should be taken into account and need further
investigation. Moreover, the geometry and pore structure of the bioactive
glass scaffold (pore size, pore orientation, interconnectivity, etc.) may affect
the angiogenic properties of the construct.

For example, it has been described by Gerhard and Boccaccini (2010)
that the angiogenic effect of bioactive glass seems to be more pronounced in
bioactive glass-based scaffolds i.e. BG-loaded collagen sponges (Leu ef al.,
2009), disks (Andrade et al., 2006), meshes (Day et al., 2004), tubes (Ross
et al.,2003) and porous glass—ceramic scaffolds (Mahmood et al.,2001; Nandi
et al.,2009; Gorustovich et al.,2010) than in composite structures incorporat-
ing and fully embedding bioactive glass particles in polymer matrices such
as microsphere composites (Keshaw et al.,2009) or foams (Day et al., 2005;
Choi et al.,2006). Thus, the relationship between the structure, porosity, sur-
face chemistry and ion release kinetics of bioactive glass scaffolds and pos-
sible angiogenic response of relevant human cells has to be investigated in
more detail in order to gain further understanding of the mechanisms behind
the angiogenic properties of BGs. This knowledge is important to be able
to fabricate bioactive glass scaffolds with the tailored properties needed for
their successful application in bone (Gerhardt and Boccaccini, 2010).
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Recently, advances have been made in order to enhance the bioactivity
of glasses and glass—ceramics by incorporating selected metal ions into sili-
cate (or phosphate) glass matrices which are supposed to result in enhanced
bone formation and angiogenesis using the therapeutic effects of metal
trace elements or bioinorganics (Habibovic and Barralet,2011; Hoppe et al.,
2011).These effects were shown for various doped glasses and glass—ceramic
materials including B-, Sr- and Cu-containing glasses (Hoppe et al., 2011).
Selected studies are presented in the following section.

7.3.2 Silicate glass containing metal ions

Metallic ions are essential in human metabolism, and are also known to
play a critical role in osteogenesis and angiogenesis (Beattie and Avenell,
1992; Habibovic and Barralet,2011). They have long been considered highly
promising for the field of biomedicine (Thompson, 2003). During the last
decades, specific metallic ions such as copper, zinc, strontium, cobalt, silicon,
and boron have emerged as potential therapeutic agents to be used in order
to enhance bone formation due to their stimulating effects on osteogen-
esis as well as on angiogenesis (Habibovic and Barralet, 2011). Significant
amounts of copper, for instance, are found in human endothelial cells when
angiogenesis is taking place (Finney et al.,2009). Furthermore, there is evi-
dence that Cu stimulates the proliferation of human endothelial cells (Hu,
1998) and induces differentiation of mesenchymal stem cells toward the
osteogenic cell line (Rodriguez et al., 2002). Sr ions are also being consid-
ered as promising agents to be used in bone TE, since Sr is known for its
bone stimulating ability (Marie ef al., 2001; Marie, 2006), being also in use
as therapeutic drug (Protelos) for osteoporosis treatment. Sr and Cu are just
two examples from a wide range of metallic ions considered for use in bio-
active glass matrices, as discussed in detail in the literature (Habibovic and
Barralet,2011; Hoppe et al.,2011; Mourifio et al.,2012). Metallic ions exhibit
various advantages over organic molecules such as hormones or growth fac-
tors which are usually applied in TE and therapeutic approaches, since they
can be processed at lower cost while maintaining high stability (Mourifio
et al., 2012). Thereby, loading inorganic matrices with metallic ions offers
a great opportunity to develop robust carrier systems with the ability to
release specific metal ions in desired rates.

Both melt-derived and sol-gel-derived glasses can be considered as car-
riers of metallic ions with therapeutic function. For example, boron oxide
(B,0;) was incorporated into a sol-gel-derived mesoporous silicate glass-
based scaffold with the capability of controllable release of boron (Wu et al.,
2011b). In vitro studies on these scaffolds revealed significantly enhanced
proliferation and expression of osteogenesis-related genes (Col I and
Runx?2) in osteoblast cells (Wu et al.,2011b).
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Another type of boron-containing glass scaffold made of sintered (irreg-
ular-shaped) glass particles and spherical particles (porosity of 25-40%)
was investigated with mesenchymal stem cells (MSCs) revealing good
adhesion and osteogenic differentiation of MSC-derived osteoblast cells
(Liang et al., 2008). Of relevance for applications in bone TE, boron-con-
taining silicate glasses have been shown to convert rapidly to biomimetic
HADp, leading to enhanced formation of new bone tissue in vivo (Rahaman
etal.,2011).

Recent investigations have shown that silicate glasses containing Sr
enhance osteoblast differentiation, indicated through upregulation of sev-
eral osteogenic genes (Gentleman et al.,2010). In these BGs the Sr concen-
tration released can be tailored by adjusting the composition of the glass
(Gentleman et al., 2010; Isaac et al., 2011). Zn releasing BG scaffolds have
been described in another study (Haimi et al., 2009). It was observed that
Zn addition had no significant effect on DNA content of human adipose
derived stem cells (hASCs), but Zn ions inhibited the adhesion and pro-
liferation of cells. The authors suggest that no stimulating effect of Zn ions
has been measured, because the addition of Zn slowed down the overall
degradation behavior and inhibited the HAp formation of the glass scaffold
(Haimi et al., 2009).

Since a highly vascularized structure is essential for successful clinical
application of engineered bone constructs, the use of angiogenic agents is
being proposed in order to directly stimulate angiogenesis and vasculariza-
tion. Besides angiogenic growth factors such as VEGF or IGF (insulin-like
growth factor), copper ions have been known for decades to be able to stim-
ulate angiogenesis and to promote formation (and maturation) of blood
vessels (Xie and Kang,2009). Indeed, there is evidence that addition of cop-
per to a boron-containing glass (0.5 wt.% ) resulted in increased blood vessel
formation, as shown in an animal model (Rahaman et al.,2011).

Also Ag-containing BGs have been developed in order to obtain bio-
active scaffolds with antibacterial potential (Vitale-Brovarone et al., 2008;
Delben et al., 2009). Ag-doped bioactive glass scaffolds fabricated by the
ion-exchange method, for instance, have been shown to exhibit antibacterial
properties by inhibiting the growth of Staphylococcus aureus.

Beside bone TE, BGs have also been investigated in nerve regeneration
approaches for use as nerve guidance conducts (NGCs) (Zhang et al.,2011a,
b). For this application, BGs containing ZnO, and CeO,, for instance, were
proposed to be used as a component in bioactive glass/polymer composites
for NGCs.These constructs have release capabilities of Ca?* and Zn?* (which
are both known to be involved in peripheral nerve regeneration (Gomez
and Spitzer, 1999; Frederickson et al., 2005)) and also provide appropriate
mechanical performance when used as filler in a polymer matrix (Zhang
etal.,2011b).
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More recently, BGs have been considered as materials for cancer treat-
ment (Cacaina et al.,2008; Shah et al.,2010,2011; Jiang et al.,2011; Li et al.,
2011; Wu et al.,2011a) where approaches have been put forward involving
ferromagnetic (bioactive) glasses in hyperthermia treatment (Shah et al.,
2010; Jiang et al., 2011; Li et al., 2011; Wu et al., 2011a). In a recent study,
magnetic Fe-containing sol-gel-derived mesoporous glass scaffolds were
proposed to be used for treatment of malignant bone disease using hyper-
thermia by inducing heat in the area of diseased bone leading to the killing
of tumor cells (Wu et al.,2011a). Because of their osteoconductive proper-
ties, these scaffolds are also suggested to be used as templates for bone tis-
sue regeneration at the same time, thus combining treatment of malignant
bone and tissue regeneration in one procedure (Wu et al.,2011a).

Always considering risks related to possible toxic levels of metallic ions
being released in vivo, the development of new metallic ion releasing bio-
active glass scaffolds for applications in the field of TE is highly promis-
ing. In particular, the combined incorporation of osteogenic and angiogenic
agents with additional antibacterial and wound healing potential will lead
to the development of a new broad field of multifunctional biomaterials for
regenerating large bone defects. However, more in vitro and in vivo data are
needed to confirm the therapeutic action of metallic ions released from BGs
and glass-derived foams. Furthermore, the exact mechanisms of the inter-
actions between ionic dissolution products released from BGs and human
cells and the role these ions play in related signaling pathways are still not
fully understood.

7.4 Conclusions and future trends

Bioactive glass foams can be produced using different techniques that
enable tailoring their micro structure, porosity, bioactivity and mechanical
performance.

Classical techniques, such as the FR method, sol-gel direct foaming and
new rapid prototyping techniques are being widely used to fabricate bioac-
tive glass scaffolds with largely diverse properties and structure, e.g. exhibit-
ing a wide range of porosity levels and mechanical properties.

In vitro and in vivo studies give evidence that bioactive glass-derived
scaffolds support the adhesion and proliferation of human cells and can
also provide stimulating effects related to osteogenesis and in some cases
angiogenesis, which makes them highly promising materials for (bone) TE
applications. Recent advances in developing novel bioactive glass composi-
tions, including therapeutic metal ions that can act as matrices for delivery
of inorganic therapeutics, were discussed. This new group of materials wid-
ens the application potential of bioactive glass foams for bone TE, enabling



Bioactive glass foams for tissue engineering applications 205

the development of multifunctional bioactive scaffolds with improved bio-
logical response.

One of the challenges in developing such biomaterial platforms with ion
delivery capability is to ensure local release of critical concentrations of the
relevant metal ions and to avoid toxic levels being released into the physio-
logical environment. Thus, in order to uncover the full therapeutic potential
of metal ions, the remaining challenges are related to developing a family
of bioactive glass foams with controlled microstructure (e.g. porosity, pore
shape, pore interconnectivity) and well-defined and predictable ion release
kinetics. Future research will have to consider systematic approaches and
combination of in vitro and in vivo studies, including the use of bioreactors
to assess the biological improvement of bioactive glass scaffolds incorpo-
rating metallic ions in comparison to ‘standard’ glass compositions such as
‘4585’ and ‘13-93”
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