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PREFACE

ynthetic polymers fulfill many functions in biotechnology and medicine. In

cell culture technology and tissue engineering they provide the surfaces to

which cells may attach. Cross-linked polymer networks are used for drug
delivery and cell encapsulation. Polymer-based porous membranes can be used to
shield implanted cells from the immune system of the host, while allowing for the
exchange of nutrients and metabolic waste products thus keeping the cells alive
and functioning. In genetic engineering, polymers often play a very important
role during the transfer of the foreign genetic material into the recipient cell. In
this context polymers present interesting and perhaps safer alternatives to gene
delivery by viruses. Last but not least, synthetic polymers have been used to mimic
the function of certain biological molecules. Examples are the “artificial antibod-
ies” and “artificial enzymes” produced by a techniques called molecular
imprinting. Synthetic displacers in protein displacement chromatography, on the
other hand, have to mimic the interaction of the protein with the chromatographic
surface to successfully compete for the binding sites and thereby enforce the chro-
matographic separation.

The idea for this book was first conceived during discussion amongst some
of the people at the Swiss Federal Institute of Technology in Lausanne, which use
synthetic polymers for some of the above-mentioned purposes. We found that the
quality and the properties of these materials were in many cases decisive for the
research that could be done with them. For that reason, we thought it might be
interesting to outline the needs, the potential and also the state-of-art of some of
these domains. While it was sometimes difficult to maintain the enthusiasm, my
co-authors and I finally put together this book, which summarizes our knowledge
and experience in the use of synthetic polymers in the life sciences. The book
starts with two chapters on the delivery of biologicals using synthetic polymers.
The chapter on cell encapsulation treats this important subject by taking the
bioartificial pancreas as an example. The chapter on gene delivery focuses on the
many barriers which nature developed to prevent the genetic modification of cells.
Viruses are natural and extremely efficient means of overcome these barriers.
Unfortunately, they have in the past given raise to some ethical questions regarding
the safety of their use. Artificial polymers will hopefully one day replace these viral
systems for the genetic modifications of cells.

The second section of the book deals with the use of synthetic polymers for
the purpose of isolating biologicals (bioseparation). The chapter on affinity pre-
cipitation describes the use of stimulus-responsive polymers for this purpose. Upon
the change of a certain external parameter like the temperature or the pH, such
polymers change their behavior, e.g., their solubility in water, in a very abrupt
manner. If the polymer is linked to an affinity mediator, any target molecule can
be captured and co-precipitated. The issue of stimulus-responsive (sometimes also



called “smart”) polymers is taken up again in chapter 6. In this chapter a common
problem in tissue engineering is addressed. If cells are to be grown on a surface,
this surface should have a hydrophilic quality. However, what is good for growth
may later become a severe handicap, when the goal is to remove the cells for their
final application. Many cells do not react well to the agents commonly used for
that purpose. The hydrophobicity of a surface covered with stimulus-responsive
polymers, on the other hand, may be changed almost at will by stimulation with a
suitable agent. Cells have been known to detach on their own, once a formerly
hydrophilic surface had become hydrophobic due to a slight increase in tempera-
ture. Other applications of such stimulus-responsive surfaces may be found in
bioseparation and drug delivery. The final chapter of the book deals with molecu-
lar imprinting as a means to give to polymeric surfaces the ability to distinguish
between closely related molecules, which normally is only found in biological
compounds such as enzymes.

Certain interesting applications for synthetic polymers in the life sciences
are unfortunately not treated in this short book. The use of hybrid molecules
(bioconjugates) for drug delivery and other purposes is one example, and the use
of polymers in bioseparation by aqueous two-phase systems is another. However,
the authors nevertheless hope to have given some indication of the importance of
polymeric materials for the life sciences and look forward to future results of the
continuous research in this area. As an editor, I would like to thank all contribu-
tors to this book for their work and their patience with my sometimes sporadic
editing efforts. Last but not least, I would like to thank Ms. Francoise Wyssbrod,
who has read and reread (and sometimes retyped) the chapters making sure that
they adhered in every detail to the House Style Manual provided by the publisher.
Without her help, this book would not have been possible.

Ruth Freitag
Lausanne



CHAPTER 1

Cell Encapsulation:

Generalities, Methods, Applications and Bioartificial
Pancreas Case Study

Gabriela Grigorescu and David Hunkeler

Introduction
ne of the most powerful group of chemicals in the body are organic compounds
O collectively referred to as hormones. The glands responsible for the production and
release of hormones comprise the endocrine system. Endocrine activities have been
identified in certain organs, such as the heart, kidneys, duodenum, liver and the islets of Langerhans in
the pancreas (which contains the insulin gland), which are normally associated with other
system functions.

There have been numerous attempts to replace organ function using cell transplantation
including direct injections of dissociated cells into organs such as the liver, kidney or spleen.'”
Subcutaneous and intraperitoneal routes have also been evaluated.'* More recent investiga-
tions have applied extracellular matrix polymers as structural supports for cell transplantation
and immunoprotection.'"'? Potential medical applications of such “artificial cells” or “tissue
engineered” organoids include an extracorporeal bioartificial liver for detoxification,” artificial
red blood substitutes,'> the extracorporeal artificial kidney for hemodiztlysis,14 immunosorbents'’
and drug delivery systems.'® The transplantation of immunoisolated (microencapsulated) cells
represents another emerging area in biotechnology research and commercialization. Under
such a scenario, the encapsulated cells, which could be a xenograft, would be hidden from the
immune system of the body, but would still be able to respond to extracellular stimuli
(e.g., blood glucose), with the required hormone, in the case of diabetes therapy insulin,
secreted into the systemic circulation. Other applications of the microencapsulation concept
include the encapsulation of genetically modified cells, which represents a novel approach to
somatic gene therapy.'”

This chapter will review recent advances in cell encapsulation from material science, tech-
nological and tissue-related perspectives. Cell coating, microencapsulation devices and
bioartificial organs will be discussed with the artificial pancreas and treatment of diabetes used
as a case study denominator throughout the review.

Biomaterials
Materials, including synthetic and natural polymers, metals, ceramics and composites
have become increasingly important in medicine and pharmaceutics.'®?! Of these groups,

Synthetic Polymers for Biotechnology and Medicine, edited by Ruth Freitag.
©2003 Eurekah.com.



2 Synthetic Polymers for Biotechnology and Medicine

polymers represent the largest class. An extensive classification of the main types of macromol-
ecules according to their origin, properties and fields of application were recently reviewed.**

There are three fundamental properties a biomaterial should possess: functionality, me-
chanical strength, and biocompatibility.”> The functional characteristic is the specific property
required to perform the given task. Mechanical resistance is required to retain an adequate level
of device performance, viability and durability in vivo. Finally a “biomaterial” is generally
defined as inert material used in a medical device, intended to interact with biological sys-
tems which may be used singularly to replace or augment a specific tissue, or in combination
to perform a more complex function, e.g., in organ replacement.?* Biocompatibility is taken to
represent the ability of a material to perform with an appropiate host response in a specific
application.?” Biocompatibility can be considered in terms of blood compatibility
(hemocompatibility) and tissue compatibility (histocompatibility). Blood compatibility is of-
ten defined in terms of events which should not occur, including thrombosis, destruction of
formed elements, and complement activation. Histocompatibility encompasses the lack of tox-
icity and excessive tissue growth around an implant. The biocompatibility of biomedical de-
vices is influenced by the chemical composition of the materials applied, their surface-tissue
interactions and by mechanical factors related to the production process.

Most authors®®?” have described the lack of pericapsular fibrosis (fibroblast overgrowth of
the capsule or device) as “biocompatibility”. However, local irritation of the environment dur-
ing the surgical procedure, from the device itself, or an antigen released from the device can
induce inflammatory infiltrates which may stimulate the release of substances*® which are known
to be toxic to the tissue to be transplanted. Hence, histological examination of intraperito-
neally implanted devices such as microcapsule-based bioartificial organs requires not only re-
moval of the capsules by lavage but also a careful investigation of the peritoneal tissue.

The transplantation of cells for the treatment of variety of human diseases (see Fig. 1.1),
such as neurodegenerative disorders or hormone deficiences, has been limited since cells are
rapidly destroyed by the recipient’s immune system. This is particularly acute for autoimmune
diseases such as insulin-dependent diabetes mellitus. Recipient immunosuppression, islet graft
pretreatment, and islet transplantation into immunoprivileged sites have not yet provided clinical,
or even large animal solutions (islets comprise the endocrine part of the pancreas and contain
various cells which produce hormones such as insulin and glucagon in response to chemical
stimuli).'” However, over the past two decades synthetic, semi-synthetic, natural and biological
water soluble polymers have been evaluated as potential basic compounds in order to create
biomaterials for cell and islet immunoisolation with a variety of materials tolerated intraperito-
neally and nontoxic to islets.*®

Advances in Device and Cellular Engineering

A number of new technologies have been developed and refined during the past several
decades which set the stage for a significant advance in transplantation as a major means for
treating human disease. These technologies include the identification and isolation of specific
cells and cell products which play a major role in disease (hormones, growth factors, immune
products, cellular toxins),* cell engineering enabling the production of living cells which pro-
duce these specific bioactive compounds, and advances in bioreactor design for in vitro main-
tenance and propagation of these cells.’’ A particular case of encapsulation involves
immunoisolation of mammalian cells. Examples include the bioartificial pancreas,' enzyme
systems>> and enzyme replacement therapy,® encapsulated hepatocytes for the treatment of
severe liver failure,? the bioartificial kidney,'* high-density cell growth for immunotherapy,’
controlled delivery of medicinal substances and other bioactive agents,3 4

toxicological stud-
ies,? entrapment of carcinogens,56 and hormonal evaluations.?’
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Figure 1.1. Disorders potentially treatable with encapsulated cell transplantation.
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The confluence of the aforementioned technologies now enables the development of trans-

plantation beyond whole organs to include specific cells and tissues, which carry out vital
differentiated functions. Furthermore, microencapsulation methods have the potential for the
treatment of diseases requiring enzyme or endocrine replacement as well as in nutrient delivery
of enzymes and bacteria. Encapsulation is also employed in various industries including food,***
and biotechnology.*? New “intelligent” polymers that respond to small physical

40,41
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4

or chemical stimuli, such as changes in pH or temperature, glucose® or the presence of a

specific chemical substrate, have also been synthetised.“’45

Immunoisolation

A variety of systems can be employed for cell or enzyme immobilization. These include,
for example, microcarriers, *° gel entrapment,”” hollow fibers,*® encapsulation® and conformal
coatings.”” The latter three have been extensively tested in small animal models over the last 20
years, particularly in the area of diabetes therapy. The polymeric materials used in bioartificial
endocrine devices (the terms bioartificial and endocrine device are often distinguished from
‘artificial organs’ due to the presence of tissue in the former two) serve two major purposes:

1. as a scaffold and an extracellular matrix they favor the attachment and differentiation of

functional cells or cell clusters and keep them separate from one another;
2. as permselective envelopes which provide immunoisolation of the transplant from
the host.

The central concept of immunoisolation is the placement of a semipermeable barrier between
the host and the transplanted tissue. The properties required for the semipermeable mem-
branes used in cell transplantation depend strongly on the source of cells. An allograft is a
transplant between individuals within one species, while a xenograft is a graft between indi-
viduals from different species. Immunoisolation of transplanted cells by artificial barriers that
permit crossover of low molecular weight substances, such as nutrients, electrolytes, oxygen,
and bioactive secretory products, though not of immune cells and high molecular weight pro-
teins such as antibodies (IgG, IgM), provides great promise for developing new technologies to
overcome these problems in a reasonable time frame. As an example, Figure 1.2 shows the
molecular weight cut off required for a bioartificial pancreas.

Device Geometry Considerations

The immunoisolation of allogeneic or xenogeneic islets can be achieved via two main
classes of technology: macroencapsulation and microencapsulation.’’ Macroencapsulation re-
fers to the reliance on larger, prefabricated “envelopes” in which a slurry of islets or cell clusters
is slowly introduced and sealed prior to implantation. An intravascular device usually consists
of a tube through which blood flows, on the outside of which is the implanted tissue contained
within a housing.”* The device is then implanted as a shunt in the cardiovascular system.
Extravascular devices are implanted directly into tissue in a body space such as the peritoneal
cavity, though some have also been vascularized into a major artery such as in Calafiore’s clini-
cal trial.’® Geometrical alternatives include cylindrical tubular membranes containing tissue
within the lumen and planar diffusion chambers comprised of parallel flat sheet membranes
between which the implanted tissue is placed.>*

Microencapsulation refers to the formation of a spherical gel around each group of islets,
cell cluster or tissue fragment. Microcapsules based on natural or synthetic polymers have been
used for the encapsulation of both mammalian and microbial cells as well as various bioactive
substances such as enzymes, proteins and drugs.”® A review of alternative semipermeable
microcapsules prepared from oppositely charged water soluble polyelectrolyte pairs has been
presented in recent papers.”® The main advantage of this approach is that cells, or bioactive
agents, are isolated from the body by a microporous semipermeable membrane and the encap-
sulated material is thus protected against the attack of the immune system. In the case of
microencapsulated pancreas islets, a suspension of microcapsules is typically introduced in the
peritoneal cavity to deliver insulin to the portal circulation.
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Figure 1.2. Schematic of immunoprotection via a permselective membrane.

Polymer Material Purification, Sterilization and Endotoxin Deactivation

Many commercially available polymers contain impurities which exhibit adverse biologi-
cal activities and thus may contribute to failure of an allo- or xenograftic implant. These impu-
rities are of several kinds, including monomers, catalysts, and initiators, which are present in
synthetically derived polymers. They can usually be removed via dialysis due to their small
molecular size. Pyrogens represent the second kind of impurities. They belong to a group of
natural compounds of certain gram-negative bacteria (cell wall) and cause fever or sometimes
even death when injected intravenously. Chemically, they are represented by a variety of com-
plex lipopolysaccharides with highly hydrophobic character.”” The third group, mitogens, is a
rather less defined class of organic compounds which activate many cell types (including lym-
phocytes, fibroblasts). Their action leads to cell proliferation and to subsequent production of
cytokines involved in inflammatory reactions and implant rejection, if mitogens contaminate
polymers used to manufacture such implants.

There are a range of purification methods, including saline precipitation, liquid-liquid
separation, two-phase aqueous extraction, polymer precipitation, heat denaturation, isoelectric
point separations, dialysis, cheap enough to be use on large volumes of materials. In the case
that extreme purity is needed, a further purification®® can be carried using more expensive
and complicated methods such as gel filtration, ion exchange, hydrophobic chromatography
and displacement chromatography.

Cell Delivery

Each immobilization method has specific properties and advantages. Therefore, the selec-
tion of a cell delivery technique depends heavily on the intended application, as will be dis-
cussed in the following sections.
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Adbesion

Adhesion to a three-dimensional structure is used to immobilize cells for culture or ana-
lytical procedures as well as to provide a structural template directing cell growth and differen-
tiation. Adhesion alone does not offer immunoisolation. For in vivo investigations,
adhesion-based immobilization must be used in conjunction with either a polymeric mem-
brane or matrix entrapment methods. This method is effective for surface binding, either on
top of gel films or within hydrogel foams. Several hydrogels can be engineered with bioadhesive
properties by methods which include interfacial polymerization,®! phase separation,®? interfa-
cial precipitation®®* and polyelectrolyte complexation.®® Factors affecting cell affinity and
behavior on hydrogels include the general chemistry of the monomers and the crosslinks,
hydrophilic and hydrophobic properties,®” and the surface charge and functionality.’® One
method to enhance cell adhesion is by adding immobilized cell-adhesive proteins or oligopeptides,
such as the arginine-glycine-aspartic acid sequence, in the hydrogv:—:l.69 The physical characteris-
tics of the hydrogel also govern the adhesion affinity. Therefore, altering the pore size and
network structure can modify cell adhesion as well as morphology and function.”® For some
adhesion applications the mechanical strength is also important with a lower fractional poros-
ity generally creating stronger networks. Furthermore, closed pore systems make stronger
hydrogels than open pore ones.”! With the adhesion approach, cells are generally plated onto
the hydrogel and allowed to attach and migrate. Supplemented culture media provide the cells
with essential nutrients for growth and development as well as a means of oxygen and meta-
bolic product transport while in vitro.

Macroporous hydrogel membranes are manufactured by several techniques. One method
of constructing pores large enough for cell growth is by phase separation in the polymer and
solvent mixture.”? The “freeze thaw” and the porosigen techniques are two other approaches.”®
The hydrogel is polymerized around a crystalline matrix made from freezing the aqueous sol-
vent (freeze-thaw technique) or around a porosigen of desired size (porosigen technique). With
the “freeze-thaw” method, the ice-based crystalline matrix is then thawed after UV polymeriza-
tion, leaving a macroporous foam. The porosigen technique also requires removal of the crys-
talline porosigens, in this case usually by leaching or dispersion after polymerizing of the hy-
drogel with free-radical initiators has taken place. Another method for constructing hydrogel
foams uses gas bubbles from sodium bicarbonate to create the macroporous network.”> Bubbles
are trapped during the gelation stage. Thus, the foam morphology is dependent on the polymer-
ization kinetics and varies for different hydrogel compositions.

Matrix Entrapment

Hydrogels are promising as scaffolds and templates for the entrapment of cells, e.g., for
tissue reconstruction and regeneration.”* Hydrogels are ideal for matrix entrapment since the
crosslinks of both synthetic and naturally derived hydrogels provide the essential
three-dimensional mesh and porous network to hold the cells in place while allowing the trans-
port of nutrients, wastes and other essential molecules via the bulk fluid. In addition to in vitro
applications shared with the adhesion technique, matrix entrapment can be used with in vivo
studies to protect transplanted cell-hydrogel complexes from mechanical and immunological
damage.'"?

Hydrogels for matrix entrapment share some common requirements with polymers cho-
sen for other cell immobilization techniques: biocompatibility to cells and host, selective
permeability and good diffusion and transport properties. In addition, hydrogels for matrix
entrapment must allow uniform cell distribution. Matrix entrapment hydrogels can be manu-
factured in various shapes. Gels are often polymerized in situ with the cells in molds or in air or
oil (beads).?® Threads or tube-shaped gels can be manufactured using cylindrical molds. As an
extreme example tissue-engineered constructs can be fabricated into the shape of an ear.
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Microencapsulation

Microencapsulation is currently the most widely used form of cell delivery with prepara-
tion methods including:

1. gelation and polyelectrolyte complexation,

2. interfacial polymerization/phase inversion and

3. conformal coating.

Microencapsulation involves surrounding a collection of cells with a thin generally micrometer
sized, semipermeable membrane. Its primary purpose is to protect the encapsulated cells from
the host’s immune system, while allowing the exchange of small molecules and thereby ensur-
ing cell survival and function. There are several requirements for polymer capsules or hydrogels
used as components of microcapsules:

- Noncytotoxicity to the encapsulated cells

- Biocompatibility with the surrounding environment where capsules are to be implanted
(e.g., minimal fibrotic response)

- Adequate permeability for diffusion of essential nutrients (e.g., oxygen and glucose for
islets of Langerhans) and cell secretory products (such as insulin, metabolic waste)”>

- Impermeability to secreted antibodies of the host’s immune system (e.g., immunoglobulins
and glycoproteins after complement activation”>

- Chemical and mechanical stability
From the technological point of view, the requirements for microencapsulation include:

- Small capsule diameters to ensure sufficient diffusion and internal organ transplantability
(depending on application, < 400 wum for bioartificial pancreas),”® with the cell centering
within the microcapsule

- Minimum shrinking/swelling due to changes in osmotic conditions upon transplantation

- Uniform wall thickness for optimum transport of molecules across the membrane and ef-
fective immunoprotection.

In addition, the technology used for encapsulation must be nontraumatic to the encapsulated
cells. This includes minimizing the mechanical stress during encapsulation and solvent toxicity
(if any), as well as optimizing temperature, viscosity, pH and ionic strength. This, in turn,
limits the concentration and molecular mass which can be employed. In addition, the ionic
content of the polymer backbone (density distribution of charges in the polymer chain), the
chemistry and location of functional group attachment, the chain rigidity, aromaticity, confor-
mation and extent of branching were identified as important variables in the type of complex
produced. The presence of secondary hydrogen bonding interactions was also found to be
significant.

Several problems may prevent wide scale application of microcapsules in the clinic. The
capsules can clump together, in which case the cells towards the center may suffer severely from
limited diffusion of oxygen and nutrients. A substantial fraction of the capsules may also ad-
here to tissue. If the capsules degrade, the liberated islet cells, even if nonviable, would greatly
increase the antigenic burden on the patient. Semipermeable polymeric membranes have been
developed with the aim of permitting the transplantation of xenogenic cells thus removing the
need for immunosuppression therapy. However, early clinical implementations is not likely to
involve xenografts or genetically modified cells but rather auto- and allografts supplemented by
immunosuppression when necessary.

Bioartificial Organs

Tissue engineering involves the in vitro or in vivo generation of organoids such as carti-
lage, skin or nerves. More ambitious projects seek to ameliorate the quality of life of diseased or
injured patients and reduce the economic burden of treatment. Bioartificial organs involve an
in vitro prepared tissue-material interface fabricated into a durable device. A typical example is
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the bioartificial pancreas, which will be discussed in the following section as a case study. The
extracorporeal bioartificial liver and more recently the bioartificial kidney'* are examples of the
transient replacement of organ functions, the former intended as a bridge to stabilize comatose
patients until a whole organ can be procured. As the bioartificial pancreas is often microcap-
sule-based, a specific section will be dedicated to review encapsulation technology prior to the
application of this bioartificial organ for in situ insulin production.

Bioartificial organs require the combination of several research areas. The understanding
of cellular differentiation and growth and how extracellular matrix components affect cell func-
tion comes under the umbrella of cell biology. Immunology and molecular genetics will also be
needed to contribute to the design of cells or cell transplant systems that are not rejected by the
immune system. Cell source and cell preservation are other important issues. The transplanted
cells may come from cell lines or primary tissues—from the patients themselves, other human
donors, animal sources or fetal tissue. In choosing the cell source, a balance must be struck
between ethical issues, safety issues and efficacy. The sterilization and depyrogenation of the
polymers involved in transplants is also critical. The materials used in tissue engineering and
polymer processing are other key issues. The development of controlled release systems, which
deliver molecules over long time periods, will be important in administering numerous
tissue-controlling factors, growth factors and angiogenesis stimulators. Finally, it will be useful
to develop methods of surface analysis for studying interfaces between cell and materials and
mathematical models and in vitro systems that can predict in vivo cellular events.

Microencapsulation Technology

The methods used for microcapsule formation have been recently reviewed.”” The most
widely used procedure involves the gelation of charged polyelectrolytes around the cell core.”®
The popular alginate-L-polylysine microcapsules, for example, are obtained in the following
sequence:

1. the cells are embedded in alginate droplets with the aid of a droplet generator (air/liquid jet

or an electrostatic generator);”?

2. the droplets are transformed into rigid beads by inducing cross-linking with calcium ions;

3. the beads are coated with polylysine and alginate, thereby forming the semipermeable cap-

sule; and

4. the alginate core is liquified with a chelating agent.®®

Microcapsules surrounding individual cells or clusters such as islets should be physically
durable, smooth and spherical for optimal biocompatibility. Smoothness is one factor which,
in addition to the interfacial composition, reduces tissue irritation, which decreases the prob-
ability of cell overgrowth on the capsule surface if aggregated tissue such as beta-cell clusters
(beta cells transform blood glucose concentration stimuli into a regulated, pulsatile, insulin
secretion) is employed. The capsules should be as small as possible in relation to the islet size to
optimize nutrient ingress and hormone egress. Figure 1.3 presents encapsulated rat islets using
alginate-cellulose sulphate-poly(methylene-guanidine) microcapsules.

The polyelectrolyte complexation technique used to make alginate-polylysine capsules is
advantageous since the capsules are formed under very mild conditions.”® A disadvantage,
however, is the impurities and batch to batch irreproducibility of the alginate, a naturally de-
rived polysaccharide.®® The high mannuronic acid content of alginate was shown to be respon-
sible for fibrotic tissue response. Fibrosis was reduced and a more resistant microcapsule was
fabricated by decreasing the mannuronic acid level of the alginate at the expense of the guluronic
acid content,®! although these conclusions have been questioned by some authors. Another
disadvantage of alginate-polylysine microcapsules is that the alginate-polylysine membrane, a
weak polyelectrolyte complex, gives the microcapsules relatively poor mechanical properties.
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Figure 1.3. Alginate-cellulose sulphate-poly(methylene-guanidine) microcapsules containing rat islets.

Local changes in pH or ionic concentration may have influence on the integrity of these
microcapsules drastically.”®
Several different hydrogels have been investigated to determine the efficacy of encapsula-
tion therapy as treatment for multiple diseases in a variety of animal models. For instance,
alginate-polylysine-alginate microcapsules have been employed to encapsulate islets and to re-
. . .82 . .
verse the effects of diabetes in rats and mice.®” The mild encapsulation procedure preserved the
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integrity of the islet’s secretory function with long-term viability maintained.®® Modified
alginate-polylysine microcapsules, which are smaller and stronger than the previous versions,
improved the survival of the xenographic tissue grafts.”® Coating alginate-polylysine capsules
with a poly(ethylene glycol)hydrogel®® or incorporating monomethoxy poly(ethylene glycol)
pendant chains to the polylysine polymer backbone®® has led to improved biocompatibility
compared to unmodified capsules. In an attempt to simultaneously control biocompatibility
and permeability, polymer blends have been selected that were optimal with respect to islet
cytotoxicity (as measured by in vivo tests or) as well as thermodynamic (swelling/shrinking)
and mechanical parameters.®*%

Interfacial polymerization is another method developed for encapsulation of mammalian
cells. Cells are coextruded with a generally hydrophobic polymer solution through a coaxial
needle assembly. Shear and mechanical forces due to a coaxial air/liquid stream flowing past the
tip of the needle assembly causes the hydrogel to envelop the cells and fall off. The encapsu-
lated cells fall subsequently through a series of oil phases, which cause precipitation of the
hydrogel around the cell. This process, based on membrane phase inversion, is used primarily
when encapsulating cells with hydrogels from the polyacrylate family.®® Polyacrylates are well
tolerated by the host’s immune system and have exceptional hydrolytic stability.%® A potential
disadvantage of this technique is that organic solvents, which may be harmful to living cells, are
used to precipitate the hydrogel. To eliminate the use of organic solvents, complex coacervation
was developed using acidic and basic water-soluble polymers.®® Briefly, a droplet containing
one of these polymers and cells is added to the other polymer. A thin membrane encapsulates
the droplet due to ionic interactions of the two polymers. The major disadvantage of this
method is that the capsules may be unstable due to high water uptake in the capsule wall.
Modifications have been made to better control permeability and stability of the hydrogel
capsules.®

Photopolymerization has also been used to conformally coat hydrogel capsules to:

1. improve their biocompatibility and

2. reduce the volume to a minimum in order to reduce implant size, a critical issue if an

internal organ is the intended transplantation site.
Photopolymerization permits gelation of the polymer membrane in the presence of dissolved
oxygen, which is helpful for cell survival during the encapsulation process. The advantage of
this technique is that the membrane is directly in contact with the encapsulated cells. Minimiz-
ing diffusion distance for oxygen, nutrients, and cell products is important for eliminating
necrosis at the center of the capsule'? and for improving therapeutic efficiency.

Case Study: Insulin Production Systems

Type I diabetes mellitus is a disorder affecting over 80 million people worldwide. At present
exogenous insulin delivery via injection or pumps equipped with glucose sensors cannot pro-
vide the minute-to-minute normoglycemia needed to prevent the complication associated with
this autoimmune disorder. The sensor pump technology also lacks durability, with device func-
tion often limited to only hours. The exacting requirement placed on insulin dosage and tim-
ing of administration in diabetic patients, as well as the many years of safe and reliable
treatments expected from the insulin delivery technology, have pointed to the advantages of
implantable systems in which insulin would be synthesized as needed and made available to the
organism on demand. Four alternatives have been considered and have undergone clinical
evaluation: whole organ transplantation, human islet and xenogeneic islet transplantation,
immunoisolation of normal or tumoral insulin-secreting tissue, and transplantation of geneti-
cally-engineered cells to replace the functions of the beta cells.

At present there are three critical problem areas in the further development of implantable
immunoisolation devices:
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1. supply of tissue,

2. device design and performance, and

3.  protection from immune rejection.
These will be discussed in the following sections.

Tissue Sourcing

Organs and cells of animal origin are being considered as a source of tissue for
xenotransplantation.”®! If islet transplantation is to become a widespread treatment for type I
diabetics, solutions must be found for increasing the availability of insulin-producing tissue
and for overcoming the need for continuous immunosuppression. Insulin-producing cells be-
ing considered for clinical transplantation include porcine and bovine islets, fish-Brockman
bodies,” genetically engineered insulin-secreting cell lines and in vitro produced “human”
B-cells.

Both primary tissue and cultured cell lines have been employed in small animal
xenotransplantation, including cells that have been genetically modified.”® Substantial efforts
have also been made in the isolation of primary tissue, especially for pancreatic islets,”* though
further improvements are necessary for practical, large-scale processing. The most urgent prob-
lem in transplantation is the shortage of donor organs and tissue. Xenotransplantation could
offer some advantages over the use of human organs. Xenotransplantation could be planned in
advance, the organ would be transplanted while it was still fresh and undamaged. In addition,
a planned transplantation allows the administration of therapeutic regimens that call for the
pretreatment of the recipient. Another advantage is the possibility that animal sources could be
genetically engineered in order to lower the risk of rejection by expressing specific genes for the
benefit of the patient. However, the concern over retroviruses has led to political moratoriums
on the clinical use of xenotransplantation. It has yet to be established in nonrodent models as a
viable alternative.

Cell Banking and Transplanted Tissue Volume

Certain human cells”® can be readily cultivated and scaled up for cell banking (cells are
taken from an animal and cultured in vitro under specific conditions to greatly expand the
amount of tissue available). A partial list includes: skin cells, vascular cells, adipose tissue cells,
skeletal muscle cells, chondrocytes, osteoblasts, mucogingeval cells, corneal cells, skeletal muscle
cells and pigment cells. Roughly 450,000 human islets, or about 6,500 islets per kilogram
body weight, should be adequate to provide normal blood glucose control.> However, islet
requirements in published studies have ranged from a low of about 3,500 islets/kg to as much
as 30,000 to 60,000 islets/kg. These large values in some studies suggest that many of the islets
in some implanted immunoisolated devices are either not viable or not functioning at their
normal level.

Alternative Tissue Sources

The optimal source of xenogeneic islets remains controversial. Islets have been isolated
from primates and xenografted into immunosuppressed, diabetic rodents, with short-term re-
versal of diabetes.”® However, there are ethical issues surrounding the use of primates for these
studies. Other promising islet sources are porcine, bovine and rabbit islets, all of which func-
tion remarkably well in diabetic rodents.”” Long-term human, bovine and porcine islet xe-
nograft survival has been documented in nude mice and rats, suggesting that, in the absence of
an immune response, sufficient islet-specific growth factors are present in xenogeneic recipients.'”

Porcine islets are at present receiving the greatest attention since pigs produce an insulin
which is structurally very similar to human insulin and pigs are, on the other hand, the only
large animals slaughtered in sufficient quantities to supply the estimated demand from type I
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diabetics.'”"1%? In addition, porcine islets within microcapsules have been reported to correct
diabetes in cynomologus monkeys.'® Elaborate studies are in progress to engineer a “perfect
pig”, having adequate levels of complement-inhibiting factors.'®* Thus, porcine sources are
perhaps most likely to provide islets for an inaugural human xeno-islet trial. However, porcine
islets are fragile and have poor long-term stability. The in vitro glucose-stimulated insulin se-
cretion rate per unit islet volume appears to be substantially smaller for porcine islets than for
other species including human. Lastly, there is significant current concern regarding the poten-
tial for transmission of infectious agents from porcine organ sources to human xenograft re-
cipients, and to the population at large.!'% None of these characteristics bode well for their
practical large-scale use, and serious consideration and investigation is being given to alternate
animal sources. There is also speculation that neonatal porcine islets, which culture better and
present minimal infrastructure problems, would be an ultimate substitute.'"” Isolation of bo-
vine islets is technically easier and calf islets are glucose-responsive.'”! However, adult bovine
islets are relatively insensitive to glucose.'”! The rabbit pancreas is also an attractive source of
islets since rabbit insulin differs from human insulin at only one amino acid and rabbit islets
are glucose responsive.””

Another approach of recent interest is development of a so-called artificial {3 cell by use of
recombinant DNA techniques. Such a genetically engineered cell line must sense glucose con-
centration and secrete insulin appropriately at a rate per unit islet volume that is comparable to
primary tissue.

Islet Viability and Function

The permeability of immunoisolation devices must balance two potentially conflicting
requirements. First, cells enclosed within the device must receive all the molecules and factors
necessary for viability and normal function. Secondly, the destructive components of the im-
mune system should be prevented from entering the immunoisolation device. Lymphocytes
and macrophages are easily excluded by all immunoisolation devices; however, many soluble
products of the immune system such as complement protein, cytokines and nitric oxide may
also be cytotoxic to immunoisolated cells. Islets of Langerhans in vivo are highly vascularized
by a network of capillaries that deliver nutrients and oxygen to each beta cell. However, in the
immunoisolation state, vascular assess to the islet is eliminated, and solutes move to and from
the islet cells by diffusion from the surrounding environment. The diffusion gradients of wastes,
nutrients, and especially oxygen are important.

The oxygen levels to which the islet cells are exposed are important from two standpoints,
viability and function. Because oxygen is consumed at a high rate by islet cells, particularly
when stimulated by increased glucose concentration, steep gradients in oxygen concentration
can develop. Thus, the oxygen concentration decreases from that of the local blood supply as it
diffuses across the tissue, the immunoisolation membrane, and throughout the islet. Conse-
quently, islet cells may be exposed to hypoxic, or even anoxic, conditions.®® This can lead to
loss of cell viability and to a reduction in the insulin secretion capacity.'®® Further studies
should focus on finding a practically applicable method to reduce the barrier between encapsu-
lated islets and the bloodstream in order to improve both the functional performance and the
survival of encapsulated islet grafts. However, an interchange between vascularization and hence
nutrient supply and retrievability will always be present.

Bioartificial Organ Rejection

The process of rejection may begin with the diffusion of immunogens from the graft
across the membrane barrier. There are several possible sources for these antigens, including
molecules shed from the cell surface, protein secreted by live cells and cytoplasmic protein
liberated from dead cells. Recognition and display of these antigens by antigen presenting cells
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initiates the cellular and humoral immune response. The former leads to activation of cytotoxic
cells, macrophages and other cells of the immune system. These cells must be prevented from
contacting grafted tissue, a requirement relatively easy to meet. More difficult is keeping out
components of the humoral immune response. These include cytokines, for example,
interleukin-1, which can have detrimental effects on beta cells, as well as the antibodies formed
as a response to the antigens, which have leaked across the barrier. In addition, there may
always be some antibodies already present in the antibody spectrum of the blood serum which
correspond to cell surface antigens (e.g., major histocompatibility complexes) on allo- or xe-
nografts. Antibodies produced during preexisting autoimmune disease, such as type I diabetes,
might also bind to surface antigens on allogeneic cells. Finally, macrophages and certain other
immune cells can secrete low-molecular weight reactive metabolites of oxygen and nitrogen
including free radicals, hydrogen peroxide, and nitric oxide that are toxic to cells in a nonspe-
cific manner. These agents can diffuse large distances if their lifetime exceeds 1 5.°

Any attempts to evaluate biocompatibility in vitro would show some lack of predictability
for in vivo experiments. Therefore, implantation experiments are necessary to correlate these
phenomena. The majority of experiments have been performed on rodents,”® and there are
only a few reports on systematic experiments in large animal models."”” The choice of an
animal model should reflect the human situation. In diabetes research, the diabetic BB-rat,
NOD-mice and STZ-treated mice have generally been accepted to be a representative animal
model of autoimmune diabetes.””'!°

Implantation Sites

None of the currently reported sites employed for islet transplantation, i.c., the liver,®
the spleen,”® beneath the renal capsule”” and the omental porch!''! and the peritoneal cavity,'°
combine the capacity to bear high numbers of islets and retrievability of the islet graft. How-
ever, a site with both features may be a mandatory for large-scale clinical transplantation of
encapsulated islets, because such grafts still have their functional limitations and, therefore,
may require repeated replacement. Recently, the concept of an intraperitoneally implanted
solid support as a transplantation site for genetically-engineered cells has been proposed.''?
Such a solid support may serve as a transplantation site for pancreatic islets as, theoretically, it
allows for implantation of high numbers of islets that can be readily retrieved.

7

Socio-Political Considerations

The application of microencapsulated cells provides a flexible therapy for transplantation,
subcutaneous insertion, extracorporeal perfusion and oral administration. However, organ trans-
plantation evokes ethical questions. Scarcity of donor organs implies that the waiting lists of
potential recipients for certain organs is growing. This is particularly true for the kidney. The
number of patients dying while on the waiting list also increases with time. Moreover, among
the potential donors the number of cadaveric organs utilized is further reduced following com-
plications of sustained intensive care. The issue of multiple transplantation for a single recipi-
ent at the expense of those of the waiting list is also an issue.

The need for an alternative source of organs, together with the expansion of scientific data
in this field, has focused attention on xenotransplantion as a possible alternative to allotrans-
plantation in the treatment of patients with end-stage disease of vital organs. The spread of
animal-derived pathogens to the recipient and to the general population, termed “xenosis”, is a
potential complication of interspecies transplantation.!>1% Regulatory and public health agen-
cies, as well as scientific and medical organizations, have held numerous meetings addressing
this issue. The UK, Switzerland and the USA have recently placed limited moratoriums on
xenotransplantation.'%1% Fetal tissue sources are under consideration, though these present
ethical challenges, particularly with respect to human tissue.
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The reproducible isolation and preservation of functional islets on a large scale remains
difficult, costly and laborious. Cells used in a bioartificial organ may be stored (e.g., cryopreserved)''?
and screened for adventitious agents prior to use. Tissue storage and the use of a selective
membrane are two key differences between bioartificial organs and xenotransplantation and

. . 114 . .
may help reduce the risk of zoonosis."* To deal with supply-related issues, centers of excellence
in cryosuppression have been proposed. However, it remains to be determined if and how
banking will be coordinated on a municipal, regional, national or continental scale.

Conclusions

Current methods of transplantation and tissue reconstruction are among the most costly
clinical therapies. Furthermore, the treatment of the secondary effects of diseases such as diabe-
tes contributes significantly to the annual public expenditure in developed and emerging re-
gions. Cell delivery offers the possibility of substantial future savings by providing substitutes
that are less expensive than donor organs and the excessive medical following required. In
addition, cell transplant systems may complement gene therapy approaches in facilitating transfer
of large populations of cells expressing a desired phenotype. Research oriented at novel materi-
als development, in vitro organoid synthesis as well as large scale tissue sources via discordant
xenografts and genetically-engineered cells remain promising areas for public and private in-
vestment. Socio-politically both are likely to be preceded by demonstration technologies based
on allografts, which target the worst case 10-20% of patients.
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CHAPTER 2

Synthetic and Semisynthetic Polymers
as Vehicles for In Vitro Gene Delivery

into Cultured Mammalian Cells

Martin Jordan

Introduction: Impact of Molecular Biology
he impact of molecular biology on everyday life has increased enormously over the last
I two decades. Medical, pharmaceutical and lately even agricultural applications of “gene
technology” have become standard, if sometimes controversially viewed procedures.
The feasibility of this “revolution” is based on a few biological facts; most importantly the
relationship between DNA, RNA and proteins. DNA carries the information for protein production.
Basic units of information are called genes, which typically are DNA sequences of about 1500
base pairs (bp). Usually, one gene carries the information for one protein. While the proteins
are highly specific to a species, the genetic code is universal and shared among all living organ-
isms. Therefore, if a human gene is transferred into a bacterium, the bacterium will be able to
translate this DNA sequence into the “correct”, i.e., human, amino acid sequence (protein).
The insertion of foreign genes into bacteria has become a routine laboratory procedure! and
genetically modified bacteria have been widely used to produce so-called “recombinant” proteins
for the pharmaceutical industry. A well-known example is the production of human insulin in
E. coli?

However, there are limitations to the use of bacteria for the production of proteins, espe-
cially of complex proteins from higher organisms. While the genetic code is universal, the
machinery for protein processing is not and bacteria lack the enzymes and organelles, which,
for example, in mammalian cells are responsible for further processing and modification of the
proteins (e.g., glycosylation, disulfide bridge formation, cleavage). Especially in the case of
larger proteins, bacteria are often not able to fold the amino acid chain into the correct
three-dimensional structure required for “biological activity”. Last but not least, the tendency
of bacteria to store produced proteins inside the cell in the form of denatured precipitates,
so-called inclusion bodies, has been known to considerably reduce the yield of active protein.
For this reason, mammalian cells, which have been adapted to propagation in single cell cul-
ture, are nowadays used to produce the more complex but also more valuable products of
modern biotechnology. Well-known examples are the various CHO cell lines derived from
Chinese hamster ovary cells.? In order to enable such mammalian cells to produce a desired—
human—protein, they too need to be genetically modified. The genetic manipulation of mam-
malian cells (“transfection”) is much more difficult than that of bacteria. Over the last years a
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number of transfection strategies have been developed, amongst the methods that utilize
(semi-)synthetic polymers. A controllable and successful transfection strategy is not only the
basis for the production of recombinant proteins, but even more so for gene therapy. Consid-
erable attention has therefore been paid to the development of synthetic polymers as vehicles
for gene delivery. This chapter will focus on the current state of knowledge in regard to the
requirements for putative transfection vehicles, but also will summarize and compare the vari-
ous applications of such systems.

Areas in Need of Efficient Gene Delivery

Today an enormous amount of genetic information is available from databases, which are
continuously fed by worldwide genome sequencing programs (e.g., www.sanger.ac.uk,
www.ncbi.nlm.nih.gov). Every day, the human genome-sequencing program alone provides
new information about human genes with potential therapeutic value. Conservative estimates
are that, by the year 2001, all of the approximately 100,000 human genes will have been
sequenced. On a diagnostic level, this will allow detecting “genetic defects” and also a predic-
tion as to which amino acid in a given protein is concerned. However, unless the change in
amino acids is meaningless or the malformed protein can be replaced, this information has
limited therapeutic impact since curing the DNA defect is at present not possible. Another
aspect concerns the large number of genes with unknown function. Since it is not possible to
predict the three-dimensional structure of a protein, let alone its biological function (interac-
tions with other biological substances), from its amino acid sequence, the only way to “mine”
the genetic information consists in a laborious transfection of a mammalian cell with the gene
in question to enable said cell to produce the protein. Subsequently this allows studying the
activity of the protein either directly within the cell or in vitro once enough of the material has
been produced for further characterization.

The problem of quickly producing a certain amount of protein for further characteriza-
tion and study is a major bottleneck in several areas of the life sciences and the related bioindustry.
The list of sequenced genes for which the function of the corresponding protein is poorly
understood is long. In addition, it is fairly easy to mutate genes in vitro, so a variety of new
proteins can be encoded, some of which might have considerable therapeutic value. In contrast
to the quick generation of new genes, the establishing of a stable recombinant production cell
line requires at least a year for transfection, screening/amplification and scale up due to the
difficulties of inserting the gene stably into a transcriptionally active region of the cell's chro-
mosomal DNA. Recently, a much faster method—transient transfection—has been discussed
as a means to produce quickly (within days) milligrams of a given protein. In this case, the
foreign DNA is not inserted into the genome of the cell (see below). The method, which until
recently was only used for the production of smaller amounts of proteins through-out, had
been shown to be compatible with at least the 1 L scale.? If transfections could be established at
the 100 liter scale or more, gram amounts of any protein could be produced within days.’
Screening of putative biopharmaceuticals but also basic research would profit enormously. Such
large-scale transfections have not yet been achieved.

Gene therapy is another domain where efficient transfer of genes is essential. Many severe
human diseases are caused by a genetic defect leading to the mal- or over-/ under-expression of
the corresponding protein. Patients could be permanently cured if the missing genes could be
transferred in a functional form into the concerned organs. Delivery of genes to specific tissues
could become the most efficient medical treatment in the future, but for obvious reasons, the
establishment of a very safe and well-controlled method for gene delivery is imperative.
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The DNA Molecule

The structure of the large DNA molecule, which was known to be the main material of
the chromosomes, remained a mystery until Watson and Crick proposed the double helix
structure in 1953.° Chromosomal (genomic) DNA consists of two complementary polyanionic
chains made up of long sequences of four different nucleic bases. Since the four bases are
complementary, the double stranded DNA molecule is capable of exact self-replication from
either strand. The chemical structure of DNA is shown in Fig. 2.1. The diameter of the double
helix is about 2 nm, while the length of the DNA polymer can be enormous, i.e., several
centimeters in a putatively “stretched out”-state. Table 2.1 gives some comparisons for the size
of DNA from different species.

In a typical human cell, DNA molecules with a total length of 1 meter have to be packed
into a nucleus of about 5 um in diameter. The compaction is mediated by the so-called nucleo-
somes, which contribute about 50% of the total mass of the chromosomes. Nucleosomes are
formed by 4 to 5 different types of histones; small, basic proteins with a high proportion of
positively charged amino acids (25% lysine or arginine). Histones, which bind tightly to the
sugar-phosphate backbone of DNA, also have important regulatory functions. Compacted
DNA is not active, meaning it can be neither replicated nor transcribed into RNA and finally
into proteins. The histones control the compaction and the compaction-reversal through a
regulated process that is gene or sequence specific. The exact biochemical basis of this regula-
tion strategy is still unknown, but the essential role of histones in life is supported by the fact
that their amino acid sequence is among the best conserved throughout evolution. Apparently,
even minor changes in the histone structure have dire consequences for the organism in question.

Plasmid DNA is an independent type of DNA, which occurs naturally in many microor-
ganisms in addition to the genomic DNA of the respective organism. Plasmids are compara-
tively small (typically 5-10 kb?), circular DNA molecules that can multiply independently
from the genomic (chromosomal) DNA. They occur naturally in the supercoiled (major per-
centage) and the open circular form (see Fig. 2.2). Linearized fragments of plasmid DNA can
be obtained by “digestion” of the plasmid with restriction endonucleases, i.e., enzymes that cut
the DNA at specific base pair sequences.”

For various reasons, plasmid molecules are the preferred tools for genetic engineering.
Plasmids can easily be amplified in bacteria. They are separated from the larger chromosomal
bacterial DNA by a denaturation/renaturation process, where the chromosomal DNA forms
an insoluble precipitate, because it renatures more slowly. Purified plasmids can be transferred
into eukaryotic cells either in their natural, supercoiled form or as linearized molecules.

Barriers to Efficient Gene Transfer

DNA, the common carrier of the genetic information for all living entities on this planet,
is omnipresent and we are daily exposed to large quantities of foreign DNA (e.g., by food or
bacterial infections). Under these circumstances, nature had to provide powerful barriers against
the spontaneous insertion of foreign DNA sequences into the genomic DNA of cells. Barriers
are the plasma membrane of the cell, the envelope of the cell’s nucleus, but also the possibility
for DNA degradation in lysosomes and the cytoplasm (see Fig. 2.3). These protective mecha-
nisms work rather well and even under optimized conditions it is by no means easy to geneti-
cally modify an eukaryotic cell (the terminus usually employed for this modification is to
“transfect” the cell). However, the necessity to transfect cells for research purposes, the discov-
ery of new and efficient reporter systems to verify the success of a transfection experiment
(luciferase, green fluorescent protein) as well as the availability of powerful transfection

*Kb: kilo base pair
Most restriction nucleases recognize a sequence of six or eight base pairs
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Fig. 2.1. The DNA double helix: The Watson-Crick structure and the chemical composition.

Plasmid DNA: 3000 kdal.

supercoiled relaxed

Fig. 2.2. Comparison of size and structure of supercoiled versus relaxed circular plasmid DNA.
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Table 2.1. Size of genomic DNA

Organism Number of basepairs (kb) Length (um) Mass (kg/mol)
Virus (SV40) 5 1.7 3,300
Bacterium (E. coli) 4,000 1,360 2,640,000
Yeast 13,500 4,600 8,910,000
Drosophila 165,000 56,000 108,900,000
Human 2,900,000 990,000 1,910,000,000

reagents have spurred research in the area for many years. Several methods to transfer genes
into cells have been developed during the last 30 years. However, considerable efforts to de-
velop new techniques or to improve the efficiency of old ones are still being made.

Transfection reagents help to overcome the natural barriers to gene transfer by various
strategies. The steps involved in the transfer of a “gene” from the outside into the genome of
the cell comprise (Fig. 2.3):

1. compaction of the DNA,

2. attachment to the cell surface,

3. transport into the cytoplasm,

4. import into the nucleus and

5. insertion into the chromosomal DNA.
The mechanism by which a certain barrier is overcome is an important feature of the respective
transfection reagent. In order to elucidate the difficulties in optimizing the genetic engineering
of mammalian cells, the major steps of transfection as well as putative agents for reaching this
goal will be discussed in detail in the following sections. The mechanisms for many of the
above-mentioned five steps of transfection are still under discussion. This is especially the case
for the later steps taking place inside the cell, i.e., transport into the cell and most importantly
into the nucleus. The earlier stages of compaction and interaction with the cell surface are
better understood. This has important consequences for our current ability to engineer trans-
fection agents and procedures. It should be noted that man-made transfection procedures are
still orders of magnitude less efficient than nature’s transfection agents, the viruses are. One to
five infectious particles, i.e., viruses, per cell are sufficient in that case, compared to the 10°—
10° plasmid molecules needed in most nonviral transfection methods.

Compaction of DNA

Pure (“naked”) DNA has little chance to enter a cell. DNA is a huge, negatively charged
and hence highly hydrophilic molecule. Cells are surrounded by a hydrophobic plasma mem-
brane and, in addition, bear a negative surface charge. The plasma membrane contains several
highly selective transporter units, which allow for the well-controlled introduction and excre-
tion of certain molecules. Foreign DNA is normally not amongst the molecules allowed to
enter the cell.
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Plasma membrane

Cytoplasma
Nuclear envelope

Nucleus

Fig.2.3. Essential steps for transfection: 1) compaction of DNA, 2) surface attachment, 3) transport of DNA
into the cytoplasm, 4) import of DNA into the nucleus, and 5) insertion of the DNA into the chromosome.

The first and best-understood step of transfection is therefore the necessity for “compac-
tion ” of the large, negatively charged DNA molecule. A suitable compacting agent is a positively
charged molecule able to interact with the DNA and to neutralize or even overcompensate the
negative charges. During compaction, the DNA forms stable complexes with the compaction
agent, which either stay in solution or form a precipitate. In a typical transfection experiment,
the complexes are formed in a reaction mixture containing the given amounts of purified DNA
as well as the compaction agent under defined pH and salt conditions. The complex formation
occurs spontaneously upon mixing. Within the next 30 minutes the complexes are added to
the target cells. Usually, cells are exposed for several hours to the complexed DNA. Subse-
quently, the medium is exchanged in order to minimize possible toxic effects.

Two groups of molecules are currently investigated as compaction agents: cationic lipids
and cationic polymers. Protonated amino groups provide the required positive charges in both
cases. Amino groups are also found in some of the naturally occurring compaction agents such
as spermine and spermidine. They are clearly the group of choice, since they allow the genera-
tion of a positive charge at physiological (neutral) pH. In addition, eukaryotic cells developed
over eons of evolution special proteins (nucleosomes) with a high affinity to DNA, which also
can complex DNA. The structure of these nucleosomes may in the future inspire the design of
novel compaction agents. Prominent representatives are histones or protamines, naturally oc-
curring ubiquitous DNA binding (compacting) proteins.

Cationic lipids (Fig. 2.4a) are usually fairly small molecules, which mimic the structure of
the cell’s plasma membrane and hence facilitate the passage of DNA into the cell by increasing
the solubility of the DNA in the plasma membrane. These molecules consist of a hydrophobic
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Fig. 2.4a. Examples of cationic lipids.

(hydrocarbon) tail and a positively charged head-group. The hydrophobic tail promotes in
aqueous solutions self-aggregation into larger structures® (micelles, double layers) capable of
interaction or even fusion with the cellular membrane.

“Most cationic lipids are commercially available as liposomes, small spherical vesicles with a lipid bilayer
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Fig. 2.4b. Examples of cationic polymers.

The cationic polymers (such as polyethyleneimine, polyvinyl pyrrolidone) commonly used
for transfection (Fig. 2.4b) are fairly large molecules (up to 1,000,000 g/mol). They are soluble
in water at neutral pH due to their positive charges. Linear as well as branched molecules are
employed for transfection. In contrast to the cationic lipids, which usually were developed as
dedicated transfection reagents, most cationic polymers have been developed for other
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Fig. 2.5. Cell surface with possible targets for interaction: the cell membrane includes a large number of
proteins having various functions such as structure, transport of molecules, and signaling; cell types differ
by quantitative and qualitative content of membrane proteins.

applications and purposes. They are therefore available from several suppliers in a wide variety
of purity and chemical homogeneity.

Attachment to the Cell Surface

If a foreign DNA sequence is to be introduced into a cell, it is obviously necessary that the
two meet, i.e., that the compacted DNA somehow attaches to the cell surface within and for a
reasonable amount of time. The basic structure of the cell membrane is given in Figure 2.5.
Cell membranes consist of a lipid bilayer into which a number of complex (glyco)protein
molecules are inserted or anchored. The dominant mechanism for interaction between the
DNA complex and the negatively charged cell surface are electrostatic forces. The negative
surface charge is in many cases provided by proteoglycan molecules carrying anionic sulfate
groups, which are present on the surface of many cell types. Positively charged complexes may
attach themselves to the cell surface via these molecules.” The importance of this type of inter-
action to the success of a transfection has been demonstrated by the following experiment. It
has been shown, that DNA charged cationic liposomes fail to transfect so-called Raji cells,
which are proteoglycan negative, but transfect genetically modified, proteoglycan positive
(syndecan-1), cells of the same cell line with good efficiency.®

Electrostatic interaction with the proteoglycans, however, is not the only possibility for
interaction between a DNA-carrying transfection agent and a cell surface. Many membrane
proteins expose binding sites (receptors) for certain biochemical messenger molecules (ligands).
In general, such receptor proteins control the specific uptake of molecules and make the cell
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sensitive to hormones and other signal molecules. This natural mechanism can be subverted
for DNA transfer. The receptor ligands can be used to increase transfection efficiency in gen-
eral or they can be used to target the transfection complex to a specific cell or tissue type by
evoking an interaction between the transfection complex and a cell-specific receptor. Targeting
can, for example, be achieved by introducing ligands such as, insulin,” transferrin,'® lactose,!!
galac:tose,12 mannose, "> folate, poly(acrylic acid)®® or specific monoclonal antibodies'® or
antibody fragments'® into the transfection complex. This addition has been shown to dramati-
cally increase the efficiency of transfections with agents such as poly(lysine) or
poly(ethyleneimine) for certain cell lines, which otherwise were difficult to transfect. It seems
that the improvement is due to the ligand’s ability to subsequently induce receptor-mediated
uptake of the DNA into the cell (endocytosis, see below). In addition, receptor mediated trans-
fection can be blocked (controlled) if necessary by complementing the cell culture medium
during the transfection with an excess of the free ligand."

Transport into the Cell

Two basic mechanisms are assumed to contribute to the transport of the DNA into the
cell. These are: a) an active, energy dependent uptake of the transfection complexes by a pro-
cess called endocytosisd (see below) or b) “passive” membrane fusion and release of DNA into
the cytoplasm. The compaction agent used in the first step largely determines which mecha-
nism is more important in a given case. For polycationic molecules, a direct interaction (fu-
sion) with the hydrophobic membranes is not likely. The most likely way for them to enter the
cell would be by endocytosis. Cationic lipids, on the other hand, can potentially interact and
fuse with the membrane. Experiments with synthetic membranes have demonstrated the
fusogenic ability of liposomes formed by cationic lipids,17 but convincing data that this mecha-
nism is also operative during transfection of living cells are still lacking. Other reports seem to
indicate that liposomes also preferably enter the cell by endocytosis.'®

Endocytosis is a process by which cells take up extracellular molecules such as cholesterol
via a receptor-mediated mechanism (Fig. 2.6). Cholesterol, insoluble in aqueous solutions,
naturally occurs in association with the so-called low-density lipoproteins (LDL). The uptake
of cholesterol by the cells depends on receptors specific for LDL. In a first step the ligands bind
to the receptor.® Receptors occupied with ligands form clusters and induce the formation of a
clathrin-coated pit. Clathrin induces the expansion of the pit. Such pits can subsequently enter
the cell as a membrane-bound vesicle containing the ligand/cholesterol-complex. Inside the
cell, the vesicle rapidly loses its clathrin coat. Vesicles containing receptor bound ligands un-
dergo further changes. Protons are actively imported into the vesicle leading to a drop in pH
from the physiological values of 7 to about 5. Under these mildly acidic pH conditions, recep-
tor and ligand dissociate. Receptors are then recycled back to the membrane with the aid of a
sorting vesicle.! The ligand/cholesterol-complexes stay within the vesicle and are transported
towards the so-called lysosome, an even more acidic vesicle containing digestive enzymes.
In the case of the ligand LDL, the ligand/cholesterol complex is digested inside the lysosome
into amino acids, cholesterol and fatty acids.

Receptor mediated endocytosis may easily be exploited for DNA transfer into a cell, but,
if DNA ends up in a lysozyme, it will be degraded. In order to succeed with gene transfer, the
DNA needs to escape the endosome before it is digested by lysosomal nucleases. This is

4Phagocytosis and pinocytosis, which are not very different from endocytosis, will not be described in this
article.

Each cell line has a characteristic number of receptors for LDL, insulin, transferrin etc.

fRecycling of receptors is essential for the cells: e.g., cultured fibroblasts can internalize regularly 50% of their
cell surface proteins and phospholipids per hour.
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PRSI

Fig. 2.6. Receptor-mediated endocytosis: example of low density lipoprotein receptor with the following
steps: receptor-mediated pit formation, formation of vesicles, pH drop inside the vesicle, fusion with a
sorting vesicle, recycling of a receptor, fusion with lysosome and digestion.
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possible, as demonstrated by a number of infectious viruses, which use endocytosis for the
efficient transfer of their genetic material into certain target cells. Such viruses have special
capsid proteins that allow them to escape the early endosome. The signal for their escape is
triggered by the drop in pH.2"* As soon as the pH in the endosome starts to decrease, the
capsid proteins undergo a conformational change that enables them to fuse with the mem-
brane of the early endosome. The result is a disruption of the vesicle and the release of the
virion into the cytoplasm. A synthetic peptide derived from the capsid of the hepatitis A virus
has recently been shown to mimic this endosome escape induced by low pH.” Another, less
efficient, way to escape the lysosome consists in the utilization of lysosome blocking agents
such as chloroquine®* or—even simpler—in an osmotic shock enforced by exposing the cells

to nontoxic and nonionic compounds but osmotically active molecules such as glycer0125‘26

and DMSO.”

In spite of this convincing picture, the role of endocytosis for transfections is at present
not fully understood. For one thing, much less is known about DNA uptake in the artificial
situation of transfection than about the natural uptake of clinically relevant substances such as
cholesterol. However, many observations support the theory that endocytosis is a key factor in
transfection.

1. Electron microscopic studies of DNA uptake during transfection showed that transfection

complexes were found inside the cells in vesicles surrounded by biological membranes.!8:28
The pH of such vehicles was found to be acidic, a characteristic feature of late endosomes or
lysosomes.

2. The incorporation of inactivated adenovirus particles or parts of viral capsid proteins into
the compacted DNA complexes enhances transfection efficiency up to three orders of mag-
nitude.?”

3. The treatment of cells with chloroquine, DMSO or glycerol strongly improves levels of
expression and transfection efficiency, presumably due to partial blockage of lyso-
some function.

More recent approaches to enhance transfection efficiency use fusogenic peptides to im-
prove the performance.*® Such peptides help the DNA to escape lysosomic digestion in a simi-
lar manner as the capsid proteins do in the case of viruses. A conformational change is induced
at low pH, which triggers a fusogenic activity. Typically such peptides contain virus derived
amino acid sequences.

Another putative route to escape the endosome is proposed in the “proton sponge” theory,
which is postulated for the polycationic transfection agent poly(ethyleneimine), PEI, and simi-
lar molecules.’! PEI contains many amide groups, which are protonated at a pH below 7. PEI
thus constitutes a gigantic buffer molecule (proton sponge), the presence of which would pre-
vent a pH drop in the early endosome simply by capturing the protons that are pumped into
the vesicles. Since the decrease of pH is prevented or delayed, the vesicle would not fuse with
lysosomal vesicles containing the digestive enzymes, and therefore rapid DNA degradation is
prevented. How exactly the DNA escapes subsequently from the vesicles is not clear at present,
but it is possible that the vesicles are simply ruptured due to an increasing osmotic pressure.
The proton sponge effect may also be operative in one of the oldest and most efficient transfec-
tion methods known to molecular biology, the calcium phosphate technique. In this case, the
DNA is coprecipitated with calcium phosphate, presumably due to an involvement of the
phosphate groups of the DNA in the crystals. The precipitate particles are taken up by the cells
via endocytosis. Calcium phosphate is not stable at acidic pH and as the pH inside the
endosome starts to drop below 7, the complexes dissolve and release the buffering ion PO43,
which stabilizes the pH at a more physiological level for some time.
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Entering the Nucleus

The DNA is now inside the cell and more precisely in the cytoplasm. It still has to reach its
final destination, the cell nucleus, i.e., pass the nuclear membrane. Microinjection experiments
demonstrate that this membrane indeed constitutes a barrier.>> By microinjection, DNA may
be injected into a cell either into the cytoplasm or directly into the nucleus. In order to achieve
the same result, the amount of DNA injected into the cytoplasm has to be at least ten times as
high as the amount injected directly into the nucleus.

Two mechanisms to overcome the nuclear membrane are postulated. DNA may be ac-
tively transported into the nucleus through pores in the membrane, which normally enable the
import of histones or other nuclear proteins into the nucleus. This active import into the
nucleus can presumably be activated either by the DNA sequence itsel* or by coupling the
DNA/compaction agent-complex with proteins or peptides bearing the nuclear targeting se-
quence. Targeting peptides can, for example, be derived from histones,> viruses or transcrip-
tion factors.’®3® Alternatively, DNA may enter passively during mitosis (cell division), when
the nuclear membrane is known to disappear completely. However, mitosis lasts only a few
minutes; a small time window when one considers that the entire cell cycle takes between 12
and 30 hours. This would mean that DNA has to “wait” for several hours in the cytoplasm for
the next mitosis to occur. With a DNA half-life of 1-2 hours the chances for successful trans-
fection would decrease exponentially over time.*” That mitosis does have some influence on
transfection efficiency was demonstrated by experiments where the cell cycles of all cells in a
given culture were synchronized. When such synchronized cells were transfected, best results
were found when mitosis occurred a few hours after the addition of the transfection com-
plexes,m41 i.e., when the DNA had had enough time to leave the endosome but had not been
degraded to a significant degree. However, were mitosis the only possibility for DNA to enter
the cell, then nondividing cells would not be transfectable at all, which clearly is not the case. 2

Transient Versus Stable Expression

Once the DNA has found its way into the nucleus, it serves as a template for the corre-
sponding protein, since all the enzymes relevant for transcription are present in the nucleus.
However, foreign DNA, which is not integrated into the chromosomes will not be replicated
during the cell cycle and therefore will be lost after a few cell divisions. The gene expression of
nonintegrated foreign DNA is therefore “transient.” In contrast to transient expression, stable
expression requires the integration of the foreign DNA into a chromosome. Then it will be
passed on to the daughter cells during the cell cycle together with the rest of the chromosome.
Only a few of the DNA molecules that arrive in the nucleus will eventually be integrated into
the chromosomes. With the exception of specific systems that promote sequence specific inte-
gration with the help of targeting and recombination promoting proteins, little is known about
agents or procedures capable of improving the efficiency of random integration of foreign
DNA into the genomic DNA.

Nonviral Transfection Methods

The simplest way to expose cells to foreign DNA is to mix the “naked” plasmid DNA with
the cells.®> As was already discussed, however, the success rate to be expected in terms of stable
or even transient transfection is extremely low in this case. The DNA uptake is inefficient and
the expression of the respective proteins can only be detected with the most sensitive assays
(luciferase, immune response). The method is more promising if used in combination with
electroporation. In this case an electrical pulse® is used to create temporary pores in the cell
membrane through which the DNA can enter. While electroporation is fast, it needs special

5 Typical pulse time t = 10 — 40 msec.
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equipment and cells have to be placed into the electroporation cuvettes. In addition under
optimized transfection conditions, up to 50% of the cells are killed by the electrical pulse.*t
Electroporation is obviously not suited to application for in vivo gene therapy or at large scale.

Chemical methods are currently the most promising alternative to virus-mediated trans-
fection of mammalian cells. Their efficiency is still below that of the virus-based methods, but
questions of toxicity and the remaining risk factors (viral infections) are more favorable in their
case. It remains to be seen if a further improvement of the transfection agent is possible, e.g., by
taking some of the above-mentioned biological and biochemical barriers into account. The
penultimate goal would be a completely nonviral transfection agent, which is nevertheless
equal in efficiency to today’s virus-based ones.

The ideal transfection reagent should be a charged molecule that can form complexes
with DNA in aqueous solutions and thereby compact the DNA. The agent needs to be suffi-
ciently soluble and stable in aqueous solution at physiological pH. However, the complexes
should not be so stable as to prevent the release of the DNA within the nucleus of the cell, since
this would interfere with transcription of the gene. Minimal toxicity towards cells is another
critical feature. The strong affinity to DNA should result in spontaneous and reproducible
formation of complexes upon mixing at room temperature. They should have a maximal size of
several hundred nanometers. Otherwise the complex will not be taken up by endocytosis. In
addition, complexes should be insensitive to isotonic salt concentrations and slightly positively
charged, the latter to actively attract them to the negatively charged cell surface. Typical com-
ponents of cell culture media such as amino acids, vitamins, salts and trace elements should not
influence the complex formation or interact with the formed complexes. The same is true for
the more complex media additives such as proteins (insulin, transferrin amongst others), lipid
mixtures or fetal calf serum. Last but not least, the “user friendliness” of the transfection proto-
col and the price (reflecting the difficulty of manufacturing of the agents) also play an impor-
tant role, especially if the method is to be used on a large scale. Below some of the more typical
chemical transfection agents are discussed in view of these criteria.

Synthetic Polycations

A number of cationic polymers have been shown to be powerful transfection reagents. It is
evident that fairly large polycationic molecules are needed to interact sufficiently with the
plasmid DNA, typically a molecule with a size of 5000 basepairs or more. The first polymer
ever described to enable the transfer of viral DNA into mammalian cells was diethyl
aminoethyl-dextran (DEAE-dextran, molecular mass 500,000 g/mol) in 1968.% DEAE-dextran
is still used today for that purpose in many laboratories worldwide. Partially responsible for this
success may be the fact that DEAE-dextran is known to bind both cells and DNA and thus
actively brings them together. This carries the plasmid DNA through the first two steps of
transfection, i.e., compaction and attachment to the cell surface. For the actual transfection
experiments, diluted DEAE-dextran is mixed with diluted DNA, since without dilution, an
almost insoluble precipitate forms. Once the complexes have formed, they are added to the
cells in transfection buffer. After an incubation of 1 hour a suitable growth medium is added.
Alternatively, the cells are first treated with DEAE-dextran. Unbound DEAE-Dextran is subse-
quently removed and the DNA is added to the dextran-covered cells. The mixture is then
incubated for up to 1 hour before cell culture medium is added. A major drawback of the use
of DEAE-dextran for transfection is the fact that the complex is quite fragile. Certain compo-
nents of the growth medium are known to interfere seriously with complex formation. Growth
medium must therefore be strictly avoided. Only a few cell lines can be transfected directly
using DEAE-dextran. Even then it is often necessary to treat the cells either with chloroquine
during transfection or to apply a short DMSO shock afterwards in order to obtain good trans-
fection efficiencies.
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Poly-L-lysine and poly-L-ornithine are two molecules (polyamino acids), which also have
a long history of being used as successful transfection agents.*’*8 Poly-L-ornithine might be
slightly more efficient than poly-L-lysine for transfections, but it also has an higher cell toxicity,
especially before it is complexed with DNA. Poly-L-lysine is less toxic and commonly used in
cell culture technology to immobilize cells onto surfaces. Lysine is a positively charged, natural
amino acid that is found in proteins including the histone proteins, where together with argi-
nine it contributes a major part of the building blocks. The structural similarities between
lysine, ornithine and arginine (Fig. 2.4b) have led to an investigation of the latter as transfec-
tion agent. However, neither poly-L-arginine nor poly-L-lysine/poly-L-arginine copolymers
were efficient transfection reagents.

Poly(ethyleneimine), PEI, was only recently discovered as a very potent transfection
agent.>!"* Since it can be bought in bulk quantities, it is much cheaper than most other re-
agents discussed so far. It reacts very strongly with DNA; complexes will form even if DNA and
PEI are simply added successively to cells in a serum-free cell culture medium. Complexes are
also quite stable in the presence of serum and transfection can be done directly in cell culture
growth media. Transfection by DNA/PEI-complexes is possible with cells grown on a solid
support (adherent cells) as well as with cells grown in suspension. Large scale transient transfec-
tions for the rapid production of proteins up to the scale of 20 liter yielded several mg of
protein within days using human embryo kidney 293 cells as production organisms.*

Currently, a linear ultrapure PEI (molecular mass 22 g/mol) is commercially available as a
transfection reagent. However, at least in our hands, such a preparation was not superior to the
branched bulk PEI ordered from a standard supplier of chemicals (25 g/mol PEI from Aldrich
Chemical Company Inc., Milwaukee, USA).

The advantage of PEI over many other polycationic transfection agents consists in the
buffering capacity of the amino groups (pK = 6) of the polymer’s backbone. This feature helps
the DNA to escape the lysosome before being degraded since PEI acts as a proton sponge. It is
interesting to note that most potent transfection agents bear amino groups with a pK slightly
below neutral pH. They are probably also capable of some buffering activity. However, PEI has
the highest buffer capacity of all transfection agents used so far, since 33% of its mass consists
of protonable nitrogen atoms. In comparison, the corresponding mass fractions are only 11%
in the case of poly-L-lysine, 12% in the case of poly-L-ornithine and 3% in the case of
DEAE-dextran.

Polybrene, Figure 2.4b, is a synthetic polymer, known to retrovirologists for its ability to
augment the infectivity of viral laelrtitslf:s.SI’52 Recently, it has been also described as an effective
transfection reagent.53 It is reported that positive, i.e., transfected, cells are already obtained
with only nanograms of DNA, in comparison to the micrograms necessary with most other
methods.”® Polybrene-DNA complexes uniformly coat the target cells and are then internal-
ized. However, the method is only effective if it is combined with a DMSO shock and has no
particular advantage over the use of PEL

Up to now, linear and low-branched synthetic polymers have been discussed as transfec-
tion agents. In addition, at least one dendritic transfection reagent is commercially available as
SuperFect™. Chemically speaking, SuperFect™>? is a polyamidoamine starburst polymer with
a diameter of about 7 nm and a molecular mass of 35,000 g/mol. Heat-activated dendrimers
swell to 20-30 nm. Concomitantly, the potential as a transfection reagent is increased by about
three orders of magnitude. Activated dendrimers have a strong affinity to DNA and compact
DNA molecules into small particles. Although the DNA is adsorbed at the surface of the
dendrimer, it becomes completely protected from nucleases. Complexes are formed within 5
minutes and they can be frozen. Once formed, the complexes do not lose activity in the presence
of serum. For the actual transfection, the complexes are simply added to the cells and incubated
for a few hours. Afterwards remaining complexes should be removed in order to avoid toxic effects.
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A number of the above-mentioned reagents have also been used for in vivo gene therapy,
i.e., the genetic modification of cells within a living (human) being. DNA/poly-L-lysine com-
plexes were, for example, injected into the bloodstream and subsequently distributed all over
the body. Some target specificity could be achieved by coupling the transfection agent to a
ligand, which in turn was specific for a target cell receptor, for example the transferrin recep-
tor.”® This enhanced the uptake of the complexes into cells bearing this particular receptor on
the surface. A problem associated with poly-L-lysine as transfection agent is the overall trans-
fection performance. Although many cells take up the complexes very efficiently, the transfec-
tion outcome is still relatively poor, mainly because most of the DNA is degraded in the lyso-
some. Adding psoralen-inactivated adenovirus particles dramatically improved the transfection
efficiency in such cases, presumably due to the disruption of the lysosomal membrane by the
virus. By using this mechanism, the transfection efficiency of poly-L-lysine/ DNA-complexes
could be increased by a factor of two to three orders of magnitude, depending on the cell line
under consideration. However, the necessity for adding virus particles to the transfection cock-
tail may raise the risk of gene therapy to unacceptably high levels. PEI is also an interesting
substance for application in gene therapy since PEI-containing DNA complexes can be in-
jected without adverse effects into organs such as the brain. Positive, i.e., transfected, cells
could be detected a few days later in such experiments.’”

Cationic Lipids

Most of the numerous commercially available transfection kits use cationic liposomes as
transfection agent. The basic unit, Figure 2.4a, of such molecules mimics the natural lipids,
which are also found as part of the cell membrane. The formulation and the exact chemistry of
these molecules is usually proprietary, hence it is difficult to postulate a mechanism or to sug-
gest improvements of either the molecule or the procedure. The protocols are simplified for
routine use and do not present much information. Typical procedures state, for example: add
DNA to buffer A, add enhancer and mix with B, wait 5 minutes and add to cell culture,
optimize the DNA concentration and the volume of the mix added to cells. In spite of the
apparent simplicity, however, it is strongly advised to carry out the short optimization indi-
cated by the protocol in order to obtain the maximum transfection efficiency. While kits are
expensive, they require little previous experience and lead quickly to results. However, in our
hands at least, these kits were not superior to calcium phosphate or PEI-mediated transfections.

In 1997, the most promising kits at that time available for transfection were compared in
our laboratory. All experiments were performed using a standard cell line, human embryo
kidney cells®® (293 HEK), which is routinely used in our group for the rapid production of
small amounts of proteins, because it is usually easy to transfect. In this investigation we ob-
served no major differences between the kits. Similar expression levels of the target proteins
were reached for most of the methods (Fig. 2.7). The main differences among the kits were in
regard to reproducibility and “user-friendliness.” At present, most of the involved reagents still
need to be stored in frozen form. Some lipids are sensitive to the presence of serum, while
others are not. Toxicity is another concern and only a few reagents can be left in contact with
the cells for more than a few hours.

Calcium Phosphate

The calcium phosphate technique is probably at present the most widely used transfec-
tion method. For calcium phosphate-mediated transfection the DNA is coprecipitated with
calcium and phosphate ions. The DNA-binding capacity of the precipitate is high and under
optimized conditions (crystal diameter << 1um) the particles can contain up to 30% of their
mass in the form of DNA. For best results, calcium should be used in excess (125 mM), while
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Fig. 2.7. Comparison of commercially available transfection reagents (kits). 293 HEK cells were transfected
with one type of plasmid DNA using optimized protocols and expression of recombitant fluorescent protein
was measured within the living cells (according to P. Girard, diploma work, Department of Chemistry, Swiss
Federal Institute of Technology, 1997).

the phosphate (0.75mM) should be the limiting factor controlling the formation (speed, size)
of the precipitate.”” The precipitate interacts with the cell surface and particles can be taken up
by endocytosis. Inside the cell, the crystals dissolve and the DNA is released. Since only cal-
cium and phosphate ions accompany the DNA, no toxic or “unnatural” compounds remain
within the cell.

Though several supplier offer commercial kits, many users prefer to prepare their own
buffers for calcium phosphate transfections. This adds some time for preparation, sterile filtra-
tion and testing. However, if suitably stored, the solutions are stable for years, so large quanti-
ties can be prepared at one time. A disadvantage of the method is that the crystal formation is
extremely sensitive to differences in pH, which directly affects the solubility. Nevertheless, the
method has been used successfully by many groups and has even shown potential for applica-
tion at large scale (> 10 L)%

Conclusions

The perfect transfection method, in which a minute amount of DNA enters the cell by a
specific and well-characterized mechanism to be subsequently targeted to the cell’s nucleus and
the chromosomes within, does not exist; at least as far as man-made transfection agents are
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considered. Some viral systems, however, do come close to this ideal. One viral particle
consisting of protected and packed DNA can infect with a high specificity a particular type of
cell in an organism. Such an efficiency and specificity is not achieved by any of the chemical or
physical transfection methods outlined in this chapter and the mechanisms of viral infections
merit further study. For lack of sufficiently active nonviral systems, viruses have in the past
been used for gene therapy. However, in this case some of the possible side-effects (toxicity,
infection risk) prevent the method from being ideal.

The perfect transfection agent will be the product of a considerable synthetic effort. A
polycationic base polymer needs to be supplied with several functions, including a specific
linking group for attachment to the surface of a particular cell (type) and another one for
targeting the DNA into the nucleus. The first can be achieved by using one of the indicated
receptor sequences. Active import of the DNA into the nucleus may be induced by the peptidic
sequence -Pro-Pro-Lys-Lys-Lys-Arg-Lys-Val- , which serves exactly this (targeting) function in
nuclear proteins.

Even for the best method, the lysosomes still seem to constitute a considerable barrier.
Another problem, which is at least partially linked to endocytosis, is the poor transfectablility
of cell lines that lack certain surface molecules or show changes in the endocytotic pathways. A
transfection method, which does not depend on endocytosis would be of basic advantage. The
ability to circumvent endocytosis as the only way of transporting foreign molecules into cells,
would have consequences for other fields as well. Similar strategies could be used, for example,
to place toxic drugs directly into (tumor) cells, without affecting healthy neighboring cells.

Definitions

DNAse: (deoxyribonuclease) An enzyme that cuts a strand or completely hydrolyzes DNA
into deoxyribonucleotides.

Endocytosis: Uptake of material into a cell by an invagination of the cell membrane and its
internalization in a membrane-bounded vesicle (endosome).

Gene: Region of DNA that controls a discrete hereditary characteristic, usually corresponding
to a single protein or RNA. This definition includes noncoding regulatory sequences and in-
trons.

Lysosome: Small membrane-bounded organelle in eukaryotic cells containing digestive enzymes,
which are typically most active at the acidic pH of 4-5 found in the lumen of lysosomes.
Mitosis: Division of the nucleus of an eukaryotic cell involving condensation of the DNA into
visible chromosomes and disruption of the nuclear membrane.

Nucleus: Prominent membrane-bounded organelle in eukaryotic cells containing the genomic
DNA organized into chromosomes.

Phagocytosis: Process by which relatively large particles, e.g., bacterial cells, are internalized by
certain eukaryotic cells.

Plasmid: Small circular DNA molecule that can replicate independently of the genomic DNA.
Used extensively as a vector for DNA cloning,. Is usually amplified in £. co/i from where it can
be isolated and used for many applications, e.g., gene transfer into eukaryotic cells.
Transcription: Copying of one strand of DNA into a complementary RNA sequence by the
enzyme RNA polymerase.

Transfection: Introduction of foreign DNA into cells in culture, usually followed by the expres-
sion of the introduced genes.

Translation: Process by which the sequence of nucleotide in a messenger RNA molecule directs
the incorporation of amino acids into protein; occurs on a ribosome.
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Structures of Frequently Used Molecules

DOPE" (dioleoyl phosphatidylethanolamine)

DOSPA! (2,3-dioleyloxy-N-[2(sperminecarboxamido)ethyl]-N,N-dimethyl-1-propanaminium
trifluoroacetate)

DOTAP (N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium methylsulfate)
DOSPER (1,3,di-oleoyloxy-2-[6-carboxy-spermyl]-propylamide)

DOGS (dioctadecylamidoglycylspermine)
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CHAPTER 3

Affinity Precipitation:
Stimulus-Responsive Polymers for Bioseparation

Ruth Freitag

Introduction
’ I Yhe modern biotechnology industry has provided the medical community with a new
type of pharmaceutical, namely recombinant proteins and peptides. The number of
such protein-based drugs is already impressive and expected to increase considerably in
the future, as the function and gene sequence of more and more proteins is discovered, for
example, as a result of the human genome project and related activities (genomics, proteomics).
Soon gene therapy may bring about the next revolution in medical treatment, where for the
first time it will be possible to correct the genetic causes of a disease rather than to just counter-
act the consequences of that genetic defect, i.e., the symptoms of the disease. Gene vaccines
present another evolving medical possibility, which has been shown to have some significant
advantages over the prophylactic measures taken at present against certain infectious diseases.
Biopharmaceuticals, such as proteins and nucleic acids, thus extend the possibilities of medical
treatment and thereby improve the quality of life. From an engineering point of view, however,
the production and especially the purification of these biopharmaceuticals poses a considerable
challenge."?

Proteins, i.e., the majority of the current biopharmaceuticals, are fragile, easily denatured
substances. They are generally found in a complex environment such as cell, culture media or
lysates (inclusion bodies). The concentration of the target molecule in the raw feed is often low,
while extremely high final purities have to be reached in order to fulfill current legal require-
ments( see Table 3.1 for details). The production scale in the biopharmaceutical industry is
often smaller than in the conventional pharmaceutical industry; i.e., in the kg/year rather than
the t/year range. Speed (throughput) is another issue since prolonged exposure to a nonsterile
environment or certain impurities (proteases) may lead to significant product degradation.
Last but not least, the biotech industry, as any other, is governed by economic demands.?

Conventional pharmaceuticals, on the other hand, are usually small biochemically active
molecules which inhibit or enforce a metabolic function. Such substances can be purified by a
host of well-understood separation methods including extraction, precipitation, filtration, re-
fraction and crystallization for highest purity. Most of these separation methods cannot be used
for the separation of proteins due to the prevalence of harsh “nonphysiological” conditions
such as elevated temperatures, extreme pH values and organic solvents. Thus, the challenge of
industrial bioseparation can be summed up as: The need to perform an economically sound,
high-resolution separation on a large scale, while maintaining “physiological” conditions
throughout.

Synthetic Polymers for Biotechnology and Medicine, edited by Ruth Freitag.
©2003 Eurekah.com.
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Table 3.1. Requirements for the final purity of a recombinant pharmaceutical
intended for parenteral use in humans (combined from information given
in reference 1)

Contaminant/Impurity Maximum Residual Allowed
Host cell DNA 10 pg/dose

Endotoxin 0.25 units/ml

Foreign proteins (total) <1 %

Host cell protein < 10 ng/dose

Protein A <10 ppm

Aggregates <1%

The fact that product isolation contributes heavily to the overall production costs is well
known in the bioindustry.*> Another important issue is the time-to-market, i.e., the time
required for process development and scale up to production. The latter aspect, in particular,
seems to argue in favor of the continued use of well-established methods such as chromatogra-
phy.® However, on close scrutiny, both the costs and the process development and adaptation
time may in fact be improved by the rapid integration of evolving new separation principles
into the category of “established techniques.””®

The goal is a reduction in the number of steps and an increase in the overall efficiency of
a given downstream process. New developments in the material sciences will be essential in
advancing this issue. Smart or intelligent materials, such as stimulus-responsive polymers ca-
pable of sensing a certain change in their environment and reacting in a corresponding and
predetermined way, offer many possibilities in this regard.

The Role of Affinity Separations in Product Isolation

The principal problem of many industrial scale preparative bioseparations is the quick
and specific isolation of a lowly concentrated target molecule from a complex matrix contain-
ing a large number of impurities and contaminants. Various strategies exist to tackle this prob-
lem. One popular approach consists in first capturing the entire class of molecules to which the
target substance belongs, e.g., all proteins, thus removing the water and rendering subsequent
separation steps more efficient. Another strategy, which becomes more popular the lower the
product concentration and the more complex the matrix, calls for the use of an “affinity sepa-
ration.””!* Affinity separations are based on some form of “biospecific” interaction; examples
include antibody antigen-, receptor hormone-, or enzyme substrate- enzyme inhibitor-
interactions. The list does not end there and it is certainly not limited to naturally-occurring
substances.

The principle of biospecific interactions is the requirement for a steric fit. Each of the two
molecules presents a number of interaction sites in a certain three-dimensional arrangement.
“Binding” requires the concomitant realization of several of these (usually noncovalent) inter-
actions. In the case of a “perfect fit,” the resulting bond can be quite stable due to the synergism
between the various interactions. In this context, high affinity constants and low dissociation
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rate constants represent strong binding. Since a number of different types of interactions (e.g.,
hydrophobic, electrostatic, H-bridge formation) are involved in creating the complex, the binding
strength can easily be fine-tuned and modified.

Nature has certainly optimized the use of “biospecific interactions,” however, she has no
monopoly on them. The underlying principle of exploiting steric congruity to distinguish
between closely related molecules may also be used by chemists to systematically synthesize
materials for “affinity separations”. Examples include the molecular imprinted polymers dis-
cussed in Chapter 7, but also the use of certain dyes as group-specific ligands or the use of
combinatorial approaches (such as phage display of combinatorial chemistry) to identify mol-
ecules with a well-defined affinity towards the target molecule.'""® For the removal of an
impurity, the strongest possible interaction should be used. In the case of product isolation,
however, the recovery of the intact product requires controlled dissociation of the affinity com-
plex at some point. In affinity chromatography, currently the most common type of affinity
separation, dissociation rate constants between 10 M and 10" M are recommended.” In the
case of much higher values the binding is most likely too weak, while much lower constants
will make the recovery of the product difficult.

Affinity separations use the highly specific binding of the target molecule to the affinity
mediator (ligand) to force said target molecule into a second phase, which is not easily acces-
sible to the majority of the contaminants/impurities. In affinity chromatography, for example,
the affinity ligand is bound to a stationary phase packed into a chromatographic column. The
product containing feed is passed through the column, where only the product molecules are
retained, while the impurities pass without interaction. The separation is easily achieved and
the product can usually be recovered in highly concentrated and purified form. Affinity chro-
matography has been used successfully in many biotechnical downstream processes, especially
in the area of products from mammalian cell culture.

However, as mentioned before, the main allure of using affinity techniques stems from the
fact that specific product capture is possible even from very complex and/or diluted matrices.
Affinity steps are thus best used early on during a multi-step purification process (also since the
unavoidable ligand leakage presents less of a problem in this case). In this regard affinity chro-
matography has some serious drawbacks. The large-scale potential of the method is limited and
columns do show a tendency to clog when typical raw feeds such as cell culture supernatants or
bacterial lysates are processed. Fluidized and expanded bed adsorption has recently begun to
ameliorate some of these problems.'

Many other separation principles, which may in fact be much more suited to the needs of
large-scale bioseparation than chromatography, may also be “improved” in terms of selectivity
by the introduction of the “affinity motif.” Among them are: affinity extraction in aqueous
two-phase systems, affinity (ultra-)filtration, but also affinity precipitation, the topic of this
chapter. Extraction, filtration and precipitation are unit operations, which are routinely used at
large scale in the chemical and pharmaceutical industry. Why is the progress of their affinity
variants so slow? Two factors may possibly contribute. One is the fact that higher affinity
constants are necessary in these processes than in affinity chromatography.'®!” In affinity chro-
matography the target molecules may interact repeatedly with the stationary phase during their
progress along the column, since this is a typical multiple interaction process. The
above-mentioned alternative methods must be considered single interaction operations. In this
case only high affinity constants assure good yields, albeit with the ensuing problems of prod-
uct release once the separation has been achieved.

Adding further to the problem of binding strength is the fact that in nature the highest
affinities and specificities are found for large affinity ligands such as proteins, which have many
interaction points. However, proteineous affinity mediators are less popular in downstream
processing, since leakage can never be avoided totally and the removal of the affinity ligand
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from the product may be challenging in such cases. Limited life time and high costs are addi-
tional issues for such ligands. Small affinity mediators such as triazine dyes, peptides, and even
certain chelated metal ions (Cu(II), Ni(II), Zn(II)), on the other hand, are easily removed from
the product, for example, by gel filtration. In addition these ligands are more likely to with-
stand harsh cleaning and sanitizing conditions.'® Their only drawback is a possible lower affin-
ity constant.

However, the binding strength between a small affinity mediator and the target molecule
can be enhanced in several ways if necessary. One possibility is to use the concept of avidity,
i.e., to allow for multiple binding through a high local concentration of the affinity mediator.
The other possibility is to systematically design the affinity mediator for high affinity, for ex-
ample through combinatorial chemistry. After all, the strongest noncovalent binding found in
nature takes place between the protein avidin and the small ligand biotin.'” The design of the
affinity mediator is not part of this overview. However, it should be kept in mind that such
ligands can be produced and that the affinity principle is therefore applicable to a much wider
range of separation technologies than just chromatography.

The Principle and Application of Affinity Precipitation

In affinity precipitation, the affinity reagent is allowed to interact with the target molecule
in free solution. Once they have been formed, the affinity complexes and sometimes the sur-
plus reagent molecules are precipitated out of the solution in some way or another. The target
molecule is recovered by interruption of the affinity interaction and finally the affinity reagent
is recycled if possible. Affinity precipitation has many advantages over conventional bioseparation
operations including affinity chromatography. Especially important are certainly:

1. the inherently high concentration and purification factors,

2. the potential for quick and efficient removal of the target molecule from the raw feed,

3. the unsurpassably low influence of mass transfer limitations and steric hindrances during
affinity complex formation (and putatively also during complex break-up),

4. the fact that the process is relatively independent of the feed composition (the viscosity
may, for instance, vary over a wide range without posing a major handicap),

5. the good scale up potential (theoretically at least, affinity precipitation can be carried out at
the hectoliter as well as at the milliliter scale).

In the pertinent literature two principal types of affinity precipitation are distinguished.

In the so-called primary effect affinity precipitation (Fig. 3.1) the precipitation is the direct
result of the formation of the affinity complex. For this type of affinity precipitation at least
two binding sites are required on the target molecule. Then it is possible to cross-link a number
of target molecules by bivalent affinity mediators. Once the complex is large enough, it will
precipitate. Perhaps the best known example for this type of separation is the immunoprecipi-
tation, where bivalent antibodies are used to precipitate the corresponding multivalent anti-
gen.?® Immunoprecipitation also gives an idea of some of the disadvantages that may be asso-
ciated with this type of purification.

1. The application range is restricted to target molecules bearing at least two binding sites for
the affinity medication.

2. The concentration of the target molecules in a given feed must be fairly well known before-
hand, since both too high and too low a concentration for a given amount of cross-linker
will result in the formation of only small associates, which tend to stay in solution.

3. The method is not easily applicable for small target molecule concentrations.

4. Recovery of the target molecules from the complex (and also redissolution of the com-
plexes) may be difficult.

5. The capacity for recycling of the affinity cross-linker is limited.
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Figure 3.1. Schematic presentation of a primary effect affinity precipitation using a bis-ligand as cross-linker
to precipitate a tetrameric protein. (reproduced with permission from reference 59).

Primary effect affinity precipitation is best suited for the purification of proteins showing
multiple-point interaction with some of the above mentioned small affinity ligands. Typical
target substances for primary effect affinity precipitation are, for example, enzymes, which
interact with triazine dyes such as Cibacron blue, but also proteins rich in surface histidine
residues, since these protein show strong interaction with immobilized (chelated) transition
metal ions such as copper or zinc. The latter effect can be used in a very general manner since
the introduction of so-called histidine-tags (i.e., multiple histidine sites) into recombinant pro-
teins is a routine procedure, which normally has little or no influence on the biological activity
of the protein.?!?

In secondary effect affinity precipitation (Fig. 3.2) affinity binding and enforced precipi-
tation are separate functions of a so-called affinity macroligand (AML). The basis of an AML is
a stimulus-responsive (“smart”) polymer, which is soluble in water under certain conditions,
but becomes insoluble (i.e., precipitates) once a critical parameter has been surpassed (see be-
low for details). In addition the molecule bears an affinity ligand which is responsible for the
specific binding of the target molecule. Secondary effect affinity precipitation does not require
multivalent target molecules; on the contrary, most applications of this variant are for monova-
lent targets. Large ligands such as whole antibodies have been used successfully as affinity
ligands in secondary affinity precipitation, as has a host of low molecular mass ones. The only
caveat in regard to this method concerns the necessity to maintain the affinity interaction even
during the precipitation step.*®

In secondary effect affinity precipitation, which will be the variant considered exclusively
from here onward, the redissolution of the affinity complex after precipitation is usually straight-
forward. The target molecule may be recovered either directly from the precipitate, which is
clearly preferable from a process-engineering point of view, or after redissolution of the affinity
complex. Authors who investigated the aspect of AML-recycling usually encountered no prob-
lems in reusing the affinity reagent several times.”*?> Below one recently published case study
is detailed as a demonstration of the potential of secondary effect affinity precipitation for
protein recovery.
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Figure 3.2. Schematic presentation of a secondary effect affinity precipitation using a heterobifunctional
affinity macroligand to precipitate the target molecule (reproduced with permission from reference 25).

Recovery of Avidin from Cell Culture Supernatant by Secondary Effect
Affinity Precipitation

In this case study® a thermoresponsive affinity macroligand was used (see below for
stimulus-responsive polymers in general). The base polymer (AML-precursor) was a
poly-N-isopropylacrylamide (PNIPAAm) which was produced by chain transfer polymeriza-
tion (Fig. 3.3). As a result of the particular chain transfer agent employed in this case, each
AML-precursor carried a terminal amino group to which putative affinity mediators could be
coupled using standard carbodiimid chemistry,”® a method which generally preserves the ligand’s
activity to the highest possible degree. For avidin recovery, iminobiotin was used as affinity
mediator. The ensuing AML had a high affinity (Kp - 1075 M) to avidin and avidin-tagged
molecules at elevated pH (ca. 10), but released the avidin readily at lower pH (Kp ~ 107 M at
pH 4). The AML-precursors had an average molecular mass of less than 5000 g/mol, with a
polydispersity below 1.2. As a consequence, the solubility behavior of the oligomer was very
homogeneous. In pure water the AML showed sharp thermoprecipitation at 31.9° C, Figure
3.4. The critical temperature could be influenced by the addition of salt and other cosolutes,
but precipitation remained sharp and reproducible under all circumstances. Quantitative
thermoprecipitation occurred within seconds after the critical temperature was surpassed.

For the actual avidin recovery, an AML-preparation (“affinity reagent”) was used in which
only one out of ten oligomer molecules carried the affinity mediator. This takes into
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Figure 3.3. Reaction scheme for the synthesis of an oligomeric poly-N-isopropylacrylamide based affinity
macroligands through chain transfer polymerization, followed by conjugation of the affinity ligand
2-iminobiotin (reproduced with permission from reference 25).

consideration the fact that the precipitation (flock formation) is actually improved at higher
polymer concentration while a much lower amount of the (expensive) conjugated AML may
already provide a sufficient product capacity.”’ The avidin capacity of the affinity reagent was
0.16 mg of avidin per mg of reagent. The binding between the AML and the protein (avidin)
was improved by the addition of 0.5 M NaCl to the binding buffer (Table 3.2). The avidin
concentration, on the other hand, had no influence on the avidin recovery yield, provided that
the AMLs binding capacity was high enough (no saturation).

In affinity precipitation the equivalent to a washing step is the redissolution and
reprecipitation of the AML target protein-complex without breaking the affinity interaction
(e.g., through repeated thermocycling in subsequent fresh batches of binding buffer). Up to
seven of these cycles were performed with the iminobiotin-activated affinity reagent before the
avidin was finally released from the complex by a transfer to the dissociation buffer. As in any
washing step, some product is lost during each cycle and the number of cycles must hence
represent a carefully optimized compromise between purity and recovery yield. However, the
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Figure 3.4. Thermoprecipitation curves of a) [] the nonconjugated AML-precursorand © the AML in pure
water, b) V only the AML in binding buffer,c) ¢ the affinity complex (AMLproduct)(reproduced with

permission from reference 25).

loss was minimal in the case of the avidin complex and almost 90% of the product could still be
recovered after the seven washing cycles (Fig. 3.5).

The affinity reagent was used to purify avidin from cell culture supernatants containing
5% fetal calf serum; 50 mg of the affinity reagent were added to a cell culture supernatant
containing 0.25 mg/ml of avidin. After complete dissolution of the AML, the pH of the solu-
tion was adjusted to 10.8 with NaOH. Concomitantly, the NaCl concentration was brought to
0.5 M. Precipitation was induced by raising the temperature 2° C above the critical tempera-
ture and the precipitate was recovered by centrifugation. The SDS page gel of the different
supernatants obtained taken during the purification process is shown in Figure 3.6. The initial
sample, S1, shows five major protein bands corresponding to masses between 5x10% and 2x10°
g/mol in addition to the avidin band at 1.6x10% g/mol. After the first induced precipitation,
the majority of protein contaminants remained in the supernatant S2; however, two more
washing steps were necessary (S3, S4) to remove all contaminants. Avidin was subsequently
released from the AML in the dissociation buffer and recovered in supernatant S5. Only 10%
of the avidin were lost during the cleaning step, and the total recovery yield of avidin was 90%.
The residual protein contaminants of the purified avidin was below the detection limit, and
the specific content of avidin in the total protein content was enhanced about 14-fold com-
pared to the initial cell culture supernatant. In a control experiment, the nonconjugated
AML-precursor rather than the AML was used to attempt “affinity precipitation” of avidin
from the supernatant under otherwise identical condition. No protein could be found in the
dissociation buffer supernatants in this case. This clearly indicates that there is no (detectable)
nonspecific coprecipitation of either avidin or the cell culture supernatant components by the
nonconjugated AML precursor.
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Table 3.2. Influence of salt addition, avidin concentration, pH and repeated washing
cycles on avidin recovery by affinity precipitation (reproduced with
permission from reference 25)

Product Concentration  Buffer / Feed NaCl Concentration  Recovery Yield
0.49 mg/ml 0.1 M carbonate, pH 10.8 none 75%

0.49 mg/ml 0.1 M carbonate, pH 10.8 0.5M 87%

1.00 mg/ml 0.1 M carbonate, pH 10.8 0.5M 85%

0.25 mg/ml 0.1 M carbonate, pH 10.8 0.5M 90%

0.49 mg/ml 0.1 M carbonate, pH 9.8 none 33%

0.49 mg/ml 0.1 M phosphate, pH 8.0 none 7%

0.25 mg/ml 0.1 M carbonate, pH 10.8 / 0.5M 93%*

5 mg/ml lysozyme

0.25 mg/ml Cell culture medium Medium composition  90%*
(5% FCS) proprietary

*residual contamination by other proteins below the detection limit

Smart Polymers for Affinity Precipitation

Reversibly water-soluble macromolecules can be responsive to a number of external stimuli.
The most commonly used parameters are:

1. the temperature

2. the ionic strength

3. the pH

Light irradiation, as well as the addition of cross-linking agents, surfactants, or oppositely
charged polyelectrolytes to a charged AML preparation are less commonly used but also valid
approaches to enforce precipitation in certain cases.

In order to be water-soluble in the first place, the macromolecule needs to contain some
“hydrophilic” groups, such as charged or H-bridge forming units. If these groups’ ability of
mediating a contact between the macromolecule and the water molecules is reduced, the mac-
romolecule will no longer stay in solution, but will form (usually hydrophobic) intra- or
intermolecular contacts instead. The efficiency of H-bridge formation decreases with increas-
ing temperature. A critical temperature may hence be observed for such molecules. Charged
polymers may be simply precipitated by reducing or neutralizing the charge density, e.g., through
the addition of oppositely charged (poly-)ions. In cases where the charge density depends on
the pH, as for some poly-(meth-)acrylic acids, a pH shift may bring about precipitation. Below
the various types of possible AML-precursors are discussed in detail.



Affinity Precipitation: Stimulus Responsive Polymers for Bioseparation 49

Avidin remaining in supernatant [%)]
1007

90

80

707

607

50

401

30

207

S1 s2 $3 S4 S5 56 87
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Figure 3.6. SDS-PAGE gel of samples taken during affinity precipitation of avidin from cell culture super-
natant. M: molecular mass markers, Ref: avidin containing feed, S1: feed after affinity precipitation, S2 and
S3: supernatants obtained during “washing” cycles, S4: first dissociating buffer supernatant (release of
avidin), S5: second precipitation of the AML from dissociating buffer, B: buffer samples (reproduced with
permission from reference 25).
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Thermosensitive AML

The solubility of certain uncharged reversibly water-soluble polymers is known to depend
strongly on the temperature, and usually a lower critical solution temperature (LCST) is ob-
served above which the polymer is no longer soluble.?® At low temperature, the monomeric
units of the polymer interact preferentially with the water molecules, and the polymer is dis-
solved in the form of a loose coil. As the temperature increases the efficiency of the H-bridges
in stabilizing the polymer water contacts decreases. At the same time, the entropy driven hy-
drophobic interactions between the monomeric units become more powerful.?? At the critical
temperature the balance is shifted and the dense “globule”-state of the polymer, dominated by
direct interactions between the monomeric units themselves, becomes more stable.>’ The next
step is usually the rapid aggregation of the polymer globules into large, precipitating aggregates.
The consistency of the aggregates can be influenced to some extent by the process parameters.*>

Thermosensitive polymers (oligomers) are perhaps the most promising AML candi-
dates, since:

1. Such molecules are rather inert and less prone to nonspecific interaction with contaminat-

ing substances than, for example, charged AML.>?

2. Thermoprecipitation calls only for heating/cooling of the system, no chemicals need to be
added.

3. The critical temperature can be adjusted over a wide temperature range and thermoinduced
affinity precipitation has been described between 4°C and 70°C.33 Even heat sensitive prod-
ucts can thus be recovered.

4. It is possible to synthesize a thermoresponsive AML in a way that a conjugation site is
added independently of the monomeric units responsible for thermoprecipitation, e.g., at
cither terminus). Standard coupling reactions, as for example developed for affinity chro-
matography, can equally well be used with such AML-precursors.?*

A large number of thermosensitive polymers have been described in the pertinent literature,
usually produced by chemical synthesis. The can be divided into three categories:

1. Homopolymers made from one type of monomeric unit: In such molecules the individual
unit strikes a careful balance between hydrophobicity and hydrophilicity. At present, a pre-
diction of the solubility behavior from just the chemical structure is not possible.>> On the
other hand, small differences in structure may have a considerable influence on the LCST.
It has been observed that all other factors being equal, acrylamides have a lower LCST than
methacrylamides and polymer with aliphatic carbon side chains in the monomeric units
have a lower LCST than those with cyclic ones.?® The tacticity of a molecule is also of
influence and may change the LCST by several °C, while the average molecular mass appar-
ently has lictle effect.3¢

2. Copolymers with a statistical distribution of two or more types of monomeric units: This is
perhaps the easiest way to create a thermosensitive polymer, since a fully water-soluble base
polymer can usually be transformed into a thermosensitive one by the introduction of
hydrophobic units. An example is the recently published case, where the LCST of a set of
poly-(N,N-dimethylacrylamide)stat-(7-hydroxy-3-methyl-4-vinyl indanon copolymers was
varied between 10° C and 85° C simply by adjusting the indanon content of the molecules
between 6% and 15%.37 While this approach is attractive, it also has some drawbacks. The
resulting copolymers will vary widely in comonomer content and distribution. The result is
often a broad LCST range and a nonuniform and somewhat unpredictable precipitation
behavior.?

3. Block-copolymers: These polymers consist of consecutive blocks of monomeric units of a
given type (e.g., AAAAAAAABBBBBBBCCCCCCC.....). In many ways block copoly-

mers combine the advantages of the homopolymers and the statistical copolymers. Each of
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the blocks shows a uniform, predictable behavior which is often not much influenced by
the other blocks.?> For example, in a statistical copolymer, the LCST ( and many other
physical parameters) varies with the comonomer content (and distribution). The copoly-
mer has thus unique features, which distinguish it from the corresponding homopolymers
and which often are impossible to predict beforehand. In a block copolymer, the units act
independently from each other in the manner of the corresponding homopolymer. If, for
instance, the LCST of block A in is surpassed, this part of the molecule will collapse and
aggregate and often take the rest of the polymer with it. The synthesis of a block polymer is
therefore an interesting way of creating a smart polymer since one part of the molecule
could be thermosensitive and another pH-sensitive. However, the challenge of carrying out
the actual chemical synthesis may be considerable.

pH- and Ionic Strength-Sensitive Polymers

Polyelectrolytes form the second large class of stimulus-responsive polymers used in affin-
ity precipitation. Some reversibly water-soluble, charged polymers occur in nature (chitosan,
alginate, certain cellulose derivatives), others, including many alkyl-(meth-)acrylates, have been
synthesized. Polyelectrolytes, such as Eudragit™ (see below) have been used not only in true
affinity precipitations but also for the less specific precipitation of certain proteins through
electrostatic interactions. 142

In the case of charged polymers, a number of possibilities exist for reducing the solubiliz-

ing effect of the charges and possibly forcing the molecules to precipitate.

1. Polymers like chitosan and some cellulose derivatives carry both ionogenic and hydropho-
bic groups within the molecule. The ionogenic groups may be protonated or not depend-
ing on the pH. If these groups are uncharged, the hydrophobic character of the polymer
dominates and the water-solubility is low. If the ionogenic groups are charged, the
polyelectrolytic character becomes predominant and the polymer is well soluble in water.
The solubility of such molecules is therefore a function of the pH. One example for such a
pH-sensitive molecule is Eudragit, at present perhaps the most popular AML-precursor.
Eudragit (for example Eudragit S 100 and Eudragit L) is the trade name (R6hm Pharma) of
a type of methacrylic acid methyl methacrylate copolymer, which is soluble above a pH of
6 and completely insoluble at a pH of 4.5 in the case of Eudragit S100 (3.5 in case of
Eudragit L). The polymer is nontoxic and commonly used in the pharmaceutical industry.
In the early applications a pH shift below 4.5 was used to bring about precipitation. More
recently, however, it was found that Eudragit can be precipitated even at neutral pH and
above by raising the temperature and/or adding calcium ions to the solution (typically 50
mM CaCl, and 40°C are used).*? The addition of 1 M NaCl may reduce the nonspecific
(ionic) interaction between Eudragit and proteins in general.# Affinity mediators can eas-
ily be linked to the carboxylic acid groups of the Eudragit by carbodiimid coupling.

2. Polyelectrolytes may also be precipitated through cross-linking by multivalent counterions.
An example is the precipitation of alginate by the addition of calcium ions or other di- and
trivalent metal ions.%>

3. Theaddition of a second polyion of the opposite charge leads to the formation of polyanion/
polycation-complexes, which are less soluble in water and usually precipitate. At least one
example has been published in which a Cibacron blue conjugated polycation
(polyethyleneimine) was used to capture lactate dehydrogenase, followed by precipitation
through complex formation with polyacrylic acid.¢

4. Precipitation through ion pairing with a surfactant of the opposite charge may also be a

possibility.
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As already indicated in some of the above-mentioned cases, the solubility of a given polymer
may be influenced by more than one parameter. The addition of a salt may, for example, reduce
the temperature or the pH for which precipitation occurs. A change in temperature will almost
always influence the precipitation of a charged polymer to some extent.

Oligomeric AML-Precursors

Conventional affinity macroligands are just what their name suggests, i.e., fairly large
molecules, which carry an affinity domain. The reasons for this are more or less historical. The
first stimulus-responsive molecules to be used for affinity precipitation were naturally occur-
ring polymers and the early synthetic ones were prepared by standard radical polymerization,
which also results in rather large structures. For successful affinity precipitation it is necessary
that the AML and not the captured target molecule determines the solubility of the affinity
complex. A priori, this should be easier when the AML has a certain size. Conventional AML
tend to be rather heterogeneous in size and structure. The synthetic ones are somewhat supe-
rior in this regard, however, polydispersities of more than 10 are by no means unusual in the
case of radical polymers. This makes the characterization of the AML-precursor rather difficult
and may in fact present a major handicap when affinity precipitation is presented to regulatory
authorities as part of the production process of a recombinant pharmaceutical. The situation
becomes worse if copolymers are necessary for some reason (e.g., for the introduction of the
affinity mediator). In such cases the solubility behavior becomes erratic and affinity precipita-
tions using such agents have to be developed for each specific case in particular. Much of the
principal flexibility of the method is then lost.

Recently, however, methods for the synthesis of smaller, much more homogeneous syn-
thetic “polymers” (or rather oligomers) have been developed, for example group and chain
transfer polymerization. These methods have been shown to be interesting approaches to the
synthesis of small but efficient thermosensitive AML-precursors.”>* Some pH-sensitive poly-
mers have also been produced by these methods, albeit with other applications than affinity
precipitation in mind.*® The solubility behavior of the oligomeric AML-precursors is very
similar to that observed for their larger homologues.*® Due to the synthesis mechanism, both
group and chain transfer oligomers carry a reactive end group, such as an amino, alcohol or
carboxylic acid group. It is possible to link the affinity mediator molecule to this end group,
thereby preparing AML with a single, well-defined affinity domain. Since the size of the AML
is small, high ligand densities in terms of number of ligands per gram of AML are reached in
such cases. The next question is, whether such AML, especially the ones carrying large affinity
domains (antibodies), still show thermoprecipitation behavior themselves, and if so, whether
or not affinity precipitation of a protein product could still be achieved with them.

In the case of conventional AML, the introduction of the affinity mediator usually influences
the solubility heavily (see below for details).*” However, no such influence is usually observed in
the case of oligomeric AML with terminal affinity domains, and that not even when the affinity
domain (end group) is large or charged.!””” Tt has been postulated that in the case of a terminal
affinity domain, the two parts of the AML, i.e., the polymer backbone and the affinity ligand, act
independently from each other. Therefore an influence of the affinity ligand on a precipitation
temperature would only be expected if the affinity ligand itself had an even lower critical temperature
than the polymer backbone. Salts and other cosolutes do exert the usual influence on the precipi-
tation temperature.’’ However, in all investigated cases, both the precipitation and the redissolution
remained fast and quantitative. Phase separation and its reversal occurred within a fraction of a
degree centigrade and no broad precipitation intervals were ever observed in the case of
oligomer-based AML-precursors, as this is sometimes the case for conventional polymeric (co-
polymeric) AML.
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Oligomer-based AML can be used (and may even have advantages) for affinity precipita-
tion of proteins and other large target molecules. The reason why such comparatively small
molecules can be successful AML was elucidated by a recent investigation of the thermody-
namics of their thermoprecipitation.”® Apparently, the size of the individual oligomer is of
litcle influence since pronounced association takes place long before the phase transition. In
fact, the size of the cooperative unit during phase transition seems to be similar for the small
oligomers unlike the case of larger molecules of the same base chemistry.

Introduction of the Affinity Mediator

The creation of the AML requires the introduction of an affinity mediator into the base
polymer (AML-precursor). Various approaches to this important step have been described in
the literature. The procedure chosen in a given case depends on a number of parameters, some
of which are discussed in more detail below.

1. Introduction via a terminal group: In this approach the affinity mediator is linked to an
active group at either end of the base polymer. Such groups (including amino, carboxylic
acid, alcohol, and epoxy groups) can be introduced into the precursor during the starting of
terminating step of the polymerization reaction (e.g., of the group or chain transfer kind).
In order to keep the ligand density (capacity) sufficiently high in such cases, introduction
via a terminal group should only be attempted for oligomeric AML-precursors. In this case,
the technique has certain advantages. Positioned at either end of the AML-precursor, the
affinity mediator has almost no influence on the solubility of the base polymer. The affinity
remains high, usually equal to that observed for the free affinity mediator, and the affinity
constant is similar for all AML of a given type.!” Since high affinity constants are of utmost
importance in affinity precipitation (even more so than in affinity chromatography), AML
with terminal affinity domains are preferable over AML with a statistical distribution of
affinity ligands. Although it has never been reported, oligomeric AML with terminal affin-
ity domain may be prone to the effect of “stacking” (i.e., self-association), which would
lower the separation efficiency considerably. Stacking has been reported for certain
cross-linking bis-ligands for primary effect affinity precipitation, for example in the case of
Cibacron blue-activated molecules.>? If stacking can be avoided, introduction of the affniity
domain via end group chemistry is characterized by extreme flexibility and yields very ho-
mogeneous AML.

2. Introduction via polymer analogous reaction: This is perhaps the most general way of intro-
ducing the affinity mediator. It can, for example, also be used for the modification of natu-
rally occurring stimulus-responsive polymers. For this approach, suitable groups in the poly-
mer are activated and subsequently used to couple a number of affinity ligand molecules.
Since the affinity mediator is introduced along the polymer backbone, the solubility of the
AML tends to differ considerably from that of the base polymer.44 The approach is statisti-
cal and a certain heterogeneity is introduced. The linkage of small ligands such as a triazine
dye is usually more straightforward than that of larger proteineous ligands such as
antibodies. The affinity constants within an AML preparation may vary in dependency on
the position along the polymer backbone where the ligand was introduced. The accessibil-
ity of the majority of the ligands will be restricted by the polymer coil and usually the
average affinity constant measured for such AML are more than one order of magnitude
below that of the free ligand.2353 However, since several affinity ligands are linked to the
polymer backbone (increase of ligand density), avidity effects due to the possibility of form-
ing multiple interactions between the AML and the target molecule are possible and help to
counteract the effect of steric hindrance to some extent.?>4The number and spacing of the
ligands along the polymer backbone, but also the overall AML concentration, may be
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Figure 3.7. Schematic presentation of the “wrapping” effect (A) versus larger associate formation (B) (repro-
duced with permission from reference 54).

crucial. In some cases so-called “wrapping” has been reported, where the AML enfolds a
single target molecule. This yields a soluble one-to-one complex, which shows little ten-
dency to associate with other affinity complexes (Fig. 3.7).>% In such cases no precipitation
may occur.

3. Introduction via copolymerization: This method has some similarities to the one outlined
before. Here the AML is produced through a copolymerization of a monomer responsible
for the solubility of the final AML and a second one, which carries the affinity mediator or
a precursor thereof. The copolymer based AML are also characterized by a pronounced
heterogeneity of the ligand density, the affinity constant and the solution behavior.

In all cases the selective “elution” of the target molecule from the AML after successful separa-
tion by precipitation may pose an additional problem. Treating the precipitate directly (leach-
ing) would be the easiest approach, but conditions used to release the target molecule from the
affinity mediator (pH shift, salt addition, competing agent, etc.) may also resolubilize the AML,
especially if a pH- rather than a thermosensitive one is used. Careful design of the polymer
backbone and the affinity domain may help to reduce these problems.

Conclusions and Outlook

The appeal of the affinity precipitation approach for bioseparation stems from the con-
cept of combining an well-understood and easily scalable technology like precipitation with
the specificity of an affinity interaction. A number of case studies can be found in the pertinent
literature, where affinity precipitation (of either type) is used for the isolation or enrichment of
biologicals. It should be noted, however, that at present, not a single application of affinity
precipitation in an industrial environment has been reported. The reluctance to use a “novel”
technology is often high in the pharmaceutical industry due to the increase in regulatory paper
work. However, in the case of affinity precipitation, another aspect may be even more impor-
tant. Until recently, the equipment and the reagents (including the AML) required for affinity
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precipitation were not commercially available and a do-it-yourself-approach is usually not a
good basis for a GMP-type process. However, this has now changed, since at least one com-
pany, polyTag Technology, Switzerland, now provides dedicated AML, as well as technical
support and services for affinity precipitation.

If one envisions the possible integration of affinity precipitation in a typical multi-stage
biotechnical downstream process, the operation will most likely be positioned during the early
stages where the advantages such as quick and specific product enrichment come to full play.
An interesting combination has been proposed in the combination of affinity precipitation and
aqueous two phase system extraction, which could be used even in the case of solid-containing
feeds. That was always a problem in pure affinity precipitation since the solids would be co-
isolated during the recovery of the precipitate.’>™>” Aqueous two-phase systems form spontane-
ously when two polymers or a polymer and a salt are dissolved in water above a certain critical
concentration.’® Polyethylene glycol/dextrane and polyethylene glycol/salt systems are the most
commonly used ones. Proteins, nucleic acids, cells and cell debris normally partition into the
dextran (or salt) phase. Some polymers, including Eudragit, show a tendency to partition into
the polyethylene glycol phase instead. If instead of pure Eudragit, an Eudragit-based AML is
used, the partitioning behavior in general is almost identical, but the AML will drag the target
molecule into the polyethyleneglycol phase. From this phase the target molecule (and the few
impurities that will copartition) can easily be recovered by pH-induced affinity precipitation.

The intent of this overview was to present affinity precipitation as a method, which is
robust and flexible, but also easy to apply and to vary in scale. Much more work is obviously
necessary before affinity precipitation can become a standard bioseparation technology. At
present, neither the affinity mediator nor the polymer can be designed to fit a given isolation
problem. This adds to the difficulty of introducing this interesting method in a real process
environment. Given the importance of the AML-precursor, progress and increased application
of affinity precipitation will depend directly on the advances made in the area of “smart
polymers”.
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CHAPTER 4

Synthetic Displacers for Preparative
Biochromatography

Ruth Freitag and Christine Wandrey

Introduction

iotechnology has become an important industry with a major impact on the economic
B development in the highly industrialized countries. Bioproduction has the reputation

of being “clean” and environmentally friendly, an advantage which is in part paid for
by complex production environments. As a consequence, the isolation (downstream process)
of the high-value bioproducts, for example recombinant proteins or DNA vectors intended
for gene therapy, tends to be difficult for two reasons. First of all, the product is easily dam-
aged and secondly, many of the contaminants/impurities have a very similar chemical nature
as the product. For example, they may also be proteins/DNA molecules or even minor vari-
ants of the actual product. Concomitantly, biotech products in general and especially those
intended for the use in humans have to comply to very strict regulations concerning final
purity and consistency.

At present, the bioindustry relies heavily on chromatography to achieve its separation
goals. With the exception of gel filtration (also called size exclusion chromatography), chro-
matographic separations are based on the distribution by adsorption/desorption or
partitioning-processes of the feed components between two phases, one which is placed per-
manently inside a column (“stationary”/adsorptive phase), and a second, which percolates
through the column at a given rate (“mobile” phase). Many types of interaction can exist be-
tween the molecules of interest in the stationary the mobile phases. The most important amongst
them are electrostatic, hydrophobic, and stereospecific (bioaffinity) interactions. Modern chro-
matography can exploit even very slight differences in protein structure and composition to
enforce a separation, and proteins that differ only in a single amino acid or glycosilation site
have been successfully separated.

The separation power of chromatography is not restricted to large biologicals; many other
substances may be separated chromatographically. In fact, early on chromatography was a sepa-
ration principle which was extensively used for small molecule separation in the chemical and
pharmaceutical industry. There, however, other unit operations such as rectification and ex-
traction soon replaced chromatography for obvious reasons. By comparison, chromatography
is a slow and costly technique, which is difficult to scale up. However, in biotechnology a
similar change in basic methodology is unlikely to occur and chromatography with it’s “physi-
ological” separation conditions (such as aqueous buffers, low temperatures) will most likely
continue to be the method of choice for preparative bioseparation for some time to come.

Synthetic Polymers for Biotechnology and Medicine, edited by Ruth Freitag.
©2003 Eurekah.com.
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In the meantime, chromatographic separations contribute heavily to the production costs
of, for example, recombinant proteins, and the question of how to improve the efficiency of
these operations needs to be answered. In principle, many aspects of a given preparative chro-
matographic separation can be improved. One reason why improvements are only slowly en-
tering practice is the severe time constraints for process development. Many downstream pro-
cesses contain chromatographic steps which are known to be less than optimal in terms of
throughput and efficiency, but accomplish the goal. In the past, this problem could often be
ignored since cost considerations were less important than entering clinical trials. However, as
competition increases, this is expected to change. A more important obstacle to the use of new
approaches to improve product isolation—besides an understandable reluctance to use “non-
standard” technologies—Ilies in the fact that their implementation requires some material which
is not (yet) commercially available or still too expensive. One example in this context is dis-
placement chromatography, a chromatographic mode which has many advantages over con-
ventional preparative elution chromatography, but which is handicapped by the ltck of suitable
displacers and stationary phases.

The Principle of Displacement Chromatography

Chromatography began as a predominantly (semi-)preparative technique. From the for-
ties and fifties onward, however, chromatography became more and more synonymous with
(high performance) analytical chromatography, HPLC. As a result an impressive number of
high-resolution separation techniques were developed in the elution (isocratic or gradient)
mode of chromatography. Since analytical elution chromatography does scale up, to some
extent many preparative separations were also developed in the elution mode and other modes
of chromatography were largely ignored.

The basic difference between elution and displacement chromatography is demonstrated
in Figures 4.1 and 4.2. In elution chromatography (Fig. 4.1) the substances are separated into
individual “peaks” which are separated by stretches of “empty” mobile phase. In isocratic elu-
tion the mobile phase composition does not change during the run. In gradient elution, on the
other hand, the mobile phase composition does change during the separation. In the beginning
a buffer composition is used, which favors the binding of all but the very low affinity compo-
nents. During the run the mobile phase becomes more attractive, until towards the end, all but
the substances with extremely high stationary phase affinity are eluted. Gradient elution is
often necessary in biochromatography since many biopolymers show an “all-or-nothing” type
of binding. For a given set of stationary and mobile phases they either bind strongly to the
stationary phase or not at all. As a result, only a change of the mobile phase composition
throughout the experiments can force all substances to clear the column. Under analytical
conditions this presents no challenge since small columns are used. Gradients are much more
difficult to realize in the case of large preparative columns, and step rather than linear gradients
are often preferred in that case. Such an approach renders the separation of a multicomponent
mixture more complex since theoretically for each component an individual step has to be
created.

In displacement chromatography, the substances are resolved in consecutive zones of the
pure substances, the so-called displacement train (Fig. 4.2). This takes place under the influ-
ence of a “displacer”. A typically displacement separation is shown in Figure 4.3. In the first
stage the substance mixture (feed) is fed into the column. As will be explained below, strongly
nonlinear, i.e., competitive, conditions are wanted in displacement chromatography; therefore
a large part of the column’s capacity can be exploited during this phase. In stage 11, the displacer
solution is pumped through the column and the separation takes place. As a rule, the displacer
is a substance which binds more strongly to the stationary phase than the feed components.
Hence the displacer will compete successfully with any feed component for the binding places.
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Figure 4.1. Schematic presentation of a separation by (gradient) elution chromatography.

Substances a,b,c

Concentration
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Figure 4.2. Schematic presentation of a separation by displacement chromatography.

A simple “Gedankenexperiment” will elucidate this concept. Imagine a two component
system, one feed substance x and the displacer in a situation where the zone development has
already taken place. Should a displacer molecule for some reason end up amongst the substance
molecules, it will preferably bind to the stationary phase due to its superior affinity and thus be
slowed down with regard to the bulk zone of x. Should a molecule of x lag behind the bulk zone
of x, it is less likely to become adsorbed than the displacer molecules and therefore will be sped
up in relation to the displacer front. If there is more than one component in the mixture, each
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Figure 4.3. The different stages of a displacement separation: stage I, introduction of the feed, stage II,
introduction of the displacer and development of the displacement train, stage I1I, column regeneration and
reequilibration.

molecular species will compete for the binding sites. The competition increases during the run,
since the number of available binding places is continuously reduced as the displacer front
advances. The result is the formation of the consecutive zones of the pure substances as shown
in Figure 4.2. It is important that in displacement chromatography the displacer always stays
behind the substance zones, while in elution chromatography the gradient is superimposed
over them. Moreover, a single displacer step is sufficient to resolve a multicomponent mixture.

Some simple mathematical considerations with regard to the development of the displace-
ment train are given in Insert 4.1. Once the displacer concentration in the carrier (cpjsplacer) has
been adjusted, the corresponding stationary phase concentration of the displacer (qpisplacer)
follows from the displacer isotherm. The q/c ratio is a constant for all substances within the
system, equation 3, so if the isotherm of a substance a is known, the concentrations c, of this
substance in the displacement train can be easily determined. An “operating line” can be con-
structed by drawing a straight line from the origin of the plot to the point on the displacer
isotherm corresponding to c4 (Fig. 4.4) top. The concentrations of the individual substances in
the displacement train can be taken from the intersection point of the operating line with the
substance’s isotherm. Substances whose isotherms do not intersect with the operating line elute
ahead of the displacement train (Fig. 4.4 bottom).

This is an oversimplified presentation of the displacement separation which does not take
into account important aspects, such as mass transfer restrictions, kinetic and extra column
effects, nonLangmurian isotherms (a common occurrence in biochromatography) or changes
in the local microenvironment of the substances. Protein adsorption is strongly influenced by
such local changes in the mobile phase, as will be discussed below. For theoretical consider-
ations most of the above-mentioned effects can be taken into account (for an introduction to
the theory of displacement chromatography, see e.g.?). However, the simplified picture
already allows some insight into the advantages and possibilities of displacement chromatography.



62 Synthetic Polymers for Biotechnology and Medicine

Insert 4.1.

The speed of a substance front moving through a chromatographic column, uy, depends
on the energy of adsorption (as indicated by the isotherm qj = f (c1)), the flow rate of the
mobile phase, u,, and the phase ratio, ¢ [65].

Eqn. 1

In the displacement train all substance zones have to move at the speed of the displacer
front and therefore equation 1 has to apply all of them, i.e.,
u i i

a ar

1+ Q&{—L’Jfgt'r,] 1+ 'p&if'):);-‘l) 1+ ﬂi’%‘w ) Eqn. 2

With subscript D indicating the displacer and subscripts a and b indicating individual
substances. Since mobile phase flow rate, u,, and phase ratio, ¢, are constants, it follows that:

Eqn. 3

Since the displacer concentration determines the concentrations in the displacement train,
the feed concentration is of little importance and high concentration factors can be achieved.
In some cases the possibility to control the concentration of a given substance can also be of
advantage, for example, if aggregation or denaturing occur at high concentrations. Since only a
single displacer step is needed to separate a multicomponent mixture, displacement chroma-
tography lends itself more easily to preparative applications than step elution chromatography.
Some recent comparisons have indeed shown that significant savings in terms of costs, time
and buffer consumption are possible if the displacement rather than the elution approach is
used under otherwise identical conditions.>* The advantages of displacement chromatography
are especially prominent when expensive feeds are to be processed (oligonucleotides, synthetic
peptides) or for the final polishing step of a given product. In this case all remaining impurities
will be focused into small but highly concentrated zones adjacent to the zone of the product.
Their removal is therefore possible with a minimum of product loss. Another application,
which evolved only recently, is the utilization of displacement chromatography for “sample
preparation” in analytical chemistry, i.e., the direct coupling of the displacement column to an
analytical system such as a mass spectrometer.” Again, the major advantage is the focusing/
concentration of minor and even trace components of the sample. The detection limit of the
hyphenated system is thereby improved considerably in comparison to that of the detector
alone.

In spite of these acknowledged advantages and in spite of some encouraging cases in the
recent past, displacement is rarely applied in today’s bioindustry. A major problem is the displacer,
since this substance is the basic requirement of any displacement separation. While finding a
suitable substance is still comparatively easy for the separation of small molecules, it becomes
the major challenge in the separation of (bio)macromolecules. The physicochemical properties
of the displacer determine the quality and feasibility of a separation. However, our understand-
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Figure 4.4. Simulation of the displacement train under ideal conditions from a set of individual substance
isotherms and the displacer isotherm. The operating line is found by connecting the origin of the plot with
the point on the displacer isotherm, defined by the displacer concentration in solution. The intersection
points of the operating line with the substance isotherms determined the substance concentration in the
displacement train. Substances whose isotherms do not intersect with the operating line elute ahead of the
displacement train. Top: Multiisotherm-plot with operating line. Bottom: Corresponding chromatogram
(displacement train).
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ing of how certain (measurable) physicochemical displacer properties are linked to the ob-
served chromatographic behavior is poor. Manipulation of certain chemistry-linked undesir-
able qualities such as displacer toxicity, difficult column regeneration or low mobile phase
solubility becomes purely empirical under these circumstances.

Displacers for Biochromatography

For application in biochromatography a displacer has to fulfill some basic requirements. It
should, for example, be nontoxic, biocompatible, stable and cheap. The latter is especially
important, since large amounts of displacer are needed and cost considerations often
determine whether or not a particular procedure is used in industry. In this context the possi-
bility of displacer recycling should be investigated and validated, since this can become a con-
siderable asset in terms of lowering the production costs. After the separation it must be pos-
sible to remove the displacer from the final product to the required degree and to assess the
residual displacer concentration with a sensitive and selective assay. For pharmaceutical appli-
cations it might even be necessary to sterilize the material. The ideal displacer should dissolve
well in the mobile phase since high displacer concentrations result in fast separations and high
product concentrations. Stationary phase affinity is already an ambiguous issue. It has been
said before that the displacer’s stationary phase affinity should be higher than that of any of the
substances to be displaced. However, column regeneration must also be considered and some
authors suggest that fine-tuning the affinity rather than going for the highest possible one
actually yields better results in terms of resolution, yield and throughout.®

Displacement biochromatography has in the past been predominantly a method for the
separation of small molecules.”® Amino acids, peptides and even small proteins such as insulin
were separated in the reversed phase mode, using hydro-organic or aqueous mobile phases and
hydrophobic, but soluble, small molecules as displacer, such as 2-(2-butoxyethoxy)ethanol (BEE),
decyltrimethylammonium bromide, cetyltrimethylammonium bromide (cetramide),
benzyldimethyldodecylammonium bromide, benzyldimethylhexyldecylammonium chloride,
benzyltributylammonium chloride, dodecyloctyldimethylammonium chloride and palmitic acid.
Unfortunately, reversed phase chromatography is usually not suited to preparative protein chro-
matography since many proteins are damaged by the hydro-organic solvents and used and
hydrophobic stationary phases in this type of chromatography.

For various reasons, ion exchange displacement chromatography (IEDX) using polyelec-
trolytes as displacer has become the predominant mode for protein displacement chromatogra-
phy and other modes such as hydrophobic interaction chromatography (HIC), affinity chro-
matography (AC) and hydroxyapatite chromatography (HAC) have been used only occasionally.®
In the classic applications two types of molecules have been used as displacers of large biologicals
in IEDX; these were proteins and high molecular mass synthetic polyelectrolytes. The reason
for this restriction was the assumption that the displacer of a (large) protein molecule would
need to be fairly large itself in order to have a sufficiently high affinity for successful binding
place competition. Early reports on the use of small molecules as protein displacers were disre-
garded due to the heterogeneity of the displacer substance used.” It was assumed that high
molecular mass impurities were the actual displacers. However, it was suggested as early as
1990 that low molecular mass molecules may act as protein displacers since proteins are known
to use only a fraction of their surface to interact with an ion exchanger as a consequence of their
surface charge asymmetries. We know today that such small displacers have advantages in terms
of column regeneration and fine-tuning of the separations, and recently methods for the syn-
thesis of high-affinity low molecular mass displacers have been proposed which combine the
advantages of the conventional small displacers with those of the classical high molecular mass
molecules.'*!!
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The early applications of displacement chromatography were all in the area of protein
purification. However, lately the isolation of DNA is gaining importance since larger amounts
of highly purified plasmid DNA are, for example, needed in gene therapy. As opposed to
proteins, DNA molecules are themselves large and linear polyelectrolytes. As the first applica-
tions of displacement chromatography to the purification of plasmid DNA are being pub-
lished, the question of what type of molecule constitutes a suitable DNA displacer may give a
new impetus to the development of the theory of displacer design.'? Up to now, however, there
is no systematic way to design a displacer’s physicochemical properties (size, structure, type and
density of specifically and nonspecifically interactive groups) with the aim of achieving suffi-
cient stationary phase affinity for a given separation. In order to do this, it will be necessary to
advance our understanding of the solubility and adsorption of large and small molecules and
not only of polyelectrolytes. Displacement chromatography will not be the only area to profit
from this. In a first attempt to classify displacers according to physical properties, which is
known to influence the chromatographic behavior, we propose nine different classes of displacer
as indicated in Table 4.1.

Classical Protein Displacers

The lack of a suitable displacer can easily prevent an entire section of the stationary phase/
interaction spectrum of chromatography from being used in the displacement mode. For ex-
ample, hydrophobic interaction chromatography (HIC), the preparative alternative to reversed
phase elution chromatography in the protein area, has not gained the same importance in
displacement chromartography.'*!* To date, protein displacement chromatography is almost
exclusively performed in the ion exchange mode (IEDX). Typical displacers in these applica-
tions are (modified) natural compounds such as chondroitin sulfate, dextran sulfate, carboxym-
ethyl starch and alginate or purely synthetic ones such as Eudragit, Nicolyte 7105 and
poly(ethylene imine) (PEI). These substances hence fall in the P (n,m,s) category of displacer
(Table 4.1).

Synthetic polymers are cheap, available in large variety and can often be sterilized (e.g., by
heat or filtration). However, they are generally only available in heterogeneous mixtures vary-
ing considerably in molecular mass and structure (e.g., branched versus linear chains). A mea-
sure for the molecular mass distribution is the index of polydispersity, which would be 1 in the
case of no variation within the molecule population (e.g., for a protein), below 1.5 for a typical
“homogeneous” synthetic polymer and easily above 10 for most of the commercially available
synthetic polymers. Displacer heterogeneities and impurities pose a grave problem since the
stationary phase affinity of the different molecules varies considerably and often less well re-
tained displacer molecules contaminate the product zones.” In addition, the highly charged
high molecular mass fractions of the displacer preparation tend to have a very high stationary
phase affinity and are therefore difficult or impossible to remove from the column. Solubility
tends to be restricted for large polyelectrolytes and many of the synthetic polymer prepara-
tions contain toxic impurities (e.g., residual monomer molecules). The high viscosities of
concentrated polymer solutions tend to pose additional problems in the utilization of P-type
protein displacers.

Proteins themselves can also be used as protein displacers. They have the disadvantage of
being expensive and fragile and are generally not suited for large-scale pharmaceutical applica-
tions. However, they also have some advantages over the above-mentioned synthetic polymers
since they represent a homogeneous molecule population and are susceptible to detection by
UV/VIS or specific bioassays. Established rules concerning how to deal with possible residual
protein contamination of a given product exist. In addition, any interaction mode of protein
chromatography can be used with proteins as protein displacers, since it will almost always be
possible to find a protein which binds more strongly to the column in question than the target
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Table 4.1. Classified protein displacers

Low Molecular Oligomeric Polymeric

Mass Displacer (L) Displacer (O) Displacer (P)
Natural (n) Ln On Pn
Modified natural (m) Lm Om Pm
Synthetic (s) Ls Os Ps

molecule. One of the earliest displacement separations in the HIC mode, for example, used a
protein (bovine serum albumin) as displacer.'?

Low Molecular Mass and Oligomeric Protein Displacers

Until the early 1990s, the idea of low molecular mass displacers for ion exchange displace-
ment chromatography seemed absurd. However, isolated cases of the utilization as well as specu-
lations concerning the putative advantages and disadvantages of such substances continued to
appear in the pertinent literature. Jen and Pinto were amongst the first to report on the use of
a Ls-type substance, namely poly(vinylsulfonic acid) (Mw 2000 g/mol) as protein displacer.”
Concluding from their investigation of dextran sulfates (Om- / Pm-type) as protein displacers
the same authors clearly speak in favor of using the Om- (Mw <5000 g/mol) rather than the
Pm-variant (Mw > 500’000 g/mol) for that purpose.'® No separation of the test mixture,
a-lactoglobulins A and B, could be achieved with the Pm-type displacer. It was speculated that
such extremely large displacer molecules are excluded from certain pores and are thereby pre-
vented from acting as displacer in spite of their potentially high affinity (the number of charges
per molecules is 6100 for the Pm versus <100 for the Om analogs of similar chemistry). The
Om-type molecules had the additional advantage of being nontoxic (dextran sulfates with a
molecular mass of <10,000 g/mol having been administered to humans orally and intrave-
nously without adverse results) and easily detected (strong UV absorbance at 260 nm). They
can be sterilized, show no nonspecific interaction with proteins and are strongly ionic and
cheap. Using this system, a first investigation of the influence of the molecular mass on the
displacer properties was carried out. It was shown that the fairly small molecules can act as
displacer and that column regeneration is easier in their case. Especially the latter advantage
was among the first to be noticed for small versus large displacer molecules.

In one of the few cited cases of affinity displacement chromatography, Ls-type poly(ethylene
imine) molecules, such as PEI-2000, PEI-700, were better displacers than the Os-type
PEI-35°000." Spermine, a low molecular mass analog (degree of polymerization of 4, Mw
202.34 g/mol) of PEI, on the other hand, did not act as displacer. Small calcium chelating
molecules such as IDA (imminodiacetic acid, Mw 133.4 g/mol) and EGTA (ethyleneglycolbis
(B-aminoethylether)-N,N,N'N'-tetraacetic acid, Mw 380.4 g/mol) were used as protein
displacers in hydroxyapatite and anion exchange chromatography.!® Beginning in the early
1990s, the group of Cramer has also reported repeatedly on the use of L- and O-type molecules
as protein displacers, including, for example, protected amino acids, antibiotics, heparin, and
various sulfonic acids such as: 1,2 benzene sulfonic acid (BDS), 1,5 naphthalene sulfonic acid
(NDS), and p-toluene sulfonic acid (PTS).

As the understanding of how displacers enforce the separation advance, it became evident
that small molecules can—under the right circumstances—indeed constitute powerful protein
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displacers. L- and O-type displacers are more sensitive to the actual chromatographic condi-
tions and in the case of IEDX most specifically to the salt content of the mobile phase than
P-type displacer molecules. However, they have the advantage of a more uniform molecular
mass and hence more homogenous stationary phase affinity. They can easily be removed from
the protein product by filtration or dialysis. O- and especially L-type displacers are often cheaper
than P-type ones. They have the additional advantage of superior mass transfer properties and
even at high concentration they do not increase the viscosity of the mobile phase to the same
extent as a polymer would. Increasingly such small molecules are used and important deduc-
tion are drawn from the results. A number of these small protein displacer molecules and their
application are listed in Table 4.2.

Design of Protein Displacers

Torres and Peterson were the first to try to synthesize a dedicated displacer. Starting in
1978, they chemically modified high-molecular mass carboxymethyldextranes (CM-D) to ob-
tain a series of molecules with graded affinity to anion exchange materials.'” The mixture
behaved as a single displacer as long as all displacer components had a higher binding affinity
than the target molecules. If this was not the case, the low affinity fractions of the “displacer”
would penetrate into the displacement train and position themselves between protein zones of
lower and higher affinity respectively. It was possible to remove the spacer/displacer molecules
from the protein fractions by hydrophobic interaction chromatography if necessary since nor-
mally only proteins interacted with such columns, but not the CM-D.? Since the CM-D are
nontoxic and non-UV active this spacer-potential may be considered as an advantage. The low
affinity CM-D variants separate the individual protein zones and thereby facilitate their detec-
tion (spacer displacement chromatogralphy).21 It must be acknowledged, however, that the
high preparative potential of displacement chromatography is realized fully only if target
molecule-target molecule displacement is exploited to create the displacement train.

In the early eighties, CM-D fractions with fairly narrow ranges of affinity became avail-
able and these substances were commercialized.*>*? A system was developed to give an “index
of affinity” to each of the CM-D fractions.** The weak anion exchanger DEAE-Sephadex A-50
shrinks when saturated with CM-D. The volumetric change is a function of the A220/An
index of the CM-D solution used for the saturation and a linear relationship exists between the
reciprocal of the pellet volume (RPV) and this index. The A220/An ratio can be calculated
from the absorbency at 220 nm of a 3% CM-D solution in water divided by the difference in
the refractive index (n) of this solution and water. The shrinking of the DEAE Sephadex beads
upon saturation with CM-Ds is most likely due to a reduction of the electrostatic repulsion of
the DEAE surface groups. Since at saturation approximately the same number of surface charges
are neutralized by the CM-D, the RPV characterizing the CM-D with respect to its relative
charge density, i.e., its relative content of carboxyl groups. This allows assigning a “relative
affinity” to CM-D having a specific molecular mass. The respective molecules can subsequently
be used as displacer (or spacer) in a given separation, the affinity of each CM-D molecule being
a direct function of the number of negative charges it can present to the adsorbent. CM-D are
relatively inexpensive materials. They are produced under controlled conditions and cover a
wide affinity range. Heterogeneous mixtures of CM-D were used to separate such complex
samples as Jguinf:a pig serum, mouse liver cytosol, and alkaline phosphatase from E. coli
periplasm.”

Following these early efforts, the year 1995 can be considered as the starting point of
rational displacer design, since at least three different types of synthetic displacer of the Ls- and
Os-type were introduced in that year. Breier and Freitag introduced a series of poly(ethylene
glycol) based linear and dendritic polymers (Mw between 1000 and 50’000 g/mol) that were
modified to carry chelating groups at the ends.”” These molecules were used as protein displacers
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Figure 4.5. Thermosensitive displacer having a lower critical solution temperature between 30°C and 31°C.

in anion exchange and hydroxyapatite chromatography. Vogt and Freitag first introduced their
building block method for target-orientated displacer synthesis by copolymerization.?® This
approach allows the production of a displacer for a given stationary phase and/or separation
problem. The stationary phase determines the nature of a so-called specific monomer, such as
ionic groups for ion exchange materials. If useful, a second monomer is used to add features to
the displacer, which, for example, facilitate recovery or detection. In a first application this
method was used to produce a thermo-precipitable displacer, which was soluble in water at
temperatures below a certain critical temperature, but rapidly and quantitatively precipitated if
this temperature was surpassed by even the fraction of a degree (Fig. 4.5). The precipitation/
resolution was very fast and the displacers could be run through this cycle several hundred
times. The tendency for nonspecific coprecipitation, for example, of proteins could be kept low.

A somewhat similar approach was been taken by Patrickios et al in collaboration with the
group of Cramer.2° In this approach, the technique of Group Transfer Polymerization was used
to produce di- and tri-block polymethacrylates bearing a sequence of positively charged groups
at one end, a sequence of negatively charged ones at the other, and a neutral, hydrophobic
middle block. Due to their polyampholytic nature, such polymers show isoelectric points much
like proteins. The authors claim, that their polymers are suitable protein displacers for anion
but also cation exchange displacement chromatography depending on the relative ratio of posi-
tively and negatively charged groups in the molecule and the pH of the carrier, while the
ampbholytic nature of the molecules facilitates recovery, e.g., by precipitation at the displacer’s
isolelectric point.

Quintero et al proposed in 1995 a method for the dedicated design of a series of homolo-
gous generic displacers for chiral stationary phases.”® The corresponding stationary phase was
a-cyclodextrin activated one (Pirkle-type, Cyclobond II). The displacers (Fig. 4.6) contain an
anchoring phenyl group, which fits in the cavity of a-cyclodextrine. A second section of the
molecule carries carboxyl and carbonyl groups that may form multiple hydrogen bonds with
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Figure 4.6. Displacer designed for
chiral selective stationary phases
O Fl (Cyclobond II). The tail section R
” I can vary in length and serves to ad-
R— C—O _C-—C OOH just the solubility. The phenyl group
fits into the cavity of the a-
cyclodextrine, and the carboxyl and
carbonyl groups serve to form mul-
tple hydrogen bonds with the sec-
ondary hydroxyl groups of a-
cyclodextrin [reproduced with
permission in modified from ref-
erence 28].

the secondary hydroxyl groups of a-cyclodextrin. Finally, a solubility-adjusting tail section
(alkanoate group with variable chain length) is present, which regulates the displacer’s solubil-
ity. The retention and adsorption properties of these displacers were found to be a function of
the size of the alkanoic group. Longer side chains result in higher capacity factors and increased
retention.

In 1998 Ruaan et al suggested methacrylic block copolymers similar to the ones proposed
by Patrickios as protein displacers in hydrophobic interaction chromatography on
octyl-sepharose.' The molecular masses of the displacer were relatively small (between 3000
and 4000 g/mol). When the isotherms were recorded, the displacer isotherms were below the
protein (trypsin, o--chymotrypsin) isotherms (Fig. 4.7). According to the conventional formal-
ism, this would mean that the triblock polymers could not function as displacer for these
proteins. However, in the experiment these substances did work and the authors proposed a
modified Langmuir model which introduces a “hindrance factor”, 9, which is negligible for the
(small) displacer but significant for the proteins. As a result the isotherm system can be ad-
justed to appear “normal”. However, the exact physicochemical basis of this hindrance factor
remains hidden.

DNA Displacers

Nucleic acids such as DNA and RNA constitute a second important group of biological
macromolecules besides proteins. While proteins have for some time now been isolated
preparatively in fairly large scales, DNA purification has only recently entered that realm. Com-
pared to proteins, which are constructed from more than 20 amino acids of varied hydrophobicity
and which in addition can contain complex sugars, lipids, or even metal ion, the structure of
the DNA molecule is much simpler. From a chromatographic point of view, DNA can be
considered as a very large linear polyanion with a very homogeneous charge distribution. Both
anion exchange and hydroxyapatite (interaction with the phosphate backbone) chromatogra-
phy can be used for its purification. Nevertheless, DNA also presents some specific challenges
to large-scale preparation. Concentrated DNA solutions are very viscous. Especially in elution
chromatography, this causes problems since the peak maximum should stay below the viscos-
ity/concentration limit. As a result only low concentration preparations can be obtained. In
this context, displacement chromatography has the theoretical advantage of allowing to keep
the concentration in the entire zone just below the viscosity/concentration limit. The overall
concentration of the “product fraction” will be higher in this case.

According to a recent publication, the separation of protein and plasmid DNA as well as
that of DNA and lipopolysaccharides is possible by displacement chromatography.'® Linear
polyacrylic acid (Os-type, Mw 5100 g/mol) was successfully used as displacer. A particularity
was the fact that conventional stationary phase materials based on porous anion exchanger or
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Figure 4.7. Single-component isotherms of (top) proteins and (bottom) synthetic tri-block copolymers mea-
sured at room temperature for Octyl-sepharose stationary phase. The affinity constants calculated from an
isotherm fit according to the Langmuir model seemed to indicate that the proteins bind more strongly than
the copolymers and hence could not be displaced by them [reproduced with permission from reference 14].
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hydroxyapatite beads could not be used for the separation of the plasmid DNA from a standard
protein (trypsin). The use of a monolithic column (UNO Q1, BioRad), on the other hand,
yielded promising results. In this case protein and DNA capacities were comparable. Further
research is obviously necessary. However, the investigation of DNA displacement also offers
some principal opportunities, for example, to elucidate the effect of size and rigidity, or charge
density and chemistry for the competitive adsorption of linear polyelectrolytes.

Polyelectrolytes

Several definitions and classifications for polyelectrolytes have been published. Herein, we
will define a simple polyelectrolyte as a homopolymer carrying an ionizable group at each mono-
mer unit (Fig. 4.8). Such homopolymers may be strong polyelectrolytes; in this case their ionic
groups are strong bases or acids and their charge is nearly independent of the pH. In contrast,
weak polyelectrolytes carry weakly basic or acidic groups and their solution behavior strongly
depends on the pH. More complex polyelectrolytes are, for example, copolymers where only a
fraction of the monomeric units carries charges, and polyampholytes, where both positive and
negative charges are distributed along the polymer chain. Proteins may in this context be clas-
sified as very complex polyampholytes.

Solubility of Polyelectrolytes

Generally, the solubility of a polymeric substance in a solvent is determined by the inter-
action solute/solvent relative to the interaction solute/solute and solvent/solvent. However, the
number of molecular and segments conformations in solution, relative to the pure substance,
also influences the solubility. In the case of polyelectrolytes these interactions can be of differ-
ent types. Although Coulombic interactions play the dominant role in aqueous polyelectrolyte
solutions, other intermolecular forces including van der Waals, hydrophobic, hydrogen bond
and dipol-charge transfer also have to be considered to a varying degree as factors for the
solubility. Figure 4.8 shows a schematic of a simple polyelectrolyte chain and summarizes the
physical parameters, which can influence the solubility. These are in particular the chain length
(molar mass), the charge distance (charge density), and the distance between the polymer back-
bone and the charged groups (spacer length). However, the chemical nature of the ionic group,
the substituents at the ionic group and the counterions also influence strongly the solubility.
Other factors can include the structural nature such as the chain architecture (branching,
cross-linking) or the charge density distribution along the polymer chain (homogeneous, het-
erogeneous).

For an evaluation of the behavior of a polyelectrolyte in solution, the charge density along
the polymer chain has the most significant effect, since it determines among other things the
distribution of counterions around the polyion. For low charge densities, characterized by a
charge distance much higher than the so-called Bjerrum length (0.71 nm in water at 293 K),
the counterion distribution is within a “Debye-Hiickel” regime.??-* If the charge distance is
less than the Bjerrum length, the electrical field around the polyion becomes so strong that
some of the counterions become trapped within very short distances from the polyion.?3%°
The superposition of the aforementioned features ultimately governs the solution behavior of
the polyelectrolytes. The solubility of a polyelectrolyte in an aqueous system is thus largely
determined by the ionic strength of the system.’ In general, an increase of the ionic strength
decreases the solubility, primarily due to a change of the conformation of the polyelectrolyte
via screening effects as well as a thermodynamically controlled salting out effect by deteriora-
tion of the solvent quality. Both effects are superimposed and determine the state of solution.
Furthermore, at a defined ionic strength, the kind of counterions, their valency and their state
of hydration can be significant. In particular, for monovalent counterions the hydration is
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Figure 4.8. Schematic presentation of a simple polyelectrolyte chain. ® chain charge, counterion, a: mono-
mer unit length, b: charge distance, c: spacer length, L: contour length.

crucial. Divalent or multivalent counterions can act as centers of cross-linking via intra- and/or
intermolecular bridges.?”

Recently it could be experimentally shown that the ratio of the Debye length to the con-
tour length is a crucial parameter in order to identify changes in the polyion/counterion inter-
action.*® Therefore, the influence of the molar mass on the solubility has always to be evaluated
for a given ionic strength resulting from the polyelectrolyte and salt concentration. This be-
comes very important for the application of polydispersed polyelectrolytes. In this case an
increase of the ionic strength can result in a partial aggregation of the longer chains whereas the
shorter chains remain completely in solution. At present the solubility of a polyelectrolyte in a
given solvent cannot be predicted from molecular data. However, it can be evaluated experimentally, for
example, by measuring the intrinsic viscosity in the solvents of interest. The stronger the inter-
action with the solvent the higher the intrinsic viscosity will be. For all applications of polyelec-
trolytes in aqueous, ion-containing media, changes of the solubility are expected to influence
the final properties.

Adsorption of Polyelectrolytes

The term adsorption denotes generally the increase in concentration of a solute in an
interfacial region. Adsorption is used for different purposes. Since the adsorbed molecules can
give the interface a number of interesting properties, adsorption is a method for a broad variety
of material/surface modifications. On the other hand, adsorption can also be an intermediate
step in separation processes such as chromatography. The adsorbed amount is a key parameter
for the description of the adsorption process. The adsorbed amount is normally plotted as a
function of the equilibrium bulk substance (polymer) concentration at a given temperature
(adsorption isotherm). Figure 4.9 shows a high-affinity polymer adsorption isotherm, which is
typical for a monodisperse polymer (solid line) and a second isotherm more typical for a poly-
disperse polymer (broken line). As it can be seen, a high degree of adsorption occurs even at
low bulk concentrations in the case of monodispose polymers. For higher bulk concen-
trations the attainment of a plateau indicates the saturation of the surface (monolayer).
For polydisperse polymers usually more rounded isotherms are found together with a
less-defined plateau.
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Figure 4.9. Polymer adsorption isotherm.
— typical adsorption of a monodisperse (i.c., high affinity) polymer. Note that a high degree
of adsorption occurs even at low bulk concentration.
------ typical adsorption isotherm of a polydisperse polymer.

Both the molar mass and the solvent quality influence the adsorbed amount. Generally,
higher molar masses give higher mass per volume plateau concentrations and adsorbed amounts
under theta-conditions are as a rule higher than in good solvents. Theta-conditions are defined
as that state of the polymer solution that corresponds thermodynamically to that of an ideal
low molar mass solution. The theta-state occurs only at certain temperatures and concentra-
tions in the opposite to real ideal solutions, which behave ideally at all temperatures. Further-
more, the lower the molar mass, the less the high-affinity character of the adsorption isotherm
is pronounced. Other factors, which were reported to influence the adsorption, may be the
interaction between the solvent and the surface as well as the surface tension of the solvent.?>#!

The polydispersity-effect has been investigated by several authors.>*3 The central finding
is that, at equilibrium, longer chains adsorb preferentially over shorter ones. However, contrary
to a common opinion it is not multiple-anchoring which gives longer molecules an advantage
over shorter ones. Adsorption sites on the substrate (stationary phase) are covered with almost
equal efficiency by molecules of different length so that the total adsorption energy per unit
area in the system is not strongly affected by polydispersity. The entropy of mixing in the
solution, however, decreases strongly with increasing chain length and this favors preferential
adsorption of longer molecules. Consequently, the driving force for this preference depends on
the concentration in solution and is largest for very dilute solutions. The thermodynamic and
experimental consequences of polydispersity have been elaborated in a few keynote papers.®>44

Another interesting case for displacement chromatography in particular is competitive
adsorption of polymers and small molecules. It is often believed that polymers adsorb very
strongly and that they therefore tend to displace small molecules or, vice versa, that polymers
cannot easily be displaced by small molecules. However this is not necessarily true. Small mol-
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ecules, which attach more strongly than the segments of the polymer can affect the energy
balance and cause polymer desorption (displacement), provided their concentration in solu-
tion is sufficiently high. Analytical approximations for both the special case of displacement of
polymers by monomeric competitors and polymeric displacers are reviewed by Fleer et al.*®

Whenever two different polymers compete for an interfacial site, a different situation
arises since the translational entropy for both species is so small that it plays almost no role. The
situation of lowest free energy is then always the one where the more strongly adsorbing poly-
mer covers the surface. If the more weakly adsorbing polymer is adsorbed first, exchange should
eventually occur, although this may be very slow, if kinetic factors enter. A complete descrip-
tion of the kinetics of the polymer adsorption process requires knowledge of the kinetics of all
participating elementary processes, including the rates of mass transfer in the bulk solution, the
kinetics of the “sticking” process, the kinetics of all conformation changes, and of their depen-
dence on the molar mass, the solvent type and the concentration. These aspect have been
discussed elsewhere®> and will not be elaborated on herein.

The adsorption of polyelectrolytes is influenced by certain parameters in addition to those
that govern the adsorption of neutral polymers. Amongst these additional parameters the charge
and the ionic strength are the most important. The properties of the substrate (charged or
noncharged, charge density) render the process more complicated. This may very well contrib-
ute to the fact that experimental findings are often contradictory. At low ionic strength it has
been found that highly charged polyelectrolytes adsorb in very small amounts.*® Under such
conditions the electrostatic repulsion along the polymer backbone dominates, resulting in highly
extended chains. A very flat adsorption occurs on the surface, which is characterized by a lower
mass per charge adsorbed amount than for weakly charged polyelectrolytes. As the ionic strength
is increased by addition of salt, the adsorption increases in the majority of cases. Weakly charged
polyelectrolytes tend to give higher adsorbed amounts at low ionic strength, however, both
upward and downward trends with increasing ionic strength are reported.*’

A comprehensive overview of polymer adsorption theory and adsorption models are given
by Fleer G et al.*> We will select and discuss only some special aspects which may be helpful in
order to explain the experimental findings from displacement chromatography involving op-
positely charged stationary phases and polyelectrolytes. However, other combinations including
adsorption of polyelectrolytes on uncharged surfaces and the interaction with surfaces bearing
the same charge have also been investigated.

In addition to the interacting parameters governing the adsorption of uncharged poly-
mers (adsorption energy parameter and the solvency parameter), the Coulombic interaction is
an important aspect of polyelectrolyte adsorption. The ionic forces depend on three main
factors:

1. the surface charge/charge density,

2. the polymer charge/charge density,

3. the ionic strength.

Again the pH and the ionic strength may influence the first two of these. Different situations
may occur depending on the system parameters:

1. At low ionic strength the electrostatics dominate. Charge compensation is reached if the
sum of the surface charge and the polyelectrolyte charge is zero. Effects of molar mass are
nearly absent.

2. At high ionic strength the electrostatic contributions are screened. Therefore, the “chemi-
cal” interactions become important. Very high adsorption may be observed if the solvent is
very poor for the polyelectrolyte under these conditions. At high ionic strength molar mass
effects are important.

Figure 4.10 presents schematically the adsorption of a polycation on a negatively charged

surface for these two extremes of the ionic strength. For low ionic strength/salt-free solutions
(Fig. 4.10a and 4.10b) one always finds charge compensation with a higher degree of adsorp-
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tion for lower charge densities (Fig. 4.10a) resulting in higher amounts of adsorbed polyelec-
trolyte than for more highly charged polyelectrolytes. In the case of high ionic strength (Fig.
4.10c and 4.10d) the adsorbed amounts are nearly identical for both low and high charge
densities, because the charges are screened. These cases, however, need to be discussed in more
detail, i.e., differently for strong and weak polyelectrolytes. In particular, one has to know if
pure electrosorption occurs or if the electrosorption is modified by surface affinity. For pure
electrosorption it has been found that with increasing salt concentration the ion exchange
between small counterions and the polyion causes desorption of the polyelectrolyte. Eventu-
ally, all polyions are displaced at a critical salt concentration. There are two models available
from which this critical salt concentration (adsorption-desorption transition) for pure
electrosorption may be calculated.®® If the electrosorption is enhanced by surface affinity,
however, the system becomes less sensitive to the ionic strength.

For strong (fully dissociated), highly charged polyelectrolytes, the desorption found for
pure electrosorption at high ionic strength becomes less likely as the surface affinity increases.
As a result of the increasing affinity, the polyelectrolyte can compete more effectively with the
salt ions, even if the latter are present in excess. For sufficiently high affinity, the adsorbed
amount increases in concentrated salt solutions due to the internal screening, which allows
some loop and tail formation.*> The opposite may occur for low charge densities, where the
adsorbed amount decreases with increasing ionic strength.’*>® However, altogether the total
adsorbed amount for lower charge densities is expected to be superior to that of higher ones
even at high ionic strength.*’

Whereas for the adsorption of strong polyelectrolytes there is a distinct salt concentration
dependence, the ionic strength is much less important for weak polyelectrolytes, which are
characterized by a pH-dependent charge density. The reason is that weak polyelectrolytes can
adjust their degree of dissociation in order to compensate the surface charge more effectively.
As a result, the substrate-adsorbate complex is virtually neutral, which renders the effect of the
salt concentration relatively unimportant. Such small ionic strength dependence for weak poly-
electrolytes has indeed been found, both theoretically and v:-:xperimv:-:ntally.54’55

Steric Mass Action Model

The so-called Steric Mass Action (SMA) model, published in 1992 by Brooks and Cramer,
constitutes one of the few mathematical tools currently available for the design of displacement
separations.% Since its first introduction, the model has been fine-tuned and the results have
been published in a series of papers.”’ ™ To date most of the model’s applications are for the
simulation of separations of a number of smallish proteins using L- or O-type displacer sub-
stances (< 1000 g/mol). The model is based on the following assumptions:

1. The system and all components behave thermodynamically ideal.

2. The multi-point interaction of an adsorbed protein can be expressed as the characteristic
charge , v, of the protein.

3. Adsorption of a large molecule results in the shielding of a number of surface counterions,
which no longer are available for ion exchange. The shielded ions may be underneath but
also around the adsorbed molecules. In the latter case shielding is due to electrostatic repul-
sion between the highly charged polyelectrolyte and the small coions. This capacity of the
macromolecule is characterized by the steric factor, 9.

4. The stationary phase binding affinities (equilibrium constant, K) of each protein and of the
displacer are constant and independent of the mobile phase composition (e.g., the salt
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Figure 4.10. Schematic presentation of the adsorption of a polycation on a negatively charged surface for
various conditions of charge density and ionic strength.

concentration). Nonideal behavior such as aggregation or changes in the tertiary structure
does not occur.

The model is used to describe nonlinear protein (macromolecule) separations by ion ex-
change chromatography and as such it is not necessarily restricted to displacement chromatog-
raphy.® The model takes into account that salt gradients are induced in front of the displacer
zone (caused by the displacement of the small counter ions by the adsorbing displacer) and that
therefore each protein finds itself in a specific microenvironment. The three parameters (char-
acteristic charge, steric factor and equilibrium constant) used to describe and predict displace-
ment separations can easily be determined experimentally (Insert 4.2).

Insert 4.2.




Synthetic Displacers for Preparative Biochromatography 79

The characteristic charge, n, of a substance is calculated from isocratic elution data using
equation 1:

Eqn. 1

With k’: capacity factor, ¢: phase ration, K: equilibrium constant, A: stationary phase
capacity (for monovalent salt counterions), ¢ carrier salt concentration.

A is calculated from the breakthrough volume of a 50 mM NaNOj3 solution measured at
250 nm.

The equilibrium constant, K, can for proteins usually also can be calculated from equa-
tion 1. For high affinity substances (e.g., the displacer) K can be calculated from the slope of
the linearized single compound isotherm, using the Langmuir formalism. Alternatively, equa-
tion 2 may be used after the characteristc charge and the steric factor of the displacer have been
determined independently:

¥p

k=1 %—1 S %
AN A—(vﬂ+dp)c—” -5
¢\ Vo

Eqn. 2

with Vp: break through volume of the displacer front, Vo: column dead volume and c¢: carrier
salt concentration.

The steric factor, 0, can be calculated from two points in the non-linear range of the
respective substance absorption isotherm according to equation 3.

Eqn. 3
with ¢ buffer salt concentration, c: concentration of the substance under consideration in the
mobile phase, and qp: concentration of the substance under consideration adsorbed to station-
ary phase (per ml of stationary phase).
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Insert 4.3.
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The affinity plot represents the equilibrium constant (log K) as a function on the charac-
teristic charge with the A-point as the axial intercept. The A-point correspnds to the c4/qq ratio
of the system. For a chosen displacer concentration A, it is simply taken from the displacer
isotherm. The affinity plot is created by connecting the A-point of the system with the points
defined by the log K/v points of the individual substances. The order in the displacement train
will be in the direction of the arrow.

The parameters can subsequently be used to calculate the affinity (see Insert 4.3) and the
operating regime plot (Insert 4.4). The affinity plot allows a prediction concerning the prob-
ability of a displacement, the order of appearance of the individual substances in the displace-
ment train and the possible consequences of a change in the displacer concentration on a
displacement. The operating regime plot defines conditions (displacer and carrier salt concen-
trations) which still allow a displacement as opposed to those, which would cause an elution
ahead of the displacement train in the induced salt gradient. The latter is favored by high
displacer concentrations (high induced salt gradients) and high carrier salt concentrations (high
salt background). A second line (desorption line) separates conditions enabling displacement
from those under which a given substance—instead of being displaced—would be desorbed in
the displacer zone.

According to the SMA model, the characteristic charge and the affinity constant together
determine the affinity of a given solute in ion exchange chromatography, rather than the affinity
constant alone as it was assumed in the conventional approaches. A dynamic affinity param-
eter, A, can be defined as follows:

with A: slope of the operating line.

This approach has been productive in explaining some of the experimental observations,
which could not be explained by the assumption of constant separation factors and similar
characteristic charges. The SMA approach allows the simultaneous treatment of molecules that
differ considerably in size (steric factor) and characteristic charges. Together with a better understanding
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Insert 4.4.

Elution

\

Displacement passible

Displacer Concentration

Desorpion

Carrier Salt Concentration
For the operating regime plot the elution line and the displacement line have to be calcu-
lated for each substance. The elution line is calculated by an itinerate approach. In the follow-
ing equation the values for q4 on both sides are changed in such a matter that they become
nearly equal.
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With index s: property of the buffer salt, index d: property of the displacer, index I:
property of the individual protein.

The qq value is then used to calculate the c4 value for the respective salt concentration.
From a number of such points the elution line (¢4 = f(c;)) can be drawn:

C

5

e, <[4 .
Ky A-(vD+0,)q, Eqn. 2

For the desorption line the A-point is calculated as follows:

Eqn. 3

This A-point allows us to calculate the displacer concentration cg4 as a function of the salt
concentration cg

Eqn. 4
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of how secondary, nonspecific contributions to the affinity influence the affinity, this allows a
more rational approach to displacer synthesis.

Systematic Displacer Design, Some Theoretical Considerations

The systematic design of a protein displacer requires a well-developed understanding of
the parameters that influence the efficacy of such molecules. Unfortunately we are not yet in a
position to fully understand the connection between the physicochemical properties of the
displacer molecules and their performance. The database for ion exchange displacement chro-
matography is comparatively well developed and below three important aspects of displacer
performance in such systems will be discussed: the induced salt gradient, the displacer size and
chemistry and the stationary phase chemistry as it relates to the displacer chemistry. Some
general guidelines can be proposed which should in principle also apply to other types of
chromatography.

The sensitivity of the dynamic affinity, A, to changes in the operating conditions is given
by the following equation:'°

dA/A =-Av dA/A.

According to this equation, L- and O-type displacers with low characteristic charges are more
liable to changes in affinity with changing operating conditions than highly charged P-type
displacers. The key challenge to systematic displacer design is the creation of a high affinity L-
or O-type displacer.

In ion exchange displacement chromatography, as the displacer binds to the stationary
phase, small counter ions are liberated (displaced) which form an induced salt gradient ahead
of the displacer front.”® The induced salt gradient depends on the characteristic charge and the
concentration of the displacer. As a consequence, each protein in the displacement train finds
itself in an individual microenvironment, and it is the salt content of this microenvironment,
which determines the protein’s isotherm and hence its chromatographic behavior and not the
salt content of the bulk mobile phase. The stationary phase affinity of proteins is reduced by an
increasing salt concentration of the mobile phase (suppressed/lowered isotherms). This lower-
ing of the protein isotherm by the increased local salt content of the carrier has some important
consequences for the displacement:

1. Sufficiently high salt concentrations may lower the isotherm enough to cause the elution of

the protein ahead of the displacement train.

2. Low (local) salt concentrations result in relatively higher protein concentrations in the dis-

placement train.

3. Low salt concentrations result in a high stationary phase capacity (better development of

the displacement train, which is a function of the stationary phase capacity).

4. Fine-tuning the protein affinity via the (local) salt concentration can reduce tailing and

mixing of the individual protein zones.

Most displacement separations in the ion exchange mode are currently carried out at low
carrier salt content to improve performance. However, there is a lower limit beyond which
desorption kinetics become too slow for practical purposes.

It has also been observed that under otherwise identical conditions, L-type displacers
perform better if carriers with medium rather than low salt concentrations are used.®! In hind-
sight this can be explained by the reduction of the target proteins stationary phase affinity by
the induced salt gradients. P-type ion exchange displacers (polyelectrolytes), on the other hand,
work equally well at low salt concentration, since the isotherms of such molecules are almost
independent of the local salt environment. As displacers, this renders them less dependent on
the process parameters, but also makes column regeneration more difficult.
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Size is one of the best-investigated displacer properties in ion exchange displacement chro-
matography. Since affinity increases with size, large polyelectrolytes have high, sometimes too
high, stationary phase affinities. At the same time, they are associated with problems with
regard to heterogeneity, solubility, mass transfer, steric exclusion, viscosity increase of the mo-
bile phase, and column regeneration. By comparison, small molecules have lower affinities, but
are more suited to the development of a rugged industrial process. By comparison, small mol-
ecules have:

1. lower characteristic charges (number of charges per molecule)

2. lower steric factors (number of shielded sites on the stationary phase surface)

3. lower affinity constants

4. lower steric factor to characteristic charge ratios (8/v) and hence

5. higher normalized characteristic charge (characteristic charge per repeating unit)

The last point has consequences for the induced salt gradient since for a given number of
repeating units, the L-type molecules displace relatively more salt ions with the predictable
effects on the salt microenvironments in the displacement train. The physical basis for these
observations remains unclear; however, an decrease in the normalized characteristic charge
with increasing molecular mass can only be explained by a prevention of the interaction of a
certain number of charges in the polyelectrolyte, perhaps for sterical reasons. The result is a less
dense surface covering by the P-type displacer and a smaller induced salt gradient.

By manipulating the characteristic charge in connection to the mass of the displacer mol-
ecule, one can presumably fine-tune the dynamic affinity of the displacer and the importance
of the salt gradient induced by it. In this context a comparison between two aminoglycosidic
antibiotics (Neomycin B and Streptomycin A) should be noted.!! Streptomycin contains two
strongly basic guanidine moieties and Neomycin six primary amines. Even though the primary
amines constitute weaker individual interaction sites, the characteristic charges were 2.3 for
Streptomycin and 4.5 for Neomycin A, respectively. Neomycin A was subsequently found to
be a high affinity L-type displacer capably of displacing even lysozyme from a cation exchanger
stationary phase. In spite of its high affinity, however, Neomycin could be removed from the
column by relatively mild conditions.

Steric factor and characteristic charge are not fixed molecular properties. They depend
also on the surface chemistry (charge density and distribution) of the stationary phase and
hence can be optimized from that side. Even though the dynamic affinity of the L-type displacers
tends to be lower than that of P-type, it is generally considerably higher than that of any
protein. Proteins have comparatively high steric factor to characteristic charge ratios due to
their high conformational constrains. This explains why L-type displacers, such as protected
amino acids (arginine, lysine esters), can displace proteins which use (several) arginine and
lysine moieties to interact with the stationary phase.'

The surface chemistry of the intended stationary phase is an important aspect of displacer
design. It is commonly assumed that existing stationary phases for elution chromatography are
equally suited for displacement chromatography. This is not necessarily the case. A displacer in
ion exchange chromatography will be a polyelectrolyte. The many parameters that can influence
the adsorption of such molecules have been discussed previously. While specific electrostatic
interactions with the stationary phase are most important for the binding of such molecules to the
stationary phase, secondary interactions (e.g., hydrophobic, 7t-t) are also possible. A recent com-
parison of the performance of various O-type displacers on three typical types of ion exchangers,
namely a poly(methacrylate)-based material (PMA), a hydrophilized poly(styrene-
divinylbenzene)-based material (PS-DVB) and an agarose-based material gave the following
indications.>%*
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1. The affinity of the displacer increases with the number of charges.

2. Up to a certain point, the affinity also increases with the spacing of the charges within the
displacer molecule.

3. Generally, linear and more flexible molecules have higher affinities than branched or cyclic
ones with equal charge densities.

4. Secondary interactions may strongly influence the affinity.

5. The positioning of the additional interaction sites within the displacer molecules is impor-
tant. Aromatic functions, for example, are more effective in increasing the affinity when
placed at the outer edge rather than in the center of the ionic displacer.

The last two points offer interesting options for the design of a high-affinity L-type displacer.
In this context the stationary phase is of utmost importance. In the case of the above men-
tioned three types of ion exchangers it was found, for instance, that the introduction of a
hydrophobic region increased the displacer affinity only in the case of the PMA and the PS-DVB
materials. Aromatic groups were only effective in the case of the PMA based column. In the
case of agarose, no affinity increase was observed, which is not surprising given the highly
hydrophilic nature of this material.

Conclusions

Displacement chromatography has an enormous potential as a preparative bioseparation
technique. In many situations from the mg to the kg scale and beyond the displacement chro-
matography may theoretically be the most practical, the most economic and the most efficient
approach to a given separation problem. However, in order to exploit the full potential of
displacement chromatography, suitable displacer/stationary phase systems must become avail-
able. This chapter is intended as an introduction to our current understanding of the require-
ments for systematic displacer design.
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CHAPTER 5

Membrane Adsorbers for Decontamination

and Leukocyte Removal

Galya Tishchenko and Miroslav Bleha

Introduction
embranes were originally developed as agents (filters, sieves) for solid-liquid separations by
l \ / I mechanical means. In this context any interaction (adsorption) of the components with
the membrane material was to be avoided. Recently however, the controlled
(selective) adsorption of certain molecules on such membranes has become the object of intensive
study.' This does not mean that the primary sieving function of the membrane has lost its
importance in such cases. Quite the opposite, it is the combination of the two functions of the
membranes, sieving and adsorption, which opens up new possibilities for improving the efficiency
of separation processes, especially in areas such as biotechnology and medicine (bioseparation).

Adsorption, on the other hand, has also been used extensively for (bio)separation, often
under the name of chromatography. Traditionally such separations by adsorption were carried
out using packed beds of beaded adsorbents (columns). Compared to chromatographic col-
umns, membrane adsorbers show considerably faster mass transfer kinetics, and thus can be
operated at higher flow-rates and with better throughput.'®!” The result is a significant short-
ening of the process time when membrane adsorbers are used, which in addition often causes
an improvement of the bioproduct quality and the efficiency of separation processes. Some
authors argue that in certain cases and particularly for applications in biotechnology and medi-
cine, membrane adsorbers may in future even supersede beaded supports.

Several types of processes exploiting the adsorptive ability of membranes are intensively
developed at present, namely “membrane chromatography”,'®! “decontamination (mainly
depyrogenation)”***! and “removal of leukocytes from blood products.”*>*” The more medi-
cal applications of membrane adsorbers include, for example, their use in an adsorbing artifi-
cial kidney. In this case a system composed of an ultrafilter (UF) and adsorbent is used, which
in addition shows a pronounced tendency for the selective adsorption of uric acid and creati-
nine from human plasma. The selectivity of such a system can be much higher than, for ex-
ample, that found for activated carbon.*® Depyrogenation, preparation of leukocyte-depleted
blood products and the adsorbing artificial kidney are typical examples of the application of
membranes as adsorbers rather than filters, since the separation relies less on differences in size
between the molecules but rather on differences in surface binding strength (affinity). Concomi-
tantly, these applications are different from conventional (membrane or column) chromatogra-
phy in the sense that the desorption of the sorbed components (“contaminants”) is done only for
membrane regeneration and sanitation and some membrane adsorbers are even intended for
single use only.
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Membrane chromatography and membrane adsorption may operate hand in hand in the
preparation of biopharmaceuticals in particular those intended for human treatment, since the
production of biologically active substances from a complex media always involves both puri-
fication and decontamination (e.g., depyrogenation or removal of DNA/viruses). Despite the
difference in the pursued aim, the main requirement for the membrane in question is the same
in both processes, i.e., achievement of the maximum sorption selectivity of the target sub-
stance. The efficiency of both processes is affected by the same parameters, which, however,
have somewhat different accents in membrane chromatography and decontamination. Prima-
rily, it is the chemical nature of the membrane material (base polymer, type and concentration
of functional groups/ligands) together with its morphology (porosity, pore size distribution),
which defines the adsorption capacity and the kinetic properties of the membrane. Once an
interactive membrane has been chosen, the operation conditions (flow rate, type and concen-
tration of buffer/salt solutions and their pH, sample volume and concentration) must be opti-
mized for the intended process. Especially in the case of a “simple” clean-up step, such as a
depyrogenation or leukocyte removal, it will often be impossible to change the pH and the salt
concentration of the solutions to be subjected to this step. In such cases, the choice of the
membrane, its chemical nature and its morphology, will be the most important variable during
process development. Fortunately, a wide variety of membrane materials (hydrophilic, hydro-
phobic, positively charged, pseudoaffinity) based on various polymers (cellulose acetate, nitro-
cellulose, poly(vinyl acetate), nylon, polycarbonate, poly(ethylene terephthalate), polyester,
polysulfone, polyethersulfone, poly(vinylidene difluoride), polyethylene, polypropylene and
polymer alloys) are now available for these purposes. Table 5.1 gives an overview of the more
important structures.

In this chapter we attempt to find a correlation between the chemical nature of the mem-
brane and its suitability to typical clean-up steps such as depyrogenation and leukocyte re-
moval from blood-products. The experimental results of many investigators are compared in
this context in regard to the time-average adsorption capacity and the time-average removal
factor. The dependence of these two process parameters on the average pore size and the chem-
istry of the adsorptive membrane are also analyzed.

Evaluation of the Adsorbing Efficiency of Interactive Membranes
The adsorption capacity (A) is usually determined using equation 1.

A =(Ci=Cy) x V /'S [mg/m?] 1)

with: Cg, C,, concentration of the substance of interest in the feed and the permeate [mg/
ml], respectively; V volume of the feed solution [mL]; S filtration area of membrane adsorber [m?].

Any comparison of adsorptive membranes in relation to their adsorption capacity loses
significance if the operation conditions (initial solute concentration, volume of feed solution,
flow rate, time of filtration) vary largely between the different experiments. In this case, i.e., for
an “absolute” evaluation of the efficiency of a given adsorptive membrane, we propose to use
the time-average adsorption capacity (Ar) instead, i.e., the adsorption capacity per unit of time
(), equation 2:

Ar = (Ci— Cp) x V/ S t [mg/m*h] )
The time-average removal factor (Fr) can be calculated as follows, equation 3.
Fr=(C¢/ Cp) xV /St [m/h] (3)

In contrast to the removal factor (F), which is usually used for evaluation of the process
efficiency, the time-average removal factor (Fr) contains an additional term which takes into
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Table 5.1. Synthetic membrane materials

Polymer Structure
Polyamide (Nylon) PA “f NH- (CHalx N'-IC—(I}Iﬂy & ];'1
Copolymer of ethylene and PEVA _E{CI]?_CH?)#CHZ_C;HHT
vinyl alcohol OH
CH-O-R
Cellulose ester CE H
{Hydroxyethyl)cellulose HEC o 0.
Cellulose acetate CA
Nitrocellulose NC "
(Diethylaminoethyl) cellulose DEAE
A - COalkyl, CHCHAOH, GOCH; MOy CHECHMICHG,
~ CHz CRyl;
Polyethylene PE
Poly{methy! methacrylate) PMMA R
Poly{acrylonitrile) PAN
Poly({vinyl acetate) PV A R-H, COOCH,, CN, R-H
PVA: R-COOCH;,, R-CH
ey
Poly(ethylene terephthalate) PET b \k-:]> WG =T
~{-C—MNH— X m—b-o—z—o-
Polyurethane PU { n
%) O
Polyester PES —fC—Z—é—O— X—0%—
Poly(tetrafluoroethylene) PTFE {CFz CFz }n
E X, Z = alkanediyl
Polycarbonate PC «C 020w ararencdiyl
Poly(vinylidene difluoride) PVDF — CHs— CFQ‘}E
= =
Polysulfane PS ot 932—’\@}-}— &{’(}—m
Polyethersulfone PESF =

account the volume of the feed solution passed through the filtration area unit (1 m?) per time
unit (1 h). The Fr value depends thus on the ratio between the time-average amount of solute
passed through the membrane (C¢x V/S t) and the final target molecule concentration in the
permeate. In addition, the Fr value depends on the rate of change in the C¢/C,-ratio under the
applied conditions (linear flow rate of the feed solution, V/S t).



90 Synthetic Polymers for Biotechnology and Medicine

Membranes for Depyrogenation (Endotoxin Removal)

The terms endotoxin, pyrogen and lipopolysaccharide (LPS) are used almost synony-
mously for a certain class of pyrogenic (i.e., fever-inducing) substance. Such endotoxins in
nature are found in the outer membranes of gram-negative bacteria (for example E. coli) and
blue-green algae (cyanobacteria).*” These microorganisms are almost ubiquitous in nature and
can grow even in distilled water. During bacterial growth and after cell death, their LPS may be
released into the environment. LPS is known to cause violent reactions in mammals with typi-
cal symptoms of high fever, vasodilation, diarrhea and, in extreme cases, death by septic shock.
Fever is probably one of the least dangerous of the numerous effects of the bacterial LPS. Next
to pulmonary and cardiodepressant effects, major influences on the immune system, such as
activation of the B-lymphocytes and mononuclear cells, and stimulation of the release of
interleukin-1, interferons, prostaglandins, leukotrienes and tumor-necrosis factor have been
ascribed to administration of LPS.*

In humans, contact with LPS may occur not only during a bacterial infection but also via
LPS-contaminated medicaments and solutions administrated intravenously (parenteralia). Since
the biological effects of LPS may appear even at concentrations of 1 ng per 1 kg of body weight,
drugs intended for parenteral use, have to be “endotoxin-free”, i.e., thoroughly depyrogenated.
In fact parenteralia have to comply with LPS threshold limits (in EU", endotoxin unit) regu-
lated by pharmacopoeias. For example, tetracycline hydrochloride may not contain more than
0.5 EU/mg. Similar limits exist for insulin (0.8 EU/insulin unit), hyaluronidase (2.3 EU/
hyaluronidase unit), the sodium salt of heparin for injection (0.003 EU/heparin unit).>

Clearly, every conceivable precaution has to be taken in large-scale production of parenteralia
to avoid pyrogen contamination of the final product. Contamination with LPS may occur at a
number of sites and may originate from many different sources, such as the raw materials
(water, salts, additives), the production organism (such as E. coli) or the chromatographic col-
umn (stationary phase). The situation is especially critical under conditions where up to date
technology is not available. Examples of such situations are local pharmacies and hospitals in
developing countries.

The removal of endotoxins is difficult. Chemical treatment with acids, alkalis or oxidizing
agents and/or autoclaving are commonly practiced methods for sterilization. However, these
are not suitable for the preparation of LPS-free solutions. A general approach to reduce or
avoid LPS contamination is the use of LPS-free raw materials, along with LPS-free equipment
and short processing/packaging procedures, which avoid contamination and microbial growth
during production and filling. However, under certain conditions, LPS-free raw materials may
not be available (e.g., tissue culture media, monoclonal antibodies and radiopharmaceuticals,
the production of which is extremely complex), or their quality may be questionable (water for
preparation of hemodialysis solutions). Moreover, if recombinant DNA methods are exploited,
introduction of host-specific LPS, accidental microbial contamination during downstream pro-
cessing or copurification of LPS with the product may also take place.’*

Depyrogenation thus quickly becomes a critical point in the formulation especially of
high-molecular-mass pharmaceuticals such as proteins. Amongst the many methods for
depyrogenation, membrane adsorbers appear to have a number of important advantages. Their
application for endotoxin removal as well as aspects to consider during process development is
therefore discussed below.

Physicochemical Properties of LPS

The efficiency of a clean-up step by (membrane) adsorption depends, in addition to the
chemistry of the membrane, strongly on the physicochemical properties of the substance to be
adsorbed. The physical state of LPS in aqueous media depends among other things on the
bacterial strain from which it was derived and composition of the suspending liquid. LPS
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derived from wild-type bacteria are classified into three categories in terms of their molecular
structure.’! Type I LPS is composed of a so-called O-antigen-specific polysaccharide, the outer-
and inner-core polysaccharides, and lipid A (Fig. 5.1). Type I endotoxin is typically found in
Enterobacteriaceae and Pseudomonas species. Type 11 LPS lacks the O-antigen-specific polysac-
charide and is found, for example, in Hemophilus influenzae, Acinetobacters, and Bordetella
pertussis. Type III LPS consists of an inner core oligosaccharide and lipid A and is found in
Chlamydia species.

In spite of the difference in molecular composition, the chemical properties of various
types of LPS are closely related due to the consistent presence of phosphate groups and lipid A.
The LPS monomer is amphiphilic since it contains both a large hydrophilic polysaccharide
chain and a strongly hydrophobic fatty acid tail. The sugar residues may be partially phospho-
rylated. The pyrogenic (fever inducing) properties of the LPS are generally associated with the
lipid A part of the structure, shown in detail in Figure 5.2.% In its native state, lipid A anchors
the LPS-molecule to the outer membrane of the bacterium. The pK values of the primary
phosphate group of lipid X, a pyrogen precursor, were determined as pK; = 1.3 and pK; = 8.2.
At pH 1.3, the phosphate groups in the LPS molecule are completely ionized and the molecule
carries a negative charge. In water, blood (near neutral pH) and aqueous solutions in general,
the LPS molecule also bears a negative charge.

Monomeric LPS has a molecular mass in the order of 10,000-20,000. The size of the
monomeric form of type II LPS is much smaller than the size of type I LPS and thus type IT is
less easily removed from solution by sieving. In addition, LPS molecules show a pronounced
tendency for aggregation in aqueous solution.’®>> Type I LPS aggregates tightly and is not even
dissociated by heat exposure, whereas the aggregates of type II LPS are heat labile. However, at
least in an aqueous environment, LPS can be considered to have a molecular mass of 10°,
corresponding to a size in the angstrom-range. In the presence of divalent cations, such as Ca**,
LPS molecules may form aggregates with a diameter of 100 nm and molecular masses of
up to 108.5¢

Important conclusions can be drawn from this analysis of the physicochemical properties
of LPS in regard to any depyrogenation of contaminated liquids. The pharmaceutical industry
usually recommends a so-called “sterile filtration”, in which the liquid is first passed through a
prefilter with pore sizes > 0.2 mm (often 0.45 mm) and subsequently through an UF filter with
an average pore size of 0.2 mm. This may decrease the level of product contamination but does
not necessarily guarantee an LPS-free product. The prefilter is expected to retain particulate
contaminants, while the UF filter should prevent penetration of LPS aggregates into the fil-
trate. However, the experimental results concerning residual LPS levels in the filtrate are con-
fusing and inconsistent. Below, the use of membrane-based separations for depyrogenation are
discussed in more detail, taking not only sieving but also the ever-present possibility of adsorp-
tion into account.

Membranes Based on Nonfunctionalized Polymers for Endotoxin Removal
In contrast to membrane filtration, in which adsorption is an undesirable phenomenon
because of the possible loss of target substance, membrane adsorption is in fact based on this
phenomenon and high sorption capacities improve in this case the efficiency of the operation
from the economical point of view. However, virtually all membrane materials (surfaces), even
the ones designed primarily with membrane filtration in mind, exhibit a more or less pro-
nounced but nonspecific adsorption tendency, due to the general possibility of establishing
hydrophobic, dipole-dipole and electrostatic interactions as well as hydrogen bonds with the
various dissolved molecules. It was also observed by many investigators that mechanical filter
may retain particles/molecules that are smaller than the filter’s pores, presumably as a result of
an impaction of the particles on the filter surface. However, whatever the cause, if the forces
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Figure 5.1. Model of a generic LPS molecule as proposed by Kastowsky et al. The molecule is composed of
the lipid A structure from E.col7, the oligosaccharide region from S. gyphimurium and the O-specific side
chain from Salmonella serogroup B.

holding the particles/molecules to the filter are not strong enough, these molecules will sooner
or later detach from the filter and pass it into the filtrate.

The possibility of aggregation and adsorption of the LPS molecules may have added to the
inconsistent results obtained for residual LPS levels in the filtrate of sterile filtrations, as summed
up in Table 5.2. The filter membranes used in these experiments generally do not intentionally
bear “interactive” groups. Nevertheless, surprisingly high LPS adsorption capacities were
observed in certain cases. In fact, in a number of cases, where a nonfunctionalized membrane
has been used successfully for depyrogenation, of mostly salt solutions for hemodialysis, sac-
charide solutions and water (distilled, tap, subterranean),6:4950:56:57 the separation by sieving



Membrane Adsorbers for Decontamination and Leukocyte Removal

93

OH

4\O/\w/f\o/mx//\\/O\/J\\/ﬁHz//\\
OH

Bis ~ Propa
/\w/\\/o NH- -
}\0/\[/\0 /Y\N
OH _ ) N—7/
Bis ~ Him H
OH
+
’\O/\(\O/\/\/O\)\/N|-|2 =
/N
OH -00C ﬁr/
Bis ~ His
A).t/ N
+
+ NH NH,
OH N—7
DAH ~ Him H

OH
+ +
+ Re, L R,
%0/\T/NH;\¢/\¢ T/\T/\
N
OH -00C Nﬁj
DAH ~ His

Figure 5.2. Charge distribution at pH 7 in L-histidine, histamine and propylamine bonded to different

spacers.



94 Synthetic Polymers for Biotechnology and Medicine

may have been aided considerably by adsorption phenomena. It was, for example, found that
the retention of LPS was much higher when hydrophobic, nonfunctionalized polymer filters
were used than with hydrophilic ones.****® Moreover, polymer membranes exhibiting elec-
tropositive surface potentials have consistently shown higher adsorption capacity for LPS than
others. It can be observed, for example, that unmodified Nylon (polyamide, PA) membranes,
which tend to bear a slight positive surface charge, have a two orders of magnitude higher
time-average LPS-removal factor than membranes of the same average pore size which bear no
or negative surface charges. In fact, slightly negatively charged hydrophilic polymer mem-
branes such as nitrocellulose (NC) or poly(vinyl acetate) (PVA) membranes do not adsorb LPS
molecules at all or have very a small adsorption capacity, presumably due to a repulsion of the
LPS molecule, which also bears a negative charge. However, at very low flow rates (extremely
long contact times), even NC (pore size 0.22 mm) and PVA (0.2 mm) membranes did retain
LPS, albeit with very low time-average removal capacities and time-average removal factors
(0.09-0.14), presumably due to van der Waals-type interactions.’>>’

The adsorption capacity of PVA membranes decreased with increasing average pore size,
another indication that sieving is more important than adsorption for LPS removal in these
membranes. A similar behavior was observed in the case of highly hydrophobic hollow-fiber
polyethylene (PE) membranes (average pore size 0.15 x 0.6 mm and 0.04 mm). There too, the
increase in the time-average removal factor from 0.13 to values between 76.5 and 90.0 ob-
served for a decrease in pore size indicated that it is indeed the sieving mechanism, which is
operative in LPS removal from water (tap, subterranean) with these membranes.“*4¢°%57 The
highest values of the time-average removal factor observed for processes where sieving is clearly
the operative principle for LPS removal are found with UF-type membranes. It is not surpris-
ing that in this case, the tendency is to observe an increase in the time-average removal factor
with decreasing average pore size of the membrane. This fact indicates that if membranes do
not contain functional charged groups, the size of the pores influences the LPS retention much
more than the chemical nature of the polymer matrix. The time-average removal factor in-
creased, for example, from something between 11.5 and 30 to something several orders of
magnitude higher (between 31 940 and 13 690), when PEVA membranes with a molecular
mass cut-off of 600 000, PAN, PS, PMMA and PEPA membranes with a molecular mass cut
off of3 %20000~30 000, and PAN and PS membranes with a molecular mass cut off of 6000 were
used.”™

It was shown, however, that approximately 55% and 47% of the LPS was found in the
retentate after “depyrogenation” of distilled water with PAN and PS ultrafilters (molecular
mass cut off of 6000), respectively.”” The influence of the polymer nature on LPS retention is
clearly seen in the depyrogenation of dialysate with hollow-fiber PAN, PS, PMMA and PEPA
membranes (molecular mass cut off between 20,000 and 30,000). The PEPA membrane had
the highest LPS retention efficiency for both E. coli 015 and Actinetobacter calcoaceticus pro-
duced LPS. The values of the time-average removal factor changed with the polymer nature in
the following order: PEPA (32) > PMMA (30) = PS (30) > PAN (26). In spite of the apparently
similar values of the time-average removal factor for PMMA and PS membranes, the former
were more effective in the LPS removal because often a lower absolute LPS concentration can
be achieved with these membranes in the permeate. In this regard, only the PEPA membranes
show a similar removal efficiency for LPS removal (£. coli 015 and Actinetobacter calcoaceticus)
as the PMMA membranes. The adsorption capacity of PAN, PMMA and PS membranes may
also depend on the LPS type. In the above-mentioned experiments, the concentration of LPS
from Actinetobacter calcoaceticus in the purified dialysate was consistently 2-3 times higher than
that of LPS from E. coli 015.

At present, the use of membrane filters with pore diameters smaller than the expected size
of the contaminants are still considered “state-of-art” in depyrogenation. It was reported that
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membrane filters and hollow-fiber membranes with a molecular mass cut off between 6000
and 10,000 showed excellent results in depyrogenation of a number of liquids such as water
and aqueous solutions of salts, sugars and some proteins. %> Unfortunately, in practice this
approach requires considerable financial investments because high-pressure pumps are required.
In addition, these procedures are associated with a relatively high loss of product and tedious
cleaning and rinsing procedures, especially when UF hollow-fiber membranes are used.
UF-membrane type dead end filters have the advantage that they are generally disposable, and
thus need not be cleaned and rinsed, their size easily can be easily adapted to the volume to be
filtered, thus minimizing product loss, and that the apparatus required for membrane filtration
is relatively simple and inexpensive. However, the small pore size of UF filters creates problems
in this case because in many applications the pores tend to clog rapidly, resulting in low flow
rates and throughputs. From an economical point of view, using this approach is limited to the
depyrogenation of fairly small volumes of fluids or the removal of trace quantities from water
and aqueous solutions on the laboratory scale. For the depyrogenation of large volumes, at
high flow rates (gallons-per-minute), with a reduction to less than 10 LPS pg/mL, an approach
based on adsorption rather than sieving seems to be more promising. Clearly, the development
of filters retaining LPS by a combination of selective adsorption and filtration would offer a
major advantage over other forms of depyrogenation media. Such filters could widen the par-
ticle size range and the type of material that could be removed by a given porous filter.

Membranes Based on Positively Charged Polymers for Endotoxin Removal

Historically, the first positively charged filter/adsorbers were depth filters based on asbes-
tos fibers. In treatment of solutions, depth filtration with asbestos-containing filters has long
been recognized as an effective method of pyrogen control. 33300667 Ashestos, an aluminosili-
cate (chrysolite), has a strong electropositive surface charge at a pH below 8.3. Thus the mate-
rial is well fitted to adsorbing LPS molecules, which are negatively charged at a pH above 2.
The usefulness of asbestos fibers in processing parenteralia has been ascribed to both its me-
chanical and its electrochemical properties.®® However, the FDA has recently banned asbestos
for use in the processing of small- and large-volume parenteralia because of a possible link
between asbestos use and certain types of cancer.®® The adsorption properties of many different
(positively charged) adsorbents including kaolin, alumina, charcoal, kieselguhr, QAE Sepharose
and some anion exchange resins have been checked in relation to depyrogenation after the
FDA decision.®”!

LPS removal is extremely dependent on the environmental conditions. Studies of the
depyrogenation of various liquids with depth filters (either bead or fiber based) have shown
that the sorption of LPS using alumina, kaolin, perlite and diatomaceous earth depends strongly
on the chemical nature and the composition of the liquid in question. Various additives may
affect the size of the LPS molecule in water, i.e., through aiding or impeding aggregation.
Inorganic cations (Ca*, Mg2+) associate with the LPS molecules and aid the formation of
high-molecular-mass aggregates, which are more easily removed by depth filtration. EDTA, on
the other hand, will cause dispersion of LPS aggregates into smaller (even monomeric) units,
thus making their removal with depth filter less effective. The strength of the interaction of the
LPS molecule and the charged group of the adsorber surface is undoubtedly also influenced by
the degree of ionization, both of the adsorber functional groups and those of the endotoxin
molecule.

Cations in solution have a competing (inhibiting) effect on the adsorption of the nega-
tively charged LPS molecules on positively charged surfaces. The inhibition increases with
increasing valence of the cation. Depyrogenation with positively charged depth filters, made
out of diatomaceous earth embedded in cellulose fibers, was found to also depend on both the
pH and the NaCl concentration of the solution.’*>*® The small salt counter-ions compete
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successfully with the LPS molecules for active sites on the filter matrix; that leads to reduction
in the LPS adsorption capacity or even, to a certain degree, displacement of the adsorbed LPS
molecules from the matrix. For a number of membranes, the LPS adsorption capacity appears
to peak around a pH of 6, which is one pH unit lower than the pK, value of the functional
groups of, for example, the Zeta Plus ZA cartridge.

However, in spite of difficulties with scale-up (increasing the filter diameter and the num-
ber of cartridge cells), it is now possible to process thousands of gallons of water at a high flow
rate with depth filtration and to thereby reduce the LPS level to less than 50 pg/mL. Especially
in large-scale applications, activated charcoal or charge-modified depth filters are still a popular
means for depyrogenating of water, buffers (salt) and certain biological solutions required in
drug preparation.”

The time-average removal factor of LPS from distilled water and salt solutions with depth
filters based on diatomaceous earth is significantly higher (Table 5.3) than that with the previ-
ously mentioned nonfunctionalized polymer membranes (Table 5.2). The same is true for
asbestos filters. However, when the pH of the water was increased from 4.0 to 8.5, the
time-average removal factor decreased by a factor of 8. Changing the salt and glucose concen-
trations in the range of 0.9 to 5% and 5 to 50%, respectively, on the other hand, did not
influence the efficiency of the LPS removal. The presence of NaCl (5%) in the glucose or
serum solutions causes the time-average removal factor for the depyrogenation to deteriorate
rapidly. This phenomenon is attributed to a possible competition between the LPS and the
protein molecules for the surface binding sites. The time-average removal factors were also
observed to depend on the LPS concentration itself. This may be connected to the possible
adsorption of LPS aggregates, whose concentration increases with the LPS concentration.’>74

In spite of all their advantages, depth filters have the principal disadvantage that they tend
to significantly contribute to the particle contamination of the fluid. Moreover, the loss of
product may be unacceptably high when dealing with small-scale production (e.g.,
radiopharmaceuticals).3 4 In some cases, an alternative may be found in the modified PA-based
filter membranes Posidyne (0.2 mm) and Zetapor (0.22 mm). In contrast to the standard,
uncharged PA membranes, these modified varieties bear positive surface charges and generally
capture LPS from solutions very effectively.?°® They show a high time-average adsorption
capacity and time-average removal factor, especially in depyrogenation of water and saccharide
solutions, but their efficiency decreases in the presence of salts presumably due to an interfer-
ence of the salt ions with the predominantly electrostatic interaction mechanism operative in
LPS retention.

Membranes Based on Pseudoaffinity Ligands for Endotoxin Removal

During the last decades, functional proteins such as antibodies (IgG, obtained from hu-
man serum, ascites or hybridoma cell culture supernatants) have increasingly been considered
for therapeutic applications as well as as reagents for in vivo diagnostics. Depyrogenation of
these substances is extremely difficult and therefore also expensive. Not all membrane methods
are suitable for the depyrogenation of LPS-contaminated proteins and IgGs. UF is not helpful
since IgGs are relatively large proteins (MW 150,000) which would be retained along with the
LPS aggregates. Adsorption on depth filters with activated charcoal or diatomaceous earth is
usually accompanied by high loss in both the absolute amount of product and in specific
activity.® Clearly the separation of LPS from these products requires a more sophisticated
approach than a simple filtration through a depth filter.

Many investigations in biotechnology have shown that the utilization of an interaction
between specific functional groups on both the adsorber and the target molecule improves
considerably the selectivity of the retention of the target substance from complex, multicom-
ponent biological fluids (principle of “affinity chromatography”). The affinity principle holds a
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Table 5.3. LPS filtration with depth filters

Polymer LPS-Containing LPS Concentration Time-Average Ref.
Solution X10%, mg/mL

Adsorption Removal
Capacity,  Factor
Initial Final mgm?h?'  X104m b’

LPS Adsorption from Water, Solutions of Salts and Saccharides

PA 0.2um (Posidyne) distilled water, 0.93 L 32,400 a) 3.2 a)61.4 17,900 41
0.9% NaCl, 0.66 L 45,500 b)15.8 b)78.6 5080
Ringer’s solution, 0.2L 600 O)14.1 c)1.02 75
PA 0.22mm (Zetapor) distilled water, 0.5L 10,000 <50 76.8 1538 40
5% glucose, 0.5L - <50 76.8 1538
0.9% Nacl, 0.5L 5000 500 34.8 77
Diatomaceous earth city water, 22710 L 500 50 0.11 880 36
20mMPBS, pH 7,5 L 2000 19 0.5 27
20mM PBS, 5 L 20,000 30 5.1 169
20mMPBS, 5L 200,000 42 50.7 1210
Diatomaceous earth tap water, pH4, 0.05 L 100,000 <30 769 25,640 40
distilled water, pH 8.5, - 240 767 3200
0.05L
distilled water, pH 7.1, 200 <50 1.15 31
0L
NaCl (0.9-5%), 0.05 L 100,000 <30 769 25,640
glucose (5%, 50%) 0.05 L -:- <30 769 25,640
5% glucose, NaCl, 0.05L -:- 40 769 19,200
5% serum, NaCl, 0.05 L 10,000 60 76.5 1280
5% glucose, 2 L 15,000 <50 115 2300
Asbestos distilled water, 0.1 L 12,000 156 91.1 592

[41] Posidyne NAZ flat sheet nylon membrane, (Pall Europe, Portsmouth, U.K.); functional groups are not indicated; 0.0017 mz; LPS
from E. coli O55:B5 in pyrogen-free liquids: a) distilled water (0.93 L) b) 0.9% NaCl (0.66 L); c) Ringer’s solution (0.03% KCl, 0.033%
CaCly, 0.9% NaCl) (0.2 L); filtration under vacuum; flow rate 50 mL/min. [36] Commercial depth filter cartridge ZETA Plus ZA (CUNO
Inc., Meriden, Conn., USA) composed from 9 depth filter cells; functional groups are not indicated; 0.839 mZ; laboratory module 0.0026
mz; LPS from E. coli O111:B4; flow rate 3800 mL/min in city water (22710 L) filtration through commercial filter, 11 mL/min in buffer
filtration through laboratory filter (5 L). [40] Depth filter 1D (AMF/CUNO, Meriden, Conn., USA); 0.00039 m2; LPSfrom E. coliO111:B4;
flow rate 50-80 mL/min. EKS asbestos filter (Seitz, Milldate, Conn., USA) 0.00039 mz; LPSfrom E. coliO111:B4 dissolved in pyrogen-free
distilled water and salt, glucose, glucose solutions; flow rate 50-80 mL/min.

unique place in bioseparation, since it constitutes the only possibility to separate almost any
biomolecule on the basis of its own biological function rather than as a result of global physical
or chemical properties. The fact that most affinity interactions tend to require mild,
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“physiological” conditions together with the typical extreme binding constants makes affinity
interactions prime candidates for the removal of trace quantities of harmful contaminants from
precious biotechnological or pharmaceutical products. In fact, affinity adsorption (“filtration”)
is one of the few methods which putatively can efficiently reduce the pyrogen concentration of
various solutions to very low levels and under fairly mild conditions.?>3*37387577 The re-
ported apparent dissociation constants for some affinity ligands are in the order of 10 mol/L,
which certainly ensures tight binding of the LPS molecule to the filter.”®

The adsorption characteristics of these affinity membrane filters are principally deter-
mined by the nature of the ligands immobilized in the membranes. Up to now no suitable
biospecific ligand has been found for LPS removal. Most affinity filtrations hence use so-called
pseudoaffinity ligands. Several substances have been reported to mediate a high affinity for
LPS, including adenine and cytosine, glycine (Gly) and histidine (His), histamine (Him),
1,6-diaminohexane (DAH), deoxycholate (DOC), polymyxin B (PMB), poly(L-lysine) (PLL),
poly(ethyleneimine) (PEI), dextran, (hydroxyethyl)cellulose (HEC) and a-amylase.** A variety
of chemical reactions are used to immobilize these (pseudo)affinity ligands on the filter mem-
brane for the preparation of highly selective membrane adsorbers for depyrogenation.

The first investigations on the applicability of the affinity principle to depyrogenation of
various solutions were made using particle-based supports. Ion exchange chromatography on
DEAE provided some fairly interesting results for y-globulin (antibody) depyrogenation al-
though the LPS concentration was reduced only to 35% of the initial level.”” In addition, a
rather elaborate method for the preparation of LPS-free murine IgG, has been described which
uses a multi-step procedure based on the combination of mixed-mode ion exchange chroma-
tography and a QAE Sepharose column.®® The IgG; recovery was about 80% and the
LPS-concentration in eluate was below 0.25 EU/mL.

Membrane-based pseudoaffinity filters constitute promising alternatives to the established
particle-based adsorbers. Affinity membranes combine the potential for high flux (low back
pressure) of a membrane and the various process modes of filtration (e.g., cross and tangential
flow) with the high affinity of a “column.” This should result in faster and cheaper processes,
which in addition are less limited in scale. Affinity filters are often more efficient than commer-
cially available affinity gels carrying the same ligands, which is explained by faster mass transfer
kinetics in the membranes due to the absence of pore diffusion, which is the main transport
resistance in particulate systems.®! Membrane systems thus possess certain advantages over
particle-based ones, especially with regard to the depyrogenation of large volumes.

In contrast to nonfunctionalized polymer membrane filters, for which the LPS retention
generally increases with decreasing pore size (see above), the opposite trend is observed with
(pseudo)affinity membrane filters (Table 5.4).72%% In depyrogenation of phosphate buffer so-
lution (20 mM, pH 7) using membranes with 1,6-diaminohexane (DAH) as ligand, the
time-average removal factor increased from 20 to approximately 27,000 with increasing nomi-
nal pore size in the order: PEVA (molecular mass cut-off: 600,000) < PVA (average pore size:
0.2 mm) < PA (average pore size: 0.45 mm). If glycine rather than DAH was immobilized on
the same membrane, the specificity of the LPS adsorption was very low. A similar phenomenon
was observed when depyrogenation of buffers was attempted with PA and PVA membranes
modified with a high-molecular-mass ligand, namely PEI (molecular mass 50,000). The values
for the time-average removal factor were two orders of magnitude higher for PEI-activated PA
membranes compared to the values obtained with PEl-activated PVA membrane. These results
indicate that the chemical nature of the ligand but also spatial factors play a very important role
in the affinity binding of LPS.

A simple way to test for selectivity of the LPS adsorption in (pseudo)affinity membranes
calls for backflushing the membrane with pyrogen-free water after LPS adsorption. This has
yielded LPS concentrations between 100 and 10,000 pg/mL, which is negligible in comparison
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Table 5.4a. LPS filtration with (pseudo)affinity membranes

Polymer MW  Ligand LPS-Containing LPS Time- Ref.
Cut-Off or Solution Concentration  Average
Pore Size, um X10%, mg/mL

Adsorption Removal
Capacity Factor
Initial Final mgm?h?'  X10°mh?!

LPS Adsorption from Buffer Solutions

PA, 0.45 Gly 20 mM PBS, pH 7 600,000 337,900 235 0.07 32
PVA, 0.2 Gly 459,700 11.2 0.02
PEVA, 600,000 Gly 2200 28.6 13
PA, 0.45 DAH 2 53.8 26,860
PVA, 0.2 DAH 200 47.6 238
PEVA, 600,000 DAH 1400 28.6 20.4
2 53.8 26,860

PA, 0.45 PEI 20 mM PBS, 600,000 5 53.8 10,750

0.15 M NaCl

20 mM PBS in 100,000 44.8 0.45

1 M NaCl

20 mM PBS, pH 4.7 8 53.8 6716

20 mM PBS, pH 9.4 150 53.7 358
PVA, 0.2 PEI 20 mM PBS, pH 7 600,000 166 47.6 287

20 mM PBS, 453 47.6 105

0.15 M NaCl

20 mM PBS in 100,000  39.7 0.4

1 M NaCl

20 mM PBS, pH 4.7 213 47.6 224
PA 0.45mm PLL 20 mM PBS, pH 4.7 621,100 6 55.6 9270 34
PA PMB 3 55.6 18,540
PA~Bis His 12,400 54.5 4
PA~DAH His 9 55.6 6180
PA~Bis Him 8000 54.9 7
PA~DAH Him 440 55.6 126
PA DOC 21 55.6 2648
PA~a-Amylase DOC 6500 55.0 9
PA DEAE 2 55.6 27,810
Cellulose His distilled water, 4 L 100,000 122 0.44 36.8 37

50 mM NaCl, 4 L 20° 0.18 8.8

50 mM NaCl, 3 L 32¢ 0.44 13.8

50 mM NaCl, 2 L 554 0.71 12.8

100 mM NaCl, 1 L 55¢ 0.44 8

200 mM NaCl, 1L 204 0.44 2.2
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Table 5.4b. LPS filtration with (pseudo)affinity membranes

Polymer MW  Ligand LPS-containing LPS Time- Ref.
Cut-Off or Solution Concentration Average
Pore Size, um X10°, mg/mL

Adsorption Removal
Capacity, Factor

Initial Final mg m>h”" X10° m h”

LPS Adsorption from Model BSA Solution

PA, 0.45 PEI BSA in PBS, pH 4.7 600,000 15 53.7(96) 3580 32
BSA in PBS , pH 7.2 25 53.7 (1000 2150
BSA in PBS, 0.15M NaCl 4000 53.4(80) 13
PVA, 0.2 PEI BSA in PBS, pH 4.7 600,000 300 47.6(92) 159 32
BSA in PBS, pH 7.2 357 47.6(92) 133
BSA in PBS, 0.15M NaCl 1770 47.5(86) 27
PA, 0.45 PLL BSA in PBS, pH 4.7 661,000 10 59.20 5920 34
PMB 10 59.20 5920
PEI 10 59.20 5920
DOC 330 59.17 179
DEAE 1 59.20 59,194
PA~DAH, 0.45 Him 320 59.17 180
His 220 59.18 269

LPS Adsorption from Commercial Solution of Bovine Serum Albumin

PA, 0.45 PLL BSA in PBS, pH 4.7 6500 8 0.584 72.7 34
PMB 8 0.584 72.7
PEI 8 0.584 72.7
DOC 22 0.576 26.4
DEAE 17 0.576 34.2
PA~DAH, 0.45 His 17 0.568 4.89

LPS Adsorption from Commercial Solution of Lysozyme

PA, 0.45 PLL Lys in PBS, pH 7 13,400 270 1.176 4.4 34
PMB 328 1.168 3.6
PEI 15 1.200 79.9
DOC 287 1.176 4.1
DEAE 347 1.168 3.4
PA~DAH, 0.45 His 265 1.176 4.4

with the LPS content of the original feed (600,000 pg/mL). Hence, sieving (e.g., together with
compaction) and nonspecific adsorption of the LPS molecules can be ruled out. Instead, these
findings indicate that the LPS-adsorption is indeed based mainly on a specific interaction of
the endotoxin molecules with the ligands on the affinity filter.
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Table 5.4c. LPS affinity with (pseudo)affinity membranes

Polymer MW Ligand LPS-Containing LPS Time- Ref.
Cut-Off or Solution Concentration Average
Pore Size, mm X10°, mg/mL

Adsorption Removal
Capacity Factor
Intial Final mgm>2h?'  X10% mh’

LPS Adsorption from Commercial Solution of Mouse IgG; and Human 1gG

PA, 0.45 PLL 1gG1 in AcB, pH 5.5 6250 33 0.56 16.9 34
PMB 27 0.56 20.6
PEI 5 0.56 112
DOC 5 0.56 112
DEAE 21 0.56 26.6
PA~DAH, 0.45 His 91 0.0552 6.1
PEVA, 600,000 His 1gG in Tris, pH 7.4 25,500 11,500 0.408 (89" 0.006 38
1gG in PBS, pH 6 3900 1700 0.064 (97)  0.007
1gG in MES, pH 5 7560 4270 0.096 (95)  0.002
18G in AcB, pH 5 22,800 4400 0.536(99) 0.015
PEVA, 600,000 His 18G in AcB, pH 5 2500 10 0.056 (99) 4.9
1gG in AcB , pH 5 85,600 23,860 1.808 (79)  0.01

[34] Microporous flat sheet membrane Ultipor N66 (Pall, Dreieich, Germany), 0.00134 m?; LPS from
E. coliDSM 10498 in 20 mM posphate buffer, pH 4.7, 7, 9.4; concentration of monoclonal antibody
MAX 16H5 (mouse 1gG1) T mg/mL; volume of solution 15 mL flow rate 2 mL/min. [38] Hollow-fiber
membrane PEVA (EVAL 4A) (Kuraray, Osaka, Japan), 0.0041 m?; LPS from DSM E. coli 10498 in buffers
(Tris, phosphate, MES, acetate); volume of solution 15 mL; flow rate 0.2 mL/min; concentration of
human IgG and mouse anti-human CD4 monoclonal antibody (IgG1) T mg/mL. [37] Experimental
membrane cartridge packed with affinity membranes containing His as a ligand on chemically
modified microporous cellulose membrane (filter paper), 0.0017 m? x40 sheets; LPS from E. coli
0O55:B5 in: a distilled water (4 L); b (4 L), ¢ (3 L), d (2 L) 50 mM NaCl; e. 100 mM NaCl (1 L), f. 200
mM NacCl (1 L); flow rate: a, ¢ 5 mL/min, b 2 mL/min, d 8 mL/min, e,f 5 mL/min.

A comparison of the time-average removal factors for individual ligands gives rise to the
assumption that electrostatic interactions play a major role in the adsorption mechanism (Table
5.5). Ligands, which show a very good potential for LPS removal, tend to carry a net positive
charge. With an a-amylase support (net negative charge at pH 7), on the other hand, almost
no reduction of the LPS concentration was achieved. The zwitterionic ligand Bis~His also did
not support the removal of LPS very well. The structurally closely related but positively charged
ligand Bis-Him (Fig. 5.2) on the other hand, was several orders of magnitude more efficient in
this regard. Bis-Propa, which carries a methyl group instead of the imidazole moiety (Fig. 5.2)
is even better than Bis-Him. However, the most effective endotoxin filters are obtained if the
cationic spacer DAH is used to immobilize ligands of the His and Him types. This spacer is
even (slightly) more effective without further modification.
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Table 5.5. Electrostatic interactions and adsorption

Ligand/Adsorbant pK pl
Endotoxin pKy; =1.3 -
pKy =8.2 -
Poly(L-lysine) 10.8 (NH,) 9.7 (monomer)
Polymyxin B >9 (NH; of DAB) -
~10.5 (NH, of DAB)
Poly(ethyleneimine) >10.5 (NH) -
>9 (terminal NH,)
Histidine 6.0 (imidazole) 7.6
>9 (NH,)
>10.5 (NH of DAH)
Histamine 6.0 (imidazole) -
>10.5 (NH of DAH)
Deoxycholate >10.5 (NH of DAH) -
Diethylaminoethyl group 9-95 -
a-Amylase - 5.2
Bovine serum albumin - 4.7
Lysozyme - 11.2
Mouse immunoglobulin I1gG; (MAX16H5) - 5.5

The hypothesis of a strong contribution of electrostatic interactions to a “specific” LPS
retention is further supported by the findings that the time-average removal factors of all LPS
filters decrease dramatically in the presence of 1 M NaCl. For example, the time-average re-
moval factor decreased from 26,860 and 287 to 0.4 for PEI-activated PA and PVA membranes,
respectively, under these circumstances. Most likely, the electrostatic interaction, as a fairly
long-range attraction, is responsible for bringing the LPS molecule into close proximity to the
ligands. Once in close contact, the complex formation is strengthened by a number of short-range
interactions, such as charge transfer, nonpolar and polar interactions or even hydrogen bond
formation, resulting in the strong multifunctional binding type, which is typical for “affinity
interactions”. The harsh elution conditions required for filter regeneration (20% ethanol in 0.1
M NaOH) support the assumption of a multiforce attachment of LPS to the ligands. However,
it is clear and often decisive for process development that electrostatic forces play a governing
role in the primary interaction mechanism. Generally, very little adsorption is observed in the
absence of positive net charges in the spacer-ligand system.

Variation of the pH changes the charge distribution for both the affinity ligands and the
LPS molecules. At acid pH, the density of the negative charges in the LPS molecules decreases
slightly in comparison to neutral pH, while the density of the positive charges increases for all
ligands considered in Table 5.5. In some cases, the sign of the net charge of an affinity filter
may even change as a function of the pH. For example, a-amylase becomes positively charged
below a pH of 4.7. As a consequence, LPS molecules are attracted and bound by the immobi-
lized enzyme, which is not possible at neutral pH due to electrostatic repulsion. Similar effects
are observed with Bis-His. At pH 4.7, imidazole is protonated thus forming a positively charged
structure (Fig. 5.2).
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Under alkaline conditions, the situation is opposite to that in acidic medium. The charge
density of the LPS molecules increases with increasing pH, while that of the ligands decreases.
This usually leads to a considerable deterioration of the LPS removal in comparison to a neu-
tral pH. Only affinity filters activated with the polymeric ligands PLL and PEI still achieved
LPS-concentrations of less than 100 pg/mL in the permeate under these conditions. The
time-average removal factor peaked at pH 7 (26,860) and decreased both for acidic (6716 at
pH 4.7) and basic pH (358 at pH 9.4) for PEl-activated PA membrane adsorber. The same
tendency was found for His-activated pseudoaffinity cellulose membranes.>” When other ligands
were immobilized on PA membranes, the efficiency of removing LPS from a 20 mM phos-
phate buffer decreased in the order: DEAE (Fr 27 810) > PMB (Fr 18 540) > PLL (Er 9270)
> DAH-His (Fr 6180) > DOC (Fr 2648) > DAH~-Him (Fr 126) > a-amylase (Ft 9) >
Bis-Him (Fr 7) > Bis~His (Fr 4). Decreasing the charge density of the LPS molecule itself has
less impact on the LPS clearance than decreasing the charge density of the ligands. With poly-
mer ligands PLL and PEI, this effect is less pronounced. Generally speaking, PLL and PEI can
be used over a wide pH range, while ligands like Bis-His and a-amylase should be applied at
pH values below their pI and pK, respectively.

The dominant role of electrostatic forces in the adsorption of LPS has important conse-
quences for the handling of multi-component systems, such as contaminated protein solu-
tions, where multilateral interactions based on electrostatic attraction or repulsion must be
carefully balanced. Since the selectivity of this type of interaction is not very pronounced, the
competition of proteins carrying a net negative charge at neutral pH, such as BSA, with the
LPS molecules for binding sites on the affinity filter must be taken into account. Such a com-
petition results in protein loss, while in addition being closely related to a considerable decrease
in LPS removal (capacity). However, the separation of a protein and LPS can almost always be
fine-tuned via the pH. The protein’s interaction with the positively charged affinity filters can
be reduced by adjusting the pH of the solution to the pI of protein. For example, the interac-
tion of BSA (pl 4.7) with the ligands should become weaker with decreasing pH due to in-
creasing protonation of the protein.

The pl of most proteins will be considerably higher than the pK; of the phosphate groups
of the LPS molecule (pK; 1.3). Hence, a pH can usually be found where the interaction of the
LPS with the affinity filter is still possible, while the protein is no longer retained. For example,
decontamination of BSA solutions at a pH of 4.7 instead of 7.0 did yield significantly better
results (removal factors) in that the protein was successfully depyrogenated and at the same
time quantitatively recovered at pH 4.7. In contrast, at pH 7, a loss of 20% of the target
protein accompanied the LPS removal, which itself was also considerably less efficient. The
effect was observed for all the investigated ligands, except DOC. At low pH, affinity filters
with ligands such as PLL, PMB, PEI as well as DEAE could be used to reduce the LPS concen-
trations in the permeate to less than 15 pg/mL. Concomitantly, at least 96% of the BSA was
recovered. Immobilized on PA membranes, these ligands also exhibited the highest values for
the time-average removal factors in depyrogenation of model bovine serum albumin solutions
(Fr = 5920 for PLL-activated, PMB-activated and PEI-activated PA membranes and Fr =
59194 for DEAE-activated PA membranes). However, in comparison with the control
depyrogenation of a phosphate buffer solution, these values were 5-9 times lower.

Proteins carrying a net positive charge at neutral pH, such as lysozyme, are repelled from
the positively charged affinity filters and thus do not compete directly with the LPS molecules
for the binding sites. These proteins can, on the other hand, interact with LPS molecules,
thereby neutralizing their respective charges. Two possible fates await the lysozyme/LPS com-
plexes. If the interaction of LPS with lysozyme is much weaker than that with the affinity
ligand in question, the protein/LPS complex will dissociate and most of LPS molecules will
adsorb to the affinity membrane after all. If the protein/LPS complex is of similar stability or
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even stronger than the LPS/affinity ligand complex, the lysozyme will act as a carrier and most
of the LPS will pass through the membrane and into the permeate. While it is often possible to
more or less completely remove the LPS from solutions of acid proteins, such as BSA and
ovalbumin, the performance of similar depyrogenation procedures tends to be much poorer in
the case of basic proteins. It was concluded that this poor performance is due to the masking of
the LPS activity by the respective protein rather than, for example, to an inhibition of the LAL
test and that the lysozyme did indeed act as LPS-carrier.

When some of the highly selective affinity ligands for LPS (PLL, PMB, PEI, DAH-His,
DOC and DEAE) were employed for the preparation of LPS-free solutions of two commer-
cially available endotoxin-free proteins (BSA, Sigma A-3059 and lysozyme, Fluka 62971), most
of them showed a considerable decrease in the time-average removal factor compared to results
obtained with the model protein solutions prepared by adding known amounts of LPS to a
priori LPS-free protein solutions. Only with PEl-activated membranes was it possible to re-
duce the residual LPS concentration of the lysozyme solution to 20 pg/mL. The value of the
time-average removal factors obtained for the depyrogenation of commercial BSA, lysozyme,
and human-IgG; solution with a PEl-activated PA membrane were very similar (72.7, 79.9
and 112 respectively), but decreased considerably when other ligands were used instead. From
this point of view, only PEI meets the requirements of the international pharmacopocia in
regard to applicability at low initial endotoxin concentrations (-100 UE/m
L). Not surprisingly, PEI is currently the most widely used ligand for affinity-based
depyrogenation.

Some caveats may also exist, on the other hand, for the preparation of endotoxin-free
protein parenteralia with LPS filters based on ligands such as polymyxin B and PEI, even
though they effectively bind LPS from blood and plasma. If these ligands are present in the
final plasma or IgG preparations even in trace amounts due to leaching of the affinity matrix,
they may pose serious health threats to the patient. Polymyxin B is neuro- and nephrotoxic and
PEI shows low biocompatibility.3 8 In fact, of all the above mentioned affinity ligands, histidine
is often considered “the best” for efficient depyrogenation of parenteralia, because it is
biocompatible, safe and cheap.’”**#2 In addition, histidine is known for its high chemical and
physical stability, making this ligand an attractive choice for depyrogenation in spite of its some-
what lower time-average LPS removal factor when compared to ligands such as PMB and PEIL

It has been shown that LPS was preferentially adsorbed on a His-activated agarose-support
in the presence of albumin and tumor necrosis factor (TNF).?> The major disadvantage of
using His as an affinity ligand for LPS, is that the molecule is also known to further the adsorp-
tion of different types of IgG under most operating conditions. As a pseudobiospecific ligand,
this amino acid shows in fact affinity to a variety of therapeutic proteins including besides IgG,
for example, also factor VIII. Recent studies have also revealed that supports with immobilized
pseudoaffinity ligands, particularly with His, suffer in general from a considerable decrease in
efficiency in the presence of proteins.** Hence, they are not in general applicable to the prepa-
ration of LPS-free protein parenteralia unless extensive preventive measures are taken.

The analysis of the present results shows that for efficient endotoxin removal preference
should be given to adsorptive membrane having positively charged functional groups and
pseudoaffinity ligands, which are especially effective in binding LPS from different sources and
solutions. It can be said that the pH is the most important variable during the optimization of
the depyrogenation of a pharmaceutical protein. The procedure has to be chosen in such a way
that the target protein may be allowed to interact with the adsorber but certainly not with the
LPS molecule (to avoid masking). At the same time, care should be taken that the interaction
of the LPS molecules and the adsorber is not affected by these conditions. In this context, the
choice of the ligands becomes important. For example, removal of LPS traces from human IgG
(pI 9) would not be possible using Bis-His (pKimidazole 6). For the decontamination of acidic
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proteins, five ligands are available at the moment, namely the polymers PLL, PMB, PEI as well
as DEAE and DOC (pH 7). His and Him, even when immobilized with DAH as spacer, show
significantly worse clearance factors than the other ligands. In spite of the overwhelming use of
this material, it should be recognized that the choice of a hydrophilic base polymer network for
affinity filter production via ligand immobilization is not restricted to Nylon. Membranes
based on regenerated cellulose or polysulfone can be modified by the same or slightly altered
chemical procedures.

Membranes for Removal of Bacteria and Viruses

from Aqueous Solution

Due to their high efficiency, ultrafiltration membranes have gained a well-deserved accep-
tance for the separation of various microorganisms from water as well as from buffer, salt and
saccharide solutions. However, here too the large-scale production of parenteralia requires in-
creasing the performance of the decontamination process, for example, in regard to through-
put and scale. Currently an approach similar to the one taken for LPS removal, i.e., a combina-
tion of sieving and adsorption, appears to be very promising in the context of removal of
microorganisms from aqueous solution. This can be achieved by using positively charged mem-
brane adsorbers having a considerably higher pore size than the dimensions of microorganisms.
Negatively charged filters with similar pore diameters tend to fail. This indicates that the retention
of bacteria and viruses in these cases results from the electrostatic interactions of their nega-
tively charged surfaces with the positively charged functional groups of the “filters”. 36675

For example, the depth filters Zeta Plus ZA (surface-modified diatomaceous earth), posi-
tively charged polyamide Posidyne filters (NBZ, 0.45 mm; NHZ, 0.8 mm; NNZ, 1.2 mm)
and hydrophobic hollow-fiber polyethylene membrane EHF have been used with good effi-
ciency for the removal of organisms such as poliovirus type 1, bacteriophage MS-2, influenza
virus and E. coli B 15597 from water (Table 5.6).4! In these experiments, all Zeta Plus filters
(0.2 to 2.0 mm) retained significant numbers of bacteria. However, the number of bacteria
found in the filtrate did increase with the pore size of the membrane, whereas the time-average
removal factor decreased by two orders of magnitude. It was observed that the bacteria were
retained by a dual mechanism of sieving and adsorption.*! Virus removal by the same depth
filters, on the other hand, was mainly due to adsorption effects, since the dimensions of the
viruses are several times smaller than the average pore size of the filters.

The feasibility of removing “particles” by adsorption is corroborated by the fact that the
electropositive Zeta Plus S filters are also highly effective in the removal of latex beads, which
are many times smaller than the filter pores, from solution. Even the large-pore Zeta Plus 05S
filter is capable of efficiently removing 0.1 mm latex beads in such a situation. Results on
particle filtration through depth filters indicated also that for particles larger than 1 mm, physi-
cal phenomena, such as mechanical sieving, are the most important for removal. For interme-
diate particles (0.5-1 mm), both sieving and electrokinetic mechanisms are of influence.!
Finally, electrokinetic mechanisms are the dominating factor for removing particles of less than
0.1 mm in size, which is the case for most viruses. If the charges of the filter media and the
particles are opposite, electrostatic attraction will force the particles to deposit within the filter.
If the charges are of the same sign, repulsion will occur and deposition will be hindered. The
Zeta Plus filters used in the investigation were all positively charged and most of the particles
were negatively charged; hence, deposition occurred readily. The charge on the filter surface
may be altered with changes in the pH, but according to the electric double layer theory of
colloid chemistry, also depends on the electrolyte concentration in the solution being filtered.

Any particle, for example also a virus, immersed in an aqueous solution develops a surface
charge by adsorbing ions on its surface. To maintain electrical neutrality, a diffuse layer forms
around the particle, which is enriched in mobile counter-ions. This layer extends to some
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Table 5.6. Membranes for removal of bacteria and viruses from aqueous solution
Adsorber MW Cut-Off Microorganisms Concentration ~ Time- Ref.
or Pore X 104 cfu’/mL  Average
Diameter um
Adsorption  Removal
Capacity Factor
X10° X10°
Initial Final cfu m?h’! mh’
Adsorption of Microorganisms from Tap Water, 2 L
Diatomaceous 2 poliovirus type 1 10 2.6 31,320 163 59
earth bacteriophage MS-2 100 100 0 0
ZETA 058 E. coliB 15597 1 0.3 3090 141
Diatomaceous 1 poliovirus type 1 10 0.1 6090 618
earth ZETA 508 bacteriophage MS-2 100 8 56,700 77
influenza virus 100 0.01 61,950 61,800
influenza virus, pH 7 1 0.14 525 44
E. coliB 15597 1 0.001 620 6200
Diatomaceous 0.2 poliovirus type 1 10 0.001 21,600 21,200
earth ZETA 90S bacteriophage MS-2 100 0.001 21,240 21,200
influenza virus 1 0.0001 216 21,200
E. coliB 15597 1 0.0001 216 21,200
Adsorption Bacteria from Water and Salt Solutions
PE 0.04 E. coliO113 300 0.0001 50" 514 12,900 56
E. coliO111:B4 450 0.0001 50 770 19,300
Salmonella minnesota 200 0.0001 50 343 8600
PA (NBZ) 0.45 Pseudomonas dimunita 4 0.0001 a190 28.2 2820 41
b10 27.6 2820
PA (NHZ) 0.8 Serratia marcescens a85s 28.1 2820
b1 33.6 2820
Bacillus subtilis a268 28.2 2820
b114 28.3 2820
PA (NNZ) 1.2 Serratia marcescens a9 28.0 2820
b0.5 28.8 2820
Bacillus subtilis al 30.0 2820
b2 30.0 2820

v breakthrough volume, mL; cfu — cell forming unit [59] Charged-modified cellul ose diatomaceous earth depth filters (AMF/CUNO Division,
Meriden, Conn., USA): ZETA Plus05S, 0.0017 mz; functional groupsarenot indicated; filtration under pressure 10 kPa; flow rate, 1200 ml/min;
ZETA Plus 50S, 0.0017 mz; flow rate 175 mL/min; ZETA Plus 90S, 0.0017 mz; flow rate 60 mL/min; [56] Hollow-fiber polyethylene EHF
membranes (Mitsubishi Rayon Co., Nagoya, Japan), 0.007 mz; flow rate0.5 mL/min; breakthrough volume 50 mL . [41] Positively charged nylon
filtersPosidyne (Pall Europe, Portsmouth, U.K.): NBZ,NHZ, NNZ; functional groupsarenot indicated; 0.0017 m?; filtration under vacuum; flow
rate 2 mL/min; a) water, b) Ringer’s solution.
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distance into the solution. If the concentration of the counter-ions in the bulk solution in-
creases, for example due to the addition of salts or by increasing the pH, the thickness of the
counter-ion enriched layer around the particle decreases, because a smaller volume will now
contain enough counter-ions to neutralize the surface charge. The same is true for the charged
surface of a filter. The reduction in the thickness of the diffuse layer facilitates the approach of
two surfaces, allowing the van der Waals forces to show an effect.®

Electropositive filters are effective in the removal of a variety of microorganisms over a
wide range of pH and salt concentrations, depending on the correlation between the surface
charge of the filter and the microorganisms, respectively. On the other hand, electronegative
filters of similar porosity are generally effective only in a limited range of pH and salt concen-
trations. All filters tend to perform best at low pH, but only electropositive filters perform well
above pH 6. The electropositive Zeta Plus S filters retain far higher amounts of viruses than the
negatively charged filters ata pH between 4 and 9. However, the capacity of the filters is always
reduced at the higher pH values. Varying the NaCl concentration between 10° M and 0.1 M
had no apparent effect on the removal of bacteriophage MS-2 by the electropositive Zeta Plus
M filter. Lowering the pH, however, did slightly enhance the adsorption from 99.7% (pH 8) to
99.995% (pH 5). At near-neutral pH (tap water), Poliovirus was also adsorbed to a greater
extent on electropositive than on electronegative filters.

High retention efficiency for E. coli O113, E.coli O111:B4 and Salmonella minnesota
R595 was also exhibited by a hydrophobic hollow-fiber polyethylene membrane with a nomi-
nal pore size of 0.04 mm. Aqueous solutions containing bacterial cells were virtually bacteria-free
after filtration through this membrane.”® However, the values of the time-average removal
factor were twice lower in this case compared to the positively charged Zeta Plus 90S filters in
spite of the five times larger pore size of the latter. In retention of microorganisms with hydro-
phobic filters, sieving prevails apparently over adsorption.

In contrast to hydrophobic PE membranes, electrostatic forces were clearly involved in
the retention of bacteria by positively charged polyamide Posidyne filters with nominal pore
sizes between 0.45 and 1.2 mm. In this case the filter’s efficiency depended to a large extent on
the suspending medium. A smaller number of microorganisms was, for example, retained when
a Ringer’s solution was passed through the filter compared to a filtration from water. Break-
through of bacteria into the filtrate was observed after only 20 ml of Ringer’s solution were
passed through the filter, while 1 L of water could be filtered under similar circumstances,
before the breakthrough became noticeable. The data presented in Table 5.6 also show that the
composition of the solution has a profound effect on the bacteria retention. The number of
bacteria that could be effectively retained from solution with positively charged polyamide
Posidyne filters depended in addition on a number of other operational parameters such as the
effective filtration area, the construction of the filter, the total volume of the filtered liquid, the
flow rate and the physicochemical properties of the solution. The viscosity of the solution, its
pH and zeta potential, as well as the type and concentration of ionogenic admixtures did also
influence the adsorption activity of these filters.

Membranes for Removal of Leukocytes from Blood Products
Leukocyte-depleted blood products, particularly red blood cell concentrates, are clinically
used to avoid negative side effects in recipients after transfusion. Possible leukocyte-associated
post-transfusion complications include human leukocyte antigen alloimmunization,
graft-versus-host disease, platelet refractoriness, and transmission of viruses.3 Amongst the
various existing techniques for the selective removal of leukocytes from blood, filtration has
become a popular method, because of its convenience and low costs.’” Leukocyte filters have
been specially developed for the purpose; they generally consist of fibrous materials made of
Nylon,g8 PAN,?? cotton wool,”° cellulose acetate,*> or polye:stf:r.44’45 Currently available filters
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Table 5.7. Membranes for removal of leukocytes from blood products

Adsorber MW Leukocyte  Concentration Volume, mL  Time- Ref.
Cut-Off Media X10* cfu/mL Average
or Pore
Diameter
um

Adsorption Removal

Capacity Factor
X10° X10%
Initial Final cfum?h’ mh’
PU 25 granulocyte 100 19 70 all.9 23 42
suspension 50 b36.6 15
PU~PEI 25 granulocyte 100 3 al4.2 49
suspension 31.5 b50.2 158
PET RBC 750 60 500 101.1 18
leukocytes
granulocytes 400 52 51.0 11
lymphocytes 275 5.5 39.5 73
monocytes 50 0.8 7.2 92
PET~PEI RBC 750 49 500 102.8 22
leukocuytes
granulocytes 400 40 52.7 15
lymphocytes 275 4.4 39.7 92
monocytes 50 0.3 7.2 244

Cfu—cell forming unit; RBC — concentrate of red blood cells containing granulocytes, lymphocytes and
monocytes. [42] Microporous polyurethane filters unmodified and modified (adsorption technique)
with PEI 600 (MW 40000-60000); 0.0982 m2; flowrate:a 2.4 mL/min, b 12 mL/min; Commercial Optima
Cellselect leukocyte filters composed from poly(ethylene terephthalate) (NPBI, Emmer-Compascuum,
Netherlands) unmodified and modified with PEI; 0.0982 m2; flow rate: 2.4 mL/min.

capture more than 99% of the leukocytes from blood, while the loss in red cells is small.“¢ The
mechanism of leukocyte depletion by these filters is still under discussion, but the results of
many studies indicate that the removal of leukocytes is accomplished by selective adhesion of
leukocytes to the filter materials.””*”! Recently it was, for example, shown that adhesion rather
than mechanical sieving governs the leukocyte filtration through porous polyurethane (PU)
membranes. 22 Attempts have been made to enhance the adhesion of leukocytes to PU and
poly(ethylene terephthalate) (PET) membrane filters by their modification with PEI-ligands,
since the cell-adhesive properties of PEI modified surfaces are well known in cell biology.*>

A comparison of the adsorption efficiency of specially prepared PU and commercial PET
(Optima Cellselect leukocyte) membrane filters (NPBI, Emmer-Compascuum, Netherlands)
differing in the nominal pore size (38, 27, 22 and 7 um) with those modified with PEI has
shown that the adhesion of granulocytes to the modified membranes is always higher than to
the unmodified ones (Table 5.7). More than 95% of the granulocytes (average size: 5 to 8 wm)
are captured by PEI-modified filters (average pore size: 27 mm), whereas the depletion of cell
numbers by unmodified filters is only 80%. The values of the time-average adsorption capacity
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and the time-average removal factor are approximately twice as high for the PEI-modified
membranes. It was also found that the adhesive properties of these adsorptive membranes
depend strongly on the cell nature. Certain leukocyte populations (such as lymphocytes) show
three times lower adhesion to the same membranes than granulocytes. Unfortunately, the ef-
fect of PEI on leukocyte adhesion was only significant as long as red cells, platelets and plasma
were absent from the liquid. There is virtually no difference in leukocyte adhesion from blood
using PET or PEI-activated PET membranes. However, in the case of monocytes the time-average
removal factor is about three times higher with the PEI-activated PET membranes than with
the unmodified filters, when the filtration of a red blood cell concentrate (diluted to a hemat-
ocrit of - 60 with 0.9 % sodium chloride solution) was investigated.

Conclusions

Despite some remaining problems, for example with basic proteins, the new membrane
adsorbers exhibit potential for various disciplines. Besides application in biotechnology (treat-
ment of process waters, buffers, raw materials as well as the final products) and the pharmaceu-
tical industry (treatment of parenteralia, diagnostics or dialysis buffers), the application of, for
example, LPS-binding membrane adsorbers to therapeutic purposes, such as hemoperfusion in
acute sepsis, is conceivable. A clear objective for future developments in the area of membrane
adsorbers design will create an even higher selectivity for the target molecules. This will require
the design of suitable ligands, most likely small molecules bearing positively charged groups,
which are incorporated into the membrane matrix. Higher adsorption capacity of membrane
adsorbers will hopefully be achieved by improving their porous structure.
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CHAPTER 6

Stimulus Responsive Surfaces:

Possible Implications for Biochromatography,
Cell Detachment and Drug Delivery

Igor Yu Galaev and Bo Mattiasson

i.e., in most cases their water-solubility, in response to an external stimulus, are generally

referred to as “smart materials” or, if they are water-swellable, as “intelligent gels” or
“wetware”. The physical basis of this “smart” behavior is a fast and reversible change of the
polymer microstructure from a hydrophilic to a more hydrophobic one, triggered by small
changes in the environment. These microscopic changes result at the macroscopic level, for
example, in the formation of a precipitate or in a change in the wettability of a surface to which
the smart polymer is grafted. The changes are usually reversible and the system returns to its
initial state when the stimulus is removed. The most commonly used environmental stimuli
are temperature and pH, since the two variables are relatively easy to change. Other possible
stimuli include electricity, ions, solvents, light and pressure. For biological processes, smart
polymer systems, which respond to the presence of specific small molecules (such as glucose),
are also highly useful.

Materials based on (or modified with) smart polymers, for example polymer-grafted sur-
faces, may revolutionize certain areas of biotechnology and medicine since the ensuing ability
for self-recovery, self-adjustment or control, self-diagnosis, stand-by capability for detecting
nonlinear onset, but also the ability to be externally tuned could be exploited in various ways.
Table 6.1 summarizes a selection of possible applications of such materials in the life sciences.

The area of research on new and improved smart polymers is very active at present due to
the obvious attraction of creating materials capable of carrying out increasingly complex tasks
and performing various functions. However, we are still far from completely understanding the
basic relationship between the chemical structure and the observed behavior. Unfortunately,
research on water-soluble polymers, whether intelligent or not, has long been a somewhat
neglected area of polymer chemistry. This is currently changing and this chapter intends to give
a glimpse, sometimes based on just a very few existing examples, on what such materials may
one day accomplish. It seems justified to consider various applications in which the highly
nonlinear response of the polymer to small changes in the external medium is of critical impor-
tance for the successful functioning of the system as putative examples for the potential use of
smart polymer in biotechnology and medicine. As most applications of smart polymers involve
such phenomena as biorecognition and biocatalysis, which occur predominantly in aqueous
environments, we will restrict ourselves to sufficiently hydrophilic or water-compatible poly-
mers. Applications of smart polymers in organic solvents or hydro-organic mixtures are beyond

l l‘ unctional polymers, which can react, adjust or modulate their physicochemical character,
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Table 6.1. Application of smart polymers in the life sciences

Area Application Selected References
Medicine Controlled drug release 35,68, 71
Site-selected drug delivery 82
Downstream processing Cell-detachment 50, 51
Affinity precipitation 4,83
Partitioning in aqueous 84
polymer two-phase systems
Modulated chromatography 41, 48, 64
Size-selective separation Controlled permeation of 14, 29, 56

membranes—chemical valve

Concentrating 85
macromolecular solutions

Analysis Immunoanalysis 86
Biosensors 87
Biocatalysis Immobilization of living cells 88
Enhanced mass-transfer 89
Reversivbly soluble biocatalysts 90
Feedback control of biocatalysts 91
Energy transducer Artificial muscle 92

the scope of the chapter. We also decided to restrict the discussion to macromolecules physi-
cally attached or chemically grafted to a variety of surfaces. Systems, which are based on the
polymers per se, either in solution or in the form of cross-linked networks or smart hydrogels,
on the other hand, are not taken into consideration.

Stimulus-Responsive Polymers

The majority of the currently investigated stimulus-responsive polymer systems can be
divided into three groups, those that change their microstructure upon a change in the pH,
those that change it upon a change in temperature and those that are capable of reversibly
forming cross-linked networks.” In the case of pH-sensitive polymers, the driving force behind
the transitions is usually a neutralization of charged groups in the polymer by the pH shift. In
the case of temperature sensitive polymers, the transition at elevated temperature has been
ascribed to a decrease in the efficiency of hydrogen bonding to the surrounding water mol-
ecules under these conditions. Thermosensitive polymers often show some sensitivity to the
ionic strength of their environment as well (hydrophobic effect, “salting out”). A number of
reactions can be critical for (reversible) network formation. Below the base phenomena under-
lying “smartness” in polymers are discussed in more detail.
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pH-Sensitive Polymers

The first group of smart polymers to be discussed here consists of macromolecules, usually
weak polyelectrolytes, which depend upon their net charge for water solubility. Decreasing the
net charge of the macromolecule can create poor solvent conditions in this case and concomi-
tantly will reduce the electrostatic repulsion between the polymer segments. Other—attrac-
tive—forces become operative between the segments and the result is the collapse of the poly-
mer coil often followed by an aggregation of the collapsed molecules. In a typical pH-sensitive
smart polymer, the charge of the molecule is the result of protonation/deprotonation events
(generally of carboxyl or amino groups) and thus depends strongly on the pH. Often it is
possible to obtain a virtually neutral polymer by surpassing a certain pH. The pH-induced
collapse/aggregation of pH-sensitive macromolecules tends to be very sharp and usually re-
quires a change in pH of not more than 0.2-0.3 units. The replacement of some of the
pH-sensitive carboxyl-groups with a noncharged and hence less hydrophilic group has been
shown to increase the hydrophobicity of the copolymer resulting in transitions at higher pH.*

For instance, copolymers of methylmethacrylate and methacrylic acid undergo sharp con-
formational transition and collapse upon the acidification of the solution to a pH around 5,
while copolymers of methylmethacrylate with dimethylaminoethyl methacrylate are soluble at
low pH but collapse and aggregate under slightly alkaline conditions. The same is observed in
the case of modified (i.e., more hydrophobic) cellulose derivatives with pending carboxyl groups,
such as, for example, hydroxypropyl methyl cellulose acetate succinate.” A pH-sensitive poly-
mer with reversible transition in the physiological pH-range (pH 7.0-7.5) was synthesized by
copolymerization of N-acryloyl sulfametazine with N,N-dimethylacrylamide.®

Thermosensitive Polymers
The second important group of smart polymers consists of thermosensitive molecules.
These are typically uncharged polymers soluble in water due to the hydrogen bonding of groups
in their segments with the water molecules. The efficiency of hydrogen bonding decreases in
general with increasing temperature. Consequently, there is a critical temperature for some
polymers at which the efficiency of hydrogen bonding becomes insufficient to maintain the
macromolecule in solution (contact segment/segment preferred over contact segment/water);
the macromolecule collapses and aggregation/precipitation usually take place. It can be said
that thermosensitive polymers undergo phase transition because they become progressively
more hydrophobic with the increase in temperature. At some point the hydrophobic interac-
tions between polymer molecules become more favorable then polymer-water interactions and
the polymer molecules collapse. Hydrophobic interactions in general are promoted by high salt
concentrations (“salting out” effect), which in the case of thermosensitive polymers are known
to shift the transition to lower temperatures.” Concomitantly, hydrophobic interactions with
the solvent are promoted and the critical temperature is elevated (or altogether eliminated) by
the addition of organic solvents, detergents and chaotropic agents. As with the pH-sensitive
polymers, the composition of the aqueous solution plays a major role in determining the be-
havior of thermosensitive smart polymers.
Most of the thermosensitive polymers studied worldwide fall into two groups. These are:
1. Poly(N-alkyl substituted acryl amides) and amongst them the most important cer-
tainly, poly(N-isopropylacrylamide) (poly(NIPAAM)), with a transition temperature
of 32° C8 and
2. Poly(N-vinylalkylamides), for example, poly(N-vinylisobutyramide), with a
transitiontemperature of 39° C° or poly(N-vinyl caprolactam) with a transition tempera-
ture of 32-33° C!° (depending on polymer’s molecular mass)
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Modern polymer chemistry provides in addition a variety of other polymers with different
transition temperatures ranging from 4-5° C for poly (N-vinyl piperidine) to above 100° C for
poly(ethylene glycol).'!

Other than the pH-sensitive polymers, where the carboxyl or amino groups responsible
for the charge can also be used for covalently linking the polymer to a surface, thermosensitive
polymers do not necessarily contain such inherent reactive groups. It is thus often necessary to
specifically introduce such groups during the polymer synthesis, for example through copolymer-
ization of suitable monomers. N-Acryloylhydroxysuccinimide or glycidyl methacrylate are popu-
lar comonomers for NIPAAM in this context since they allow subsequent coupling of the
polymer to hydroxy- or amino-groups.'*'? Copolymers containing methacrylic or acrylic acid
units have also been coupled to hydroxy- or amino-groups on the surface via appropriate acti-
vation procedures.'* The introduction via a copolymerization has the advantage of allowing
some control over the coupling chemistry. This is even most pronounced in cases where only a
single, usually terminal coupling site is introduced. Examples include some thermosensitive
polymers prepared by group' or chain transfer'® polymerization ofrother approaches where
the active group is incorporated via the initiator of the polymerization.'”

The critical temperature of a given thermosensitive (co)polymer can often be fine-tuned
by adding more hydrophilic or more hydrophobic comonomers to the structure. The former
increases the transition temperature of the polymer while hydrophobic comonomers have the
opposite effect.'® The inclusion of comonomers with pH-depending hydophobicity (i.e.,
charge-mediated) adds to flexibility of the system. For example, at pH 8.0 where imidazole
moieties are noncharged and hence relatively hydrophobic, copolymers made of NIPAAM and
vinyl imidazole undergo phase transition at about 35° C, i.e., at a temperature slightly above
that observed for the poly(NIPAAM)-homopolymer (32° C). When the pH is lowered to 6,
the imidazole groups become protonated and hence very hydrophilic. As a consequence, no
transition occurs even when the polymer solution is heated to 80° C."

The properties of smart polymers, which are important for biotechnological and medical
applications, often can be controlled not only by the comonomer composition, but also by the
polymer architecture. For example, block copolymers with a thermosensitive “smart” part con-
sisting of poly(NIPAAM) do not separate from aqueous solutions in the same manner as ran-
dom copolymers do. In particular, a reversible gel rather than a concentrated polymer phase is
formed in response to an increase in temperature.”’ Comb-like copolymers with poly(NIPAAM)-grafts
show a faster and more pronounced response to changes in temperature as compared to ran-
dom copolymers.***

Reversibly Cross-Linked Polymer Networks

The third type of smart polymers is based on systems, where the (soluble) polymer mol-
ecules are reversibly (noncovalently) cross-linking into (insoluble) polymer networks. The net-
works either precipitate or form physical gels. The most common of these systems are based on
polymers with sugar-ligands, which can be cross-linked by lectins with multi-binding sites (for
example concanavalin A) and on polymers using the well-known boronate-polyol interaction
to achieve this goal.?*?® The reversibility of the response is achieved through the addition/
removal of low-molecular weight analog of the polymer. For example, when small sugars with
high boronate affinity are added to the boronate-crosslinked polymer, they will compete with
the polymer for the boronate groups, thereby destroying the intra-polymer cross-links and thus
disengaging the network.

Polymer-Grafted Surfaces

Smart polymers, both of the pH- and the thermosensitive type, have been covalently
coupled or “grafted” to solid surfaces thereby endowing them with new properties. Surface
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modification through physical adsorption is also possible. Covalent grafting to the solid sup-
port is usually achieved by letting polymers with terminal (only single-point attachment pos-
sible) or randomly distributed (multipoint attachment possible) active groups react with corre-
sponding reactive groups on the surface in question. Another way, especially to achieve single
point attachment of smart polymers, is to first covalently modify the surface with a polymeriza-
tion initiator and then to carry out the polymerization of the monomer from these starting
points. The growth of the polymer chains occurs only at the sites where the initiator was
coupled.”” Alternatively, the solid support can be irradiated by light or plasma beam in the
presence of the monomer.”®* Trradiation results in the formation of active radicals on the
surface which are capable of initiating the polymerization. The irradiation methods result in a
high density of grafted polymer, but the polymerization is less controlled than in the case of
covalently coupled polymers or polymers produced from covalently coupled initiators.
Cross-linked polymer gels often form when irradiation is used, especially in combination with
high monomer concentrations or in the presence of a cross-linker.”**

For some applications it may be desirable to anchor a smart polymer to a lipid membrane.
In this case, an appropriate “anchor” is required to securely link the polymer to the membrane.
Such lipophilic anchors have been introduced into macromolecules, for example, by copolymer-
ization of poly(NIPAAM) with comonomers having large hydrophobic tails like
N,N-didodecylacrylamide,* by using a lipophilic radical initiator,?* through the modification
of the copolymer following polymerization®® or by modifying polymers carrying a suitable
active endgroup with a phospholipid.** Alternatively, it has been suggested to couple the poly-
mer covalently to an active group found within the molecular structure of the lipid, which
formed the membrane in question.*®

When grafted to a surface, the polymer molecules in question can no longer aggregate;
however, the conformational transition from a more hydrophilic to a more hydrophobic state
(collapse of the polymer coil) still takes place and thus allows to regulate the hydrophobicity of
the surface. A surface bearing grafts of smart polymers will be hydrophilic when the polymer
molecules are in the expanded “soluble” form and hydrophobic when the polymer is in the
collapsed “insoluble” form. The change in hydrophobicity of a surface grafted with
poly(NIPAAM) molecules was demonstrated by contact angle and water absorbency measure-
ments.>*>? The transition temperature of adsorbed (presumably via multipoint attachment)
poly(NIPAAM) molecules has been observed to be lower than in bulk solution. In addition,
the properties of the layer of the collapsed macromolecules formed above the transition tem-
perature seem to depend strongly on speed of the temperature increase. When the temperature
is increased slowly, a more “liquid-like” polymer layer is formed while the layers formed at high
speeds have more “solid-like” properties.*’

Temperature-Responsive Chromatography

The idea to change the structure and adsorptivity of polymer-grafted surfaces by a slight
change of the temperature or the pH is very attractive, because a drastic change in the interac-
tion (for example adsorptivity) of this surface with a given solute may thus be achieved. One
area, which depends strongly on the controlled interaction of solutes with adsorptive surfaces is
chromatography. In this context first encouraging results with “smart” columns have been
published. For example, the chromatographic separation of some steroids and drugs, using
HPLC-columns packed with poly(NIPAAM)-grafted beads, was strongly dependent on the
temperature with a steep increase in both retention and resolution when the temperature was
increased from 5° C to 50° C.4%? Especially the retention times of the more hydrophobic
steroids (hydrocortisone acetate, testosterone) were significantly longer at higher temperature.
The retention times observed for the reference column packed with nonmodified (nongrafted)
beads, on the other hand, were much shorter and decreased in fact with increasing temperature. At
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low temperatures retention was preferably through hydrogen bond acceptors, while hydropho-
bic interactions dominated the retention of the solutes at higher temperature. The temperature
increase brought about a similar change in the retention behavior of the poly(NIPAAM)-grafted
column as the more common change in the composition of the mobile phase (addition of
organic solvents to aid solute elution) for the nongrafted reference column.*?

The architecture of the graft macromolecules was observed to significantly affect the tem-
perature response of the poly(NIPAAM)-modified stationary phase. The surface wettability of
the poly(NIPAAM)-grafted surfaces changed dramatically with temperatures between 32° C
and 35° C (corresponding to the phase-transition temperature for poly(NIPAAM) in aqueous
media) in cases, where the poly(NIPAAM) was grafted via the end group either directly to the
surface or to a looped chain copolymer of NIPAAM and N-acryloylhydroxysuccinimide, al-
ready there. The loop-grafted surface itself also showed a pronounced change in wettability, but
at slightly lower temperatures (-27° C). This reduction in transition temperature is most likely
due to a loss in the freedom of conformational transitions in case of the multipoint-attached
macromolecules. Amongst the three surfaces the one with a combination of both loops and
terminally grafted chains showed the largest surface free energy change upon phase transi-
tion.* To reduce the response temperature of the chromatographic matrix, a copolymer, namely
poly(NIPAAM-co-butyl methacrylate) with a transition temperature of 20° C was grafted to
the stationary phase instead of poly(NIPAAM)-homopolymer chains. A mixture of insulin
chain A, B-endorphin fragment 1-27 and insulin chain B was successfully separated on this
polymer-grafted matrix at 30° C where the copolymer was in a collapsed hydrophobic state. A
separation of these polypeptides, consisting of 21-30 amino acid residues each, was not pos-
sible at 5° C, i.e., below the transition temperature when the copolymer was in the extended
hydrophilic conformation.*>

Less pronounced changes in the retention on poly(NIPAAM)-grafted stationary phases
above and below the critical temperature were observed in the case of large protein molecules
like immunoglobulins. About 20 % of the protein molecules adsorbed to the poly(NIPAAM)-grafted
matrix at 37° C (i.e., above the critical temperature). These were eluted by decreasing the
temperature to 24° C (i.e., below the critical temperature).“® Although the protein adsorption
to the poly(NIPAAM)-grafted surfaces could be controlled to some extent, a quantitative elu-
tion of adsorbed proteins by a temperature shift has not yet been demonstrated. On the other
hand, a combination of temperature-responsive polymeric grafts with biorecognition elements,
such as affinity ligands, proved to be successful strategy for temperature controlled protein
chromatography. In this context, a second feature of surface attached stimulus-responsive poly-
mers may become interesting for chromatography. In addition to a change in the hydrophobic-
ity of the surface, these molecules may in their extended (hydrophilic) form, simply block the
access of the analyte molecules to the interactive sites on the matrix surface. For example,
poly(N-vinyl caprolactam), a thermoresponsive polymer with a critical temperature of about
35° C interacts efficiently with the triazine dye, Cibacron Blue, a widely used ligand for a
dye-affinity chromatography of various nucleotide dependent enzymes.” The polymer is known
to bind strongly via multipoint interaction to the dye ligands. At elevated temperature the
polymer molecules are in a compact globular conformation and therefore will bind (and block)
only a few ligands. Enzyme molecules, such as lactate dehydrogenase from porcine muscle,
have good access to the majority of the ligands and thus interact strongly with the surface.
When the temperature is decreased, the polymer molecules undergo transition to the more
expanded coil conformation. The polymer molecules interact now with more ligands and be-
gin to compete with the bound enzyme for the ligands. In the end, the enzyme may be com-
pletely displaced by the expanded polymer chains.*® The principle of temperature-induced
elution of proteins is illustrated in Figure 6.1. In fact, a system has been proposed, where only
a change in temperature was sufficient to elute the protein from the column (Fig. 6.2). No
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Figure 6.1. Schematic illustration of temperature-induced elution. A—at elevated temperature adsorbed
polymerisina collapsed state and interacts with one ligand making the other available for binding of purified
protein; B—at low temperature adsorbed polymer is in an expanded state and interacts with a few neigh-
boring ligands displacing bound proteins in solution.

additional changes in the buffer composition were necessary. Using temperature changes as
eluting factor is quite promising because it eliminates the otherwise unavoidable step of sepa-
rating the target protein from the elution mediator, in dye-affinity chromatography usually a
competing nucleotide, or high salt concentrations.

Cell Detachment from Polymer-Grafted Surfaces

Cells adhere and grow more easily on hydrophobic surfaces than on hydrophilic ones. In
fact, in accordance with thermodynamic expectations, the tendency for adhesion decreases
with increasing surface tension of the support.*’ While a strong attachment of the cells is
desired during growth, this creates problems once the cells need to be—gently—removed from
the surface, for example for passaging or final applications. Traditionally, cells are detached
form culture supports by protease treatment, which indiscriminately hydrolyzes various
membrane-associated protein molecules together with the proteins responsible for surface at-
tachment and thus often damages the cells. A technique for gentle cell detachment, which does
not require the use of enzymes, is therefore of great interest to cell biologists. The idea that the
changes in the hydrophobicity of a poly(NIPAAM)-grafted surface from strongly hydrophobic
above the critical temperature to more hydrophilic below it may be used in this context is not
too farfetched. In one successful experiment, poly(NIPAAM) was grafted to polystyrene-based
culture dishes using the electron beam technique to activate the surface.’® Bovine hepatocytes,
i.e., cells known for their extreme sensitivity to enzymatic treatment, were cultivated on these
dishes for 2 days at 37°C. The poly(NIPAAM)-grafted surface was expected to be hydrophobic
at this temperature, since it is well above the critical temperature of the graft-polymer. Cell
growth was not impeded by the graft, as the cell numbers on both the poly(NIPAAM)-grafted
and the control dishes were nearly identical. The cells were subsequently detached by incuba-
tion at 4°C for 1 h. In case of the polymer-grafted dishes, this decrease in temperature rendered
the surface much more hydrophilic and the cells were literally “pushed off” the surface by the
expanding polymer molecules, Figure 6.3. Nearly 100% of the hepatocytes were detached and
recovered from the poly(NIPAAM)-grafted dishes at low temperature, while only about 8% of
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Figure 6.2. Elution profile of lactate dehydrogenase from porcine muscle and total protein with 0.1 M KCI
from a Blue Sepharose column with adsorbed poly(N-vinyl caprolactam) (a thermosensitive polymer with
transition temperature about 35°C). The crude extract was applied on a column at 40°C. Arrow indicates
when the column was cooled to room temperature and elution was continued at this temperature. Experi-
mental conditions: column 1.3 x 0.9 cm L.D., flow rate 0.17 ml/min, fractions collected every 5 min.
Redrawn from*®

the cells were detached from the control dish. The technique has since been extended to a
variety of different cell types.’!

It should be noted that the hepatocytes recovered at 4° C from the grafted surfaces re-
tained their native form with numerous bulges and dips and did reattach well to a hydrophobic
surface including the grafted polymer when the temperature was increased above the one re-
quired for the conformational transition of the poly(NIPAAM)-graft. Conversely, the
enzyme-treated cells typically had a smooth outer surface and lost their ability to attach them-
selves to any surface to a considerable degree. In fact, only 14% of the hepatocytes recovered by
protease (trypsin) treatment contrary to 73% of the ones recovered from poly(NIPAAM)-grafted
dishes, were able to attach again to a culture dish. In addition, the hepatocytes were recovered
from poly(NIPAAM)-grafted dishes without loosing their intercellular junctions, i.e., in an
assembled state, which is known to be critical for their viability. All in all, cells recovered by a
temperature shift from poly(NIPAAM)-grafted surfaces showed an intact structure and main-
tained normal cell functions.

Temperature responsive cell culture dishes have also proven useful for investigating the
molecular machinery involved in cell-surface detachment.’* At 37° C, grafted and nongrafted
surfaces showed no difference with regard to the attachment, spreading, growth, confluency
and morphology of bovine aortic endothelial cells. Stress fibers, peripheral bands and focal
contacts were established in a similar manner. Differences between the two surfaces became
apparent when the temperature was lowered to 20° C. In case of the poly(NIPAAM)-grafted
surface, the previously spread-out cells lost their flat morphology and acquired a more rounded
appearance similar to that of cells immediately after plating. A mild agitation of the dish was
sufficient to make the cells float free from the poly(NIPAAM)-grafted surface without any



124 Synthetic Polymers for Biotechnology and Medicine

Kevs: ‘ mammalian cell

'E% grafted polymer in a collapsed state

J
!_\JIF grafted polymer in an expanded slate

Figure 6.3. Schematic illustration of temperature-induced detachment of cells. A —at elevated temperature
grafted polymer is in a collapsed state, the surface is hydrophobic and cells attach to it; B—at low tempera-
ture grafted polymer is in an expanded state, the surface is hydrophilic and cells detach easily from the
surface.

trypsin treatment. Neither the cell morphology nor the cell detachment was found to change
upon the temperature switch in the case of the nongrafted surfaces. The addition of an ATP
synthesis inhibitor, namely sodium azide, or a tyrosine kinase inhibitor, namely genistein, sup-
pressed the cell morphology changes and the cell detachment, while the addition of a protein
synthesis inhibitor, namely cycloheximide, slightly enhanced the cells tendency for detach-
ment. An actin filament stabilizer, namely phalloidin, and its depolymerizer, namely cytocha-
lasin D, also inhibited cell detachment. These findings suggest that cell detachment on grafted
surfaces (and perhaps to hydrophobic surfaces in general) is mediated by changes in intracellu-
lar signal transduction cascades and accompanied by a reorganization of the cytoskeleton.
Perhaps the most important application of the temperature-induced detachment of cells
will be in the area of producing artificial organs, and more precisely, artificial skin. For such
applications skin cells are grown on a culture dish from which they need to be detached keep-
ing as much as possible of the intercellular structure intact before application to the patient.
When using a thermosensitive growth-support, the cells are detached not as a suspension of
more or less individual cells (the usual result of protease-induced detachment) but preserving
their intercellular contacts to a large extent. For example, fibroblasts were cultured at 37° C on
a poly(NIPAAM)-grafted collagen support until the cells completely covered the surface.>”
Afterwards the temperature was decreased to about 15° C. A few minutes later, the fibroblasts
started to detach themselves from the dish as a sheet, and after about 15 min a completely
detached cell sheet floated in the culture medium. In a similar experiment using a
poly(NIPAAM)-grafted support, retinal pigmented epithelium cells were able to restore in
vitro an environment similar to that found in vivo in that they formed even a tight junction
barrier membrane once confluency was reached at 37° C.>* This was supported by the con-
comitant changes in morphology, transepithelial resistance and directionally specific fluid
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transport. Once the temperature was lowered to 20° C, the cells detached as an oriented polar-
ized sheet. The detached cells could subsequently be transplanted to another culture surface
without functional and structural changes. In yet another approach, grafting of poly(NIPAAM)
onto polystyrene surface by a photolitographic technique was used to create a special pattern
on the surface and cultured mouse fibroblast STO cells were shown to grow on the entire
surface, but to detach upon lowering of the temperature only from where the poly(NIPAAM)
had been grafted.”* Patterned ultrathin films of smart polymer may thus constitute interesting
substrates for controlling the interactions of cells with surfaces and even be capable of directing
the attachment and the spreading of cells.>®

Controlling Porosity via Smart Polymers—The “Chemical Valve”
Stimulus-responsive polymer molecules should have a much larger size in the expanded
hydrophilic state compared to the more compact hydrophobic one. When such a polymer is
grafted to the surface of a pore, for example in a porous membrane or a chromatographic
matrix, the transition in the macromolecule would affect the total free volume of the pores and
hence present a means to regulate the porosity of the system. It has been shown possible to
regulate the permeability of porous membranes by this mechanism. For example, certain pH-
and thermosensitive polymers such as poly(methacrylic acid),’® poly(benzyl glutamate),
poly(2-ethylacrylic acid),”” poly(4-vinylpyridine),’® poly(N-acryloylpyrrolidine),”®
poly(N-n-propylacrylamide), or poly(acryloylpiperidine), poly(NIPAAM) alone,”” or in co-
polymers with poly(methacrylic acid),®® were grafted inside the pores of a suitable membrane
and the construct was subsequently used as a thermo- or pH-sensitive chemical valve. Grafted
poly(methacrylic) acid molecules will be charged at elevated pH and hence find themselves in
an extended conformation. As a result the effective pore size of the membrane is smaller than
the nominal one and for a given pressure the flow through the membrane is reduced (“off-state”
of the membrane). With decreasing pH, the macromolecules become protonated, thereby losing
their charge and concomitantly their hydrophilicity adopting a more compact conformation.
The effective pore size and hence the flow through the membrane increases (“on-state” of the
membrane). It has been shown that the flux of dextran molecules with molecular masses be-
tween 4,400 and 50,600 g/mol) across a temperature sensitive, poly(NIPAAM)-grafted mem-
brane could be effectively controlled by the temperature, the ionic strength of the buffer and
the graft density of the membrane, while the flux of small molecules, such as mannitol, was not
affected by the temperature even for very high graft densities.®! The on-off-permeability ratios
for different molecules (water, chloride ions, choline, insulin and albumin) ranged between 3
and 10 and were generally found to increase with the molecular mass.®? Polymeric com-
posite films formed by multilayers of amine-terminated dendrimers and poly(maleic
anhydride-comethylvinyl ether) grafted onto gold-coated silica exhibited a fully reversible,
pH-dependent permselectivity for both cationic and anionic redox-active probe molecules.®®
In the area of “smart” chromatographic supports, it is especially size exclusion chromatog-
raphy (SEC) which is most likely to profit. SEC-supports have a well-defined pore size distri-
bution. Depending on their own size, only a fraction of these pores may be accessible to the
molecules in the sample mixture and separation generally depends on differences in the acces-
sible pore volume. Since stimulus-responsive polymers allow reversible fine-tuning of the pore
size of such supports, some interesting applications were suggested. In one example,
poly(NIPAAM) oligomers with carboxyl functions as end groups were coupled to porous glass
beads with pore diameters from 156 to 408 A.%4 Between 25° Cand 32° C there was an abrupt
change in the elution behavior. Under otherwise identical conditions, the retention times (elu-
tion volumes) of the dextran molecules were consistently shorter at lower temperatures. Pre-
sumably, at lower temperature extended polymer chains impeded the penetration of the dext-
ran molecules into the pores to some extent. The effect was largest for the glass beads with the
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smallest pore size (156 A) and in this case, the change in the resolution of the mixture below
and above the phase transition temperature was very pronounced. Apparently, the transition of
the grafted macromolecules efficiently regulates the pore size and as a result also the elution
profile of substances with different molecular masses. While the retention times increased with
increasing temperature in case of the polymer-grafted glass beads, the opposite will be observed
for stimulus-responsive hydrogels made from similar polymers. In the case of hydrogel beads
composed of cross-linked poly(acrylamide-co-N-isopropylacrylamide) or porous polymer beads
with grafted poly(NIPAAM), the components of the test mixture were observed to elute earlier
as the temperature was raised, presumably due to the shrinkage of the pores.®>

Especially in the area of chemical valves, a number of additional stimuli have been used to
trigger the conformational change in the polymers. In one example, a copolymer of
poly(NIPAAM)-triphenylmethane leucocianide was grafted to the pore surface and the result-
ing membrane was photosensitive. UV-irradiation was found to increase the permeation of
diethylene glycol through the membrane.” A membrane changing its permeability in response
to the presence of a particular substance was constructed using specific biorecognition ele-
ments, which could recognize the presence of these substances and translate the signal into a
change of a physicochemical property, such as the pH. It was attempted to use this principle to
create a stimulus-responsive “chemical valve”, which releases insulin in response to the presence
of glucose.®® Glucose oxidase was immobilized on a pH-responsive, poly(acrylic acid)-grafted,
porous polycarbonate membrane. At neutral conditions, the polymer chains are densely charged
and have the usual extended conformation, thereby preventing insulin transport through the
membrane (blocking of the pores). In the presence of glucose, the pH inside the membrane
pores drops as a result of activity of the immobilized enzyme (glucose is oxidized by the glucose
oxidase, releasing protons as a side product). At low pH, the polymers are protonated and
become noncharged. The conformation becomes more compact, the pores are unblocked and
insulin may pass the membrane (Fig. 6.4). Once the trigger (glucose) is removed, the mem-
brane returns to its previous “off-state”. The development of such systems is still in a very early
state. However, the possible implications for the use of smart polymers in medical applications
are obvious.

Systems like the one presented above could also be used for efficient drug delivery re-
sponding to the needs of the organism.®” For example, a membrane consisting of
poly(2-hydroxyethyl acrylate-co-N,N-diethylaminomethacrylate-co-4-trimethylsilylstyrene) was
shown to contain 30% of water at pH 6.3 (collapsed or shrunken state), while the same mem-
brane contains up to 53% of water at pH 6.15 (expanded or swollen state). The transition
between the two states changes the membrane’s permeability for insulin by a factor of 42.
Capsules of this copolymer containing glucose oxidase and insulin, released insulin 5 times
faster in the presence of 0.2 M glucose than when no glucose was present. When the glucose
was removed, the insulin-release rate returned to the initial value.

Another way of controlling the porosity of a polymer network is by reversible cross-linking.
For example, poly(m-acrylamidophenylboronic acid-co-vinylpyrrolidone) forms a gel in the
presence of poly(vinyl alcohol) because of the strong interactions between its boronate groups
with the hydroxy groups of the poly(vinyl alcohol). Any low molecular mass polyalcohol, for
example also glucose, competes with poly(vinyl alcohol) for the boronate groups and this may
eventually lead to the dissolution of the gel.”® The boronate-poly(vinyl alcohol) system has, for
instance, been used for constructing a glucose-sensitive system for insulin delivery.”'””? If the
gel is loaded with insulin, the glucose-induced transition of the polymer network from the gel
to the sol state increased the release of insulin from the gel drastically, thus representing a
system capable of controlled drug delivery in response to an external signal, in this particular
case the presence of glucose. A reversible response to glucose has been implemented in another
system, which uses concanavalin A, a protein containing four glucose binding sites, as a glucose
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Figure 6.4. Schematic presentation of “chemical valve” with glucose oxidase immobilized on a pH-responsive
polyacrylic acid grafted on a porous polycarbonate membrane: A—poly(acrylic acid) is in an expanded
conformation blocking insulin transport; B—the oxidation of glucose is accompanied by decrease in pH
and transition of poly(acrylic acid) into a compact conformation resulting in opening the pores for insulin
transport (redrawn from 08y,

sensitive device.”*”> Polymers with glucose molecules in the side chain such as
poly(vinylpyrrolidone-coallylglucose) or poly(glucosyloxyethyl methacrylate), are reversibly
cross-linked into a gel by concanavalin A. The addition of free glucose molecules results in
displacement of the glucose-bearing polymer chains from the complex and consequently the
dissolution of the gel.

Polymer-Carrying Liposomes for Triggered Release/Drug Delivery
The properties of lipid membranes (e.g., of liposomes) carrying a stimulus-responsive
polymer may change in response to the phase transition of this polymer. The actual conse-
quences of the conformational transition of the macromolecule on the liposome surface de-
pend to a large extent on the fluidity and hence the composition of the membrane (Fig. 6.5).”
If the membrane is in a fluid state at temperatures both above and below transition temperature of
the polymer, the collapse of the polymer chains forces the anchor groups to move (by lateral
diffusion) closer together. The result is the formation of compact globules of collapsed polymer
attached to some isolated points on the membranes, while a major part of the liposome’s sur-
face is in fact not covered by the polymer. Such liposomes show little tendency to aggregate.
However, if the membrane is in a solid state at temperatures both above and below the transi-
tion temperature of the polymer, the lateral diffusion of anchor groups is impossible and the
collapsed polymer globules are found more or less evenly distributed over the liposome surface.
The latter situation promotes significantly the aggregation and fusion of the liposomes which
is often accompanied by the release of the liposome’s content into the surrounding medium.””
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Figure 6.5. Schematic presentation of hydrophobically-modified smart polymers at the liposome surface.
Expanded polymer chains stabilize liposomes against association at temperatures below polymer transition
(A). At temperatures above polymer transition (B and C), the collapsed polymer chains cover nearly all the
surface enhancing liposome association when liposome membrane is solid (B) or only small part of it
exposing bare surface when liposome membrane is liquid (C).

The observation that the perturbation of the liposome membrane by the conformational
transition of the attached polymer molecules affects both the aggregation tendency and their
permeability for the substances incorporated in the liposome has been made for a number of
systems. For example, poly(ethacrylic acid) undergoes a transition from the expanded to the
compact form in the physiological pH-range of 7.4 to 6.5.”® When covalently coupled to the
surface of the liposomes formed from phosphatidylcholine, the pH-induced transition of the
poly(ethacrylic acid) chains results in the fission of the large liposomes into more compact
micelles with a concomitant release of the liposome’s content into the surrounding environ-
ment. The temperature-induced transition of either poly(NIPAAM-co-N,N-
didocecylacrylamide) or poly(NIPAAM-co-octadecylacrylate) was also found to enhance the
release of the fluorescent marker, calcein, encapsulated in the copolymer-coated (phosphatidyl-



Stimulus Responsive Surfaces 129

choline) liposomes.””®* On the other hand, the liposomes released almost no calcein at tem-
peratures below the transition temperature of the polymer (near 32°C), whereas complete re-
lease was achieved within less than a minute at 40°C.

If the liposomes in question are treated with the polymer after their formation, the poly-
mer binds only to the outer surface of the liposomes. If the liposomes are formed from a
lipid-polymer mixture, on the other hand, the polymer is present on both sides of the liposome
membrane. Such liposomes respond even faster to temperature changes.’' The change of the
liposome surface properties caused by the phase transition of stimulus-responsive polymers in
also known to affect their interaction with cells. The phenomenon has been used in an attempt
to develop a targeted drug delivery system. Liposomes modified with a pH-sensitive polymer,
namely succinylated poly(glycidol), were shown to deliver the dye cacein more efficiently into
cultured monkey kidney cells than nonmodified liposomes.®!

An alternative mode to use smart polymers for targeted drug delivery was proposed in the
form of polymeric nanoparticles with core-shell micelle structure prepared from an amphiphilic
block-copolymer containing poly(NIPAAM) (thermo-responsive outer shell) by dialysis of the
copolymer solution in dimethylformamide against water.** The polymeric micelles were very
stable in aqueous solution and had a fairly long half-live (long blood circulation) because of
their small diameter , their unimodal size distribution (244 nm) and their low critical micellar
concentration of around 10 ug/mL. When the temperature was increased above the transition
temperature of the thermo-responsive block chains (32° C), the outer shell chains dehydrated
and collapsed, favoring the aggregation between micelles and concomitantly the interaction
with cell membrane surfaces. The delivery of hydrophobic molecules contained within the
micelles into the cell membranes was thereby facilitated. Such micelles may evolve into valu-
able agents for site-specific drug delivery using changes in temperature (such as the increased
temperature in an inflamed tissue) as a trigger for the drug release.

Conclusions

The present chapter reviews some of the many new developments in the field of smart
polymers. The review is not exhaustive—it is simply not possible to do this properly within the
limits of a single chapter. We have tried to review some selected areas emphasizing mainly the
application of the surfaces with grafted smart polymers. It seems appropriate to close this chap-
ter with some hints and personal speculations about the future research avenues in the field.
We look forward to further work in synthetic polymer chemistry which will provide new poly-
mers capable of even stronger conformational transitions induced by changes in pH or tem-
perature at a selected pH or temperature value. New techniques are expected for a more con-
trolled modification of surfaces with polymers allowing the design of different architecture of
polymer chains at the surface. On the theoretical side we hope to see considerable efforts to-
wards a better understanding of the mechanism underlying the phase transition of polymers in
aqueous solutions as well as a deeper insight into the colloid behavior of the polymer molecules
at the solid-liquid interface.
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CHAPTER 7

Molecularly Imprinted Polymers:
A New Dimension in Analytical Bioseparation

Oliver Briiggemann

Introduction

iological interactions, for example the interaction between an antibody and its antigen
B or between an enzyme and its substrate, are in most cases closely linked to the

three-dimensional structure of the protein. Antibodies as well as enzymes are large
(protein) molecules made up of long chains of amino acid whose sequence is predetermined by
the genetic code. In addition, complex proteins may also contain sugar, lipid or phosphate
groups. Proteins have many functions in living organisms. Enzymes are required for digesting
food and thus supplying the organism with a usable form of energy. Antibodies constitute an
important part of the molecular part of the immune system (humoral immune response).
Bacteria, viruses and various toxins are marked as “foreign” by the means of such antibodies.
The generation of antibodies seems to be almost unlimited in its diversity; in fact the immune
system seems to be able to react with the formation of a suitable antibody to nearly every
imaginable (natural and synthetic) antigen.

During the past century the secrets of the immune system and the immune response have
been unraveled and the interaction between antibodies and antigens as well as their respective
analogs has inspired the creation of many new techniques in biology, (analytical) chemistry and
medicine. Scientists have applied this know-how for the development of new methods for
vaccination, new analytical tools (e.g., immunoassays, immunoaffinity chromatography, both
based on immobilized antibodies) or new approaches in synthesis and catalysis (for instance
based on catalytic antibodies). But very soon they also experienced the limitations of these
novel approaches. Nearly all the biological materials (ligands) used showed problems with sta-
bility, for example, towards heat, “extreme” pH values, organic solvents and digestion by mi-
croorganisms and proteolytic agents in general. While the specificity of the bio-components
was unsurpassed, their very biological (i.e., degradable) nature prevented them from being
used in many cases. Consequently, researchers thought about alternatives and found them in a
technology termed “molecular imprinting”, which retains the principles of “bio”-specific inter-
actions but realizes them by purely chemical means.

The Principle of Molecular Imprinting

Decades ago, when the very nature of the immune response was still under discussion,
Linus Pauling proposed the so-called instructive theory of antibody creation.! According to
this theory antibody molecules containing flexible, functional groups were winding around the
different antigens in question, thus capturing them in a specifically created interactive “pocket”,

Synthetic Polymers for Biotechnology and Medicine, edited by Ruth Freitag.
©2003 Eurekah.com.
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Figure 7.1. Principle of molecular imprinting.

where the interactive groups were arranged to correspond perfectly to those found on the
surface of the antigen. The theory had to be abandoned later, when more details about the
complex antigen-antibody-interaction became known. However, it was most instructive and
the idea of an antigen being able to function as the template for the formation of a specific
antibody (binding site) has in fact inspired the concept of molecular imprinting.

Molecular imprinting, MI, is a technique to generate polymeric mimics of biological re-
ceptors, for example antibodies or enzymes. In a first step a template (the antigen or substrate)
is associated with functional monomers, i.e., molecules containing both a point of interaction
(covalent or noncovalent bond) and a polymerizable group (usually a double bond). In a sec-
ond step the polymerization is initiated in the presence of high amounts of cross-linking mol-
ecules containing at least two polymerizable groups (Fig. 7.1). These cross-linkers are necessary
to establish a rigid polymer network, which maintains imprints with high specificity. After an
extraction step to remove the template, the produced “Molecularly Imprinted Polymer” (MIP)
is able to recognize specifically the template due to selective interaction of this molecule with
the cavities created in the polymer network.

In the 1970's Wulff et al developed an imprinting method based on the covalent immobi-
lization of cis-diol-sugar templates via vinylized boronate ester bridges to the functional mono-
mer (Fig. 7.2a).> The template molecules were extracted from the polymer networks by hy-
drolysis. The remaining MIP cavities showed high specificity for the template sugars. The
disadvantage of this procedure was the time-consuming step of derivatizing the templates prior
to the polymerization and the slow process of reaching equilibrium during the application of
the MIP for bioseparation. The latter was due to the necessity of the templates to form covalent
bonds to the polymer for recognition.
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Mosbach et al pioneered a noncovalent way to generate MIP, which just calls for a
self-assembly of template and functional monomer (Fig. 7.2b). The polymerizable “functional
monomers” may associate with the template via a variety of interactions, including H-bridge
formation, electrostatic and hydrophobic interaction. The polymerizable groups of the func-
tional monomers are again incorporated in a highly cross-linked polymer network and hence
once more a specific imprint (cavity) is created in the polymer.® After template extraction
under relatively gentle conditions, the noncovalent MIP have been successfully used in areas
such as separation techniques, catalysis and sensor technology. Since only noncovalent interac-
tions are operative during both imprinting and application of the MID, the adsorption kinetics
are usually much faster than in case of the covalent ones.

Durability and stability are the main advantages of biomimetic polymers over true bio-
logical ligands, particularly in harsh environments like organic solvents, which are often used
in analytical or catalytic applications. It has been shown that MIP can be used for months
without any loss of efficiency and, in contrast to sensitive biological materials, can be stored
and cleaned without taking excessive precautions. On the other hand, MIP have shown appli-
cability similar to their biological counterparts as highly selective affinity stationary phases in
analytical chemistry, as substitutes for antibodies in immunoassays, as enzyme-like catalysts or
as recognition element for “bio”sensor development.*

For the production of an MIP, one has to take into account five different components: the
template, the functional monomer, the cross-linker, the porogen and the initiator. The latter
two determine the morphology of the polymer. The template and its functionalities usually
determine the choice of the functional monomer. In noncovalent MI, the affinity between the
template and the functional monomer should be as high as possible. For templates carrying
amino groups, acidic monomers such as acrylic or methacrylic acid, have given good results.
For templates with carboxylic acid groups, the best choice seems to be a basic functional mono-
mer, for example vinylpyridine, as counterpart. These monomers will lead to ionic interac-
tions, which are stronger than hydrogen bonds or just hydrophobic ones. Table 7.1 lists a
number of functional monomers which are suitable for noncovalent imprinting. Different
types of interaction are possible, including ionic and/or hydrogen bonds, electrostatic, hydro-
phobic/hydrophobic and/or van der Waals interactions.

An alternative for obtaining strong interactions is the use of metal ions for the generation
of metal chelate complexes.7 The metal, for example copper, acts as a bridge between the actual
functional monomer and the template. An example is the interaction between 4(5)-vinylimidazol
as functional monomer and an amino acid as template in the presence of copper ions. The
copper coordinates the two imidazole nitrogens of the monomer and the amino and the car-
boxyl group of the template respectively. By applying this technique it is possible to even pro-
duce enantioselective cavities. The specificity of a given imprint is mostly determined by the
strength of the template monomer interaction, generally speaking, the higher the affinity the
better. Additionally, the number of interaction points between the template/analyte and the
MIP surface should be as high as possible. Theoretically at least, three interaction points are
necessary to determine a three dimensional structure of the template molecule within the im-
print.

In case of covalent interactions the choice of the functional monomer, which has to be
linked covalently to the template prior to imprinting, depends on the chemistry of the tem-
plate. Templates containing cis-diol groups are usually esterified with a vinyl-boronic acid com-
ponent to yield a reversible bis-ester. If this is not possible, alternatives are the generation of
Schiff-bases (azomethines). This requires an amino group on the template and a carboxyl acid
group on the functional monomer or vice versa (Table 7.2).

The cross-linker provides up to 90% of the polymerizable groups and thus determines the
“polymer chemistry” of the MIP. Amongst other things it acts as a solvent for the template and
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Table 7.1. Functional monomers for use in noncovalent molecular imprinting
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the porogen (see below). The second related and equally important question concerns the
number of polymerizable groups per cross-linker molecule. The typical cross-linkers used for
the production of MIP are ethyleneglycol dimethacrylate (EGDMA, in some publications
abbreviated EGDM or EDMA) and divinylbenzene (DVB), both containing only two
polymerizable vinyl groups. Recently it has been shown that cross-linkers with more than two
active groups, for example trimethylolpropane trimethacrylate (TRIM), lead to more porous
materials with presumably improved mass transfer properties (better access to the imprinted
cavities), hence leading to a higher capacity of the MIP. Table 7.3 gives an overview of cross-linkers
commonly used for in MI experiments.

Most MIP today are prepared via standard free radical polymerization in dispersion. The
initiator for the radical polymerization has to be selected with regard to its reliability. There are
a few azo-bis compounds like AIBN', which are frequently used in thermo-initiated polymer-
ization, but for UV-initiated processes, ABCHC seems to be more reliable than AIBN. For
some special approaches, where molecular imprinting takes place in aqueous media, a
water-soluble initiator like ABDV has to be chosen.

The porogen (solvent) is finally responsible for the formation of pores within the polymer
network (Fig. 7.3).% Under the conditions of a typical dispersion polymerization, the polymer
precipitates as it forms, still containing high amounts of porogen within the pores. For a suc-
cessful imprinting, the template should be soluble in the porogen (sometimes the mixture has
to be heated to assure this), but the porogen should not compete with the functional monomer
for interaction with the template. If this interaction is, for example, mainly to be based on
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Table 7.2. Functional monomers for use in covalent molecular imprinting
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Figure 7.3. Scanning electron microscopic picture of a MIP inside a silica capillary.
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hydrogen bonds, it seems obvious that a protic porogen would interfere and inhibit at least part
of the template to interact with the functional monomers. In such cases an aprotic and apolar
porogen should be used. In addition, the reaction mixture should be absolutely water-free,
because water will very efficiently compete for hydrogen bonds. Dissolved oxygen has to be
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Table 7.3. Cross-linkers for use in molecular imprinting
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removed from the porogen via purging with nitrogen, because of the oxygen’s tendency to
inhibit radical polymerization in general. Commonly used porogens are DME, DMSO, ACN,
THEF and chloroform. For more specific conditions, the reader is referred to the many applica-

tions cited below.

The following general protocol can be given for the preparation of MIP (and the control
polymers prepared in a similar manner but in the absence of the template).

1. Dissolution of the template in the porogen, either at room temperature or at elevated tem-
perature (maximum: temperature during polymerization).

2. Addition of the functional monomer and the cross-linker (in some cases this step also heLPS
to dissolve remaining undissolved template molecules, due to complexation).

3. Addition of the initiator followed by purging of the mixture with nitrogen in order to

remove the polymerization inhibitor oxygen.
4. Light (UV) or temperature induced polymerization in a UV-reactor, water-bath or oven at
a defined temperature from —20° C to +65° C.
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The polymers are generated in different configurations, mostly as bulk polymers, some-
times also as “monosized” beads, films or membranes. For some applications the polymers have
to be processed further (for example, grinding or sieving in the case of bulk polymers). How-
ever, beads with a defined size or a very narrow range of diameters can be utilized directly
without any further processing.

MIP for Bioseparation

Applications of MIP can be found in many areas of analytical (bio-)chemistry, such as
chromatography, electrochromatography or membrane technology. On the other side, many
different substances have been used as templates, including carbohydrates, amino acids and
peptides/proteins, as well as pesticides and drugs. A noncomprehensive list of templates is
given in Table 7.4.

HPLC—Affinity Liquid Chromatography

Molecularly imprinted polymers have been used in (affinity) chromatography from the
very beginning. Before applying MIP in HPLC the following procedure usually has to be
performed. After polymerization, the bulk polymers, which should still contain the template,
are ground into pieces, wet sieved (e.g., using acetone and a 25 um mesh sieve) and sedimented
several times to remove fine particles (“fines”), which would otherwise threaten to clog the
HPLC column. After drying the polymers are suspended in the packing solvent (e.g., chloro-
form or acetone), sonicated and slurry packed into a HPLC column under high pressure. After
that packing procedure the template is extracted from the MIP with acidic or basic solvents
(strong competitors for the binding). In order to assure comparability both the MIP and any
putative control polymer should subjected equally to all procedures (swelling effects etc.), this
includes steps like template elution and equilibrating the stationary with the mobile phase.
Finally, a sample, dissolved preferably in mobile phase, can be injected. Typically, any sub-
stance with is identical or analogous to the original template molecule can be expected to
interact strongly with the MI stationary phase and to elute with the highest retardation. Many
applications show extremely high selectivities of these MI affinity phases, even allowing for
efficient enantioselective separations. Unfortunately, the template peak commonly shows a
pronounced broadness (tailing), caused by a certain (undesired) heterogeneity within the qual-
ity of the imprints.

Kempe used the MI technique to generate stationary phases imprinted with the peptide
(Z)-L-Ala-L-Ala-OMe, using MAA and TRIM as monomers as well as chloroform as porogen.”
Using mixtures of chloroform and acetic acid as mobile phases, it was possible to separate
(2)-D-Ala-D-Ala-OMe from (Z)-L-Ala-L-Ala-OMe under isocratic conditions obtaining a
selectivity of 1.92 (Fig. 7.4b). The template isomer eluted in the second, broad peak, which is
typical when using MI stationary phases, especially in combination with isocratic elution. Sub-
sequently it was shown that gradient elution leads to sharper peaks for both isomers including
the template species (Fig. 7.4a) and an improved selectivity of 3.19. Kempe et al also demon-
strated the chirality of a polymer imprinted with Cbz-L-Tyr-OH by separating a Cbz-Tyr-OH
racemate with a separation factor of 2.86."° Yu et al were able to obtain a separation factor of
2.69 when separating a racemic Boc-Trp-OH mixture on a Boc-L-Trp-OH imprinted station-
ary phase in a gradient of ACN and AcOH.'" A baseline separation of the enantiomers was
possible and due to the application of a gradient, the second (template) peak was less broad
than in similar (isocratic) elution experiments. Another illustrative example for the resolution
power of MI stationary phases is the use of polymers imprinted with oxacillin, a
[-lactam-antibiotic. Oxacillin was imprinted using 4-Vinylpyridine as functional monomer
and TRIM as cross-linker in ACN as porogen.?! The resulting MI stationary phases were
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Table 7.4. Important print molecules used for generating MIP applied in separation

techniques
Class of Compounds Template Reference
Amino acids, peptides, proteins Cbz-L-Glu-OH 9
(Z2)-L-Ala-L-Ala-OMe 10
Boc-L-Trp-OH 11
L-phenylalanine 12
Boc-L-Trp 13-18
Boc-L-Phe 19
RNase A 20
Drugs Oxacillin 21
R-propranolol 22-25
Theophylline 26-30
Pentamidine 31
Pesticides, herbicides S-(+)-2-phenylpropionic acid 32
Atrazine 33-35
2,4-Dichlorophenoxyacetic acid 36
Nucleotides NAD* 37
Nucleotide bases 9-Ethyladenin 38
Carbohydrates Galactose derivatives 39
Fructose derivatives 40
Steroids Cholesterol 41
Metal ions Cu®* 7
Dyes Rhodanile blue 42

evaluated both with organic and with aqueous mobile phases. Figure 7.5a shows the analysis of
a mixture of oxacillin, penicillin V, penicillin G and a non-f-lactam-antibiotic (bacitracin).
Oxacillin was baseline separated from the other penicillins (V and G), although these three
substances are rather similar in structure. Using the control polymer for this analysis (Figure
7.5b) under the same conditions did not lead to a separation of oxacillin from the penicillins.
Both the MI and the control column allow the separation of the f-lactam antibiotics from the
non-fB-lactam antibiotic bacitracin. Apparently the structures are sufficiently different in this
case to allow separation by purely chromatographic means.

An alternative type of molecular imprinting has been proposed by Mayes et al.'” Instead
of generating bulk polymers, which usually entails a loss of up to 50% of the material during
the subsequent time-consuming sedimentation steps, they used a suspension polymerization
technique to directly fabricate MIP beads. The most important factor in this case was the use of
a liquid perfluorocarbon (perfluoro(methylcyclohexane)) as the dispersing phase, which al-
lowed the formation of stable emulsion droplets of the imprinting mixture (template, func-
tional monomers, cross-linker, initiator and a porogen), in combination with the use of fluori-
nated surfactants and surface-active polymers as stabilizers. After polymerization, spherical beads
of controllable size (distribution) were obtained, depending on the quantity of stabilizing poly-
mer. When beads were produced according to a standard recipe (2 g monomer in 5 ml volume)
using e.g., 25 mg of perfluoro polymeric surfactant (PFPS) a mean particle size of 19.7 um was
obtained with a standard deviation of 0.6 um (Fig. 7.6). Particles could be manufactured with
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Figure 7.4. Chromatographic resolution of (a) 100 ug of a mixture of (Z)-L-Ala-L-Ala-OMe and
(Z)-D-Ala-D-Ala-OMe on a (Z)-L-Ala-L-Ala-OMe-imprinted MIP using gradient elution; (b) 1 mgof a
mixture of (Z)-L-Ala-L-Ala-OMe and (Z)-D-Ala-D-Ala-OMe on a (Z)-L-Ala-L-Ala-OMe-imprinted MIP
using isocratic elution. Reprinted from: Kempe M, Mosbach K. Receptor binding mimetics: A novel
molecularly imprinted polymer. Tetrahedron Letters 1995; 36:3563-3566.With permission from Elsevier
Science.

sizes in a range from 5 um to 50 wm. After a single washing step these beads were ready to be
packed into HPLC columns and to be used for pseudo-affinity chromatography. MIP particles
imprinted with Boc-L-Phe have been applied for chiral separation of racemic Boc-DL-Phe
mixtures, which resulted in near baseline separation of the two enantiomers. The chromato-
gram of this racemate showed the typical broad peak for the template molecule. A separation
factor of 1.91 was obtained using chloroform with 0.25% acetic acid as mobile phase.

HPCE—Affinity Capillary Electrochromatography

Capillary electrochromatography (CEC)—in particular in combination with molecular
imprinting®—is a relatively new technique in the field of capillary electrophoresis (CE). CE
separations in general take place in a thin (I.D. 25 wm to 100 um), buffer-filled (silica) capil-
lary. Both ends of the capillary are immersed in buffer vials, which also are connected via
electrodes to a power supply. This allows the application of an electrical field (several kV) across
the capillary thus separating charged substances according to their mass-to-charge ratio by
electrophoretic and electro-osmotic effects. In CEC, the capillary contains an interactive sta-
tionary phase together with the electrophoresis buffer. As a result the separation is in addition
to electrophoresis and electroosmosis also governed by chromatographic interactions between
the stationary phase surface and the analytes. In many CEC-applications the mobile phase is
driven not only by electroosmosis but also by the application of a slight pressure.

For pseudo-affinity CEC with MI stationary phases, capillaries have been filled with sus-
pended MIP particles, e.g., as an additive to a gel-filling. Packing thin capillaries with HPLC-type
stationary phases (particle diameter between 2 wm and 20 wm) is relatively difficult, so an
alternative was sought. Proposed was, for example, the in situ polymerization of a suitable
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Figure 7.5. A: Chromatogram of a mixture containing the print molecule (oxacillin), two other
[-lactam-antibiotics (penicillin G and penicillin V) and a non-f-lactam-antibiotic (bacitracin) on an
oxacillin imprinted MIP containing 4-vinylpyridine residues, cross-linked with TRIM. The analysis was
performed in organic mobile phase (ACN/AcOH, 99:1), B: same conditions but using the respective
control polymer, C: Structures of penicillin V, penicillin G and oxacillin. Reprinted with permission from:
Skudar K, Briiggemann O, Wittelsberger A etal. Selective recognition and separation of f-lactam antibiotics
using molecularly imprinted polymers. Anal Commun 1999; 36:327-331.
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Figure 7.6. Bead diameter as a function of the amount of the stabilizing polymer (PFPS) added during a
“standard polymerization” containing 1.84 g EGDMA, 0.16 g of MAA, 4.2 g of chloroform, and 20 mg
of AIBN emulsified in 20 ml of perfluoro(methylcyclohexane). Reprinted with permission from: Mayes
AG, Mosbach K. Molecularly imprinted polymer beads: Suspension polymerization using a liquid
perfluorocarbon as the dispersing phase. Anal Chem 1996; 68:3769-3774.

stationary phase (wall-coating, macroporous monolith**??) within the capillaries; an approach,
which can easily be combined with MI. In the cited cases, the complete imprinting mixture
was usually flushed into the capillary and polymerized at high temperatures in an oven or via
UV-initiation at low temperature. After extracting the template from the polymer the capillar-
ies were ready for use. To date, such MI capillaries have been mainly used for the separations of
racemic mixtures in capillaries imprinted with one of the pure enantiomers in question.

When capillaries with an MI inner wall coating were investigated, the imprinting effect
was not very pronounced and further optimization of this approach is clearly necessary.’* For
the separation of a racemic mixture of 2-phenylpropionic acid (Fig. 7.7a) a capillary coated
with an S(+)-2-phenylpropionic acid imprinted MIP was used. Only one peak was observed,
which was identified as the R(-)- enantiomer not used during imprinting. The electrophero-
gram of only the R(-)- enantiomer (Fig. 7.7b) shows a similar peak. When the imprinting
S(+)-2-phenylpropionic acid enantiomer was analyzed (Fig. 7.7¢) a very broad peak (starting
after 15.5 min) was observed, due to a very strong interactions with the MI stationary phase.

The approach proposed by Schweitz, Nilsson and coworkers seems to be more promising
for pseudoaffinity CEC. This approach establishes a continuous, macroporous MI stationary
phase within the capillary. In the usual protocol, a mixture of MAA (functional monomer),
TRIM (cross-linker) and the template (e.g., R-propranolol), is polymerized in situ by
UV-initiated radical polymerization at a temperature of —20°C. The resulting capillaries have
been used in enantioselective CEC for the separation of rac-propranolol. Baseline separations
of the enantiomeric analytes could be demonstrated (Fig. 7.8) as well as separations of structur-
ally related racemates.”>*

Lin et al used MIP-type stationary phases embedded into a simple polyacrylamide gel for
chiral CEC-separations.'* L-phenylalanine imprinted MAA-EGDMA-polymer particles were
able to achieve a baseline resolution of the corresponding D- and L-enantiomers, with the
template molecule again occurring as the second, broader peak. The authors used a particle
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Figure7.7. Electropherograms of (A) a racemic mixture of 2-phenylpropionicacid, (B) R(-)-2-phenylpropionic
acid and (C) S(+)-2-phenylpropionic acid (using in all three experiments the MI capillary prepared using
S(+)-2-phenylpropionic acid as template). Reprinted from Briiggemann O, Freitag R, Whitcombe M]J et
al. Comparison of polymer coatings of capillaries for capillary electrophoresis with respect to their appli-
cability to molecular imprinting and electrochromatography. ] Chromatogr 1997; 781:43-53. With per-
mission from Elsevier Science.

concentration of 10 mg/l and observed a dependence of the resolution on the particle size. In
particular, a diameter of = 5 um gave the highest achievable resolution of 1.45 in this case.

Walshe et al*4 were able to resolve enantiomer mixtures using MIP as chiral additives in a
background electrolyte at a level of 0.05%. The MIP was imprinted with S-propranolol as
template, using N-acryloylalanine and EGDMA as monomers. Interestingly, MAA was not
suitable as functional monomer in this case. The MIP was prepared as a bulk polymer and
subsequently ground, sieved and finally extracted. Particles suspended in buffer were 20 wm to
30 um in size. Figure 7.9 shows excellent baseline separation of the racemic mixture with
narrow peaks being observed for both analytes. Separation of enantiomers seemed to be due to
a difference in the electrophoretic mobility between the MIP-complexed and the free enanti-
omers, with the enantiomer used as print molecule having a much higher affinity of the MIP
than the other one.?*

MI-Membranes

Molecularly imprinted membranes were first described in 1995.% The idea behind the
preparation was similar to the one, which led to the combination of MI and HPLC. Mem-
branes with highly specific affinities towards one type of molecule can be used as “affinity
filters” for a number of analytical and semi-preparative purposes. Piletsky et al were among the
first, manufacturing a sensor membrane imprinted with atrazine.*»** For the actual produc-
tion of the membrane they used the typical reaction mixture of template/ MAA/EGDMA/
AIBN (initiator) and DMF (porogen) and polymerized the mixture on a glass filter surface.
After extracting the template, the membrane showed a quantitative change in electrical resis-
tance whenever getting back into contact with atrazine. The membranes showed a response to
atrazine in the range of 0.01 mg/ml to 0.5 mg/ml using conductimetric detection. Sergeyeva et
al have also described atrazine imprinted membranes (realized between two glass slides) using a
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Figure 7.8. Electropherograms of (A) a racemic mixture of propranolol, (B) (S)-propranolol and (C)
(R)-propranolol (using in all three experiments the MI capillary prepared using (R)-propranolol as tem-
plate). Reprinted with permission from: Schweitz L, Andersson LI, Nilsson S. Capillary electrochromatography
with predetermined selectivity obtained through molecular imprinting. Anal Chem 1997; 69:1179-1183.
© 1997 American Chemical Society
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Figure 7.9. Separation of R- and S-propranolol using MIP particles as a chiral additive in the background
electrolyte, MIP prepared using S-propranolol as template. Reprinted with permission from: Walshe M,
Garcia E, Howarth J et al. Separation of the enantiomers of propranolol by incorporation of molecularly
imprinted polymer particlesas chiral selectors in capillary electrophoresis. Anal Commun 1997;34:119-122.
© 1997 The Royal Society of Chemistry

reaction mix of MAA/TEGDMA/CHCI; and oligourethan. Sensors based on these MI mem-
branes were able to detect atrazine conductimetrically within 6-10 min in a concentration
below 5 nmol/1.>>4

Kobayashi, Wang and coworkers have produced an MI membrane selective for theophyl-
line, using poly(acrylonitrile-coacrylic acid) in DMSO as base polymer and casting the mem-
brane by coagulation in the presence of water.””**%" In a first test the membrane did bind
the template theophylline (THO) more strongly than the control substance caffeine (CAF),
which differs structurally from THO by just one methyl group. A relatively high separation
factor oirHO/CAFR Of 52 was obtained, when a copolymer with an optimum content of 15 mol%
acrylic acid was used. Both lower and higher acrylic acid contents in the copolymer led to lower
separation factors.”® Furthermore, Wang et al found that the uptake of THO was dependent
on the coagulation temperature used during the casting of the MI membrane. For membranes
generated at 10° C the uptake for THO was nearly five times higher than for specimen pre-
pared at 40° C.%°

A MI membrane suitable for chiral separations was recently introduced by Yoshikawa et al
They imprinted Boc-L-Trp in THF using an anchor-tetrapeptide (DIDE, DLDE or DVNE)
immobilized on a polymer (polystyrene) / copolymer (acrylonitrile-costyrene) by simply allow-
ing the solvent to evaporate to yield the membrane. 14121617 The separation factors obtained
with these membranes were between 1.0 and 1.4 and hence not all that impressive. The au-
thors demonstrated that an increase of the Boc-L-Trp/DIDE ratio led to an increase of the
adsorbed amounts of both the template (L-Trp) and its enantiomer (D-Trp), probably due to
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an enlargement of the permeation path as a result of the membrane preparation process. At the
same time the selectivity decreased.'®

Mathew-Krotz et al generated film-like membranes imprinted with 9-ethyladenine on
glass slides with MAA as functional monomer and EDGMA as cross-linker in DMF as porogen.
When evaluating the membranes, they observed an accelerated transport of only adenine or
adenine containing compounds through the pores. Analysis of mixtures containing adenosine
and guanosine using the 9-ethyladenine imprinted membrane gave a selectivity factor of 3.4
with adenosine passing by much faster than guanosine. The authors explained this result with
the low affinity of the membrane for nonadenine-containing compounds together with a high
affinity for adenine and its relatives, resulting in a selective transport due to reversible complex-
ations and exchanges between adenine and the binding sites.*®

Binding Assays Using MIP

MIP have been used for competitive binding assays since 1993, when Vlatakis et al pre-
sented a first MIP based radioimmunoassay.® In binding assays, as in the analytical bioseparation
methods discussed above, MIP are considered as interesting alternatives to true bioligands,
such as the antibodies commonly used in immunoassays, mainly due to their superior stability
and also to the fact that their generation is comparatively fast and easy. It is hoped that cheap
biomimetic MIP could eventually replace the expensive antibodies as receptors. Generally the
bottleneck in competitive binding assays is the necessity of using a labeled competitor to the
target analyte. For obtaining a competitor in MI-radioimmunoassays the template has to be
labeled with a radioisotope which requires special precautions and safety equipment and is
furthermore not environmental friendly. In fluorescence based techniques a fluorescent deriva-
tive of the analyte has to be prepared without changing the overall molecular structure to much
in order to prevent creating pronounced selectivity for either the labeled or the unlabeled mol-
ecule in the MIP.

Haupt et al have developed a competitive fluoroimmunoassay based on MIP. They used
the herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) (Fig. 7.10, insert) as the template and
prepared the MIP in an unusual protic porogen mixture of water and methanol. A nonrelated
fluorescent compound, 7-carboxymethoxy-4-methylcoumarin (CMMC) was used as competi-
tor, which can bind to the MIP via the phenoxyacetic acid section (Fig. 7.10, insert).’ ® The
resulting MIP were operative in both aqueous and organic solvents. For the evaluation of the
polymer, the MIP were first suspended in a solution of CMMC to allow the competitor to
saturate the imprints. Afterwards the charged MIP were incubated in solutions containing
2,4-dichlorophenoxyacetic acid, 4-chlorophenoxyacetic acid (CPOAc) and phenoxyacetic acid
(POAC) respectively. After a period of 2 h—sufficient for the competition of the unlabeled and
labeled compounds for the binding sites to have reached equilibrium—the concentration of
the displaced CMMC was measured in the supernatant. Figure 7.10 shows typical calibration
curves for the competition of CPOAc and POAc respectively with CMMC for the imprints in
a) aqueous solution (phosphate buffer) and b) an organic solvent (ACN). CPOAc could be
detected in a range from 100 nM to 50 uM in phosphate buffer and from 100 nM to 10 uM
in ACN. The results have been compared with those of a corresponding radioimmunoassay
and showed similar sensitivity and limit of detection. Compared with a conventional binding
assay based on chemiluminescence the MI fluorescence format was more sensititve.®’

The amounts of template available often determine the maximum quantity of MIP ob-
tainable due to the necessity of having relatively high concentrations of template in the im-
printing mixture. Ratios of template : functional monomer : cross-linker around 1:4:20 lead to
high costs or to the unfeasibility of an approach, if the template is too expensive or just avail-
able in small quantities. However, Yilmaz et al demonstrated that polymers can be imprinted
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Figure7.10. Insert: left 2,4-dichlorophenoxyaceticacid (2,4-D), right 7-carboxymethoxy-4-methylcoumarin
(CMMCQ).

Figure 7.10. Standard curves for 2,4-dichlorophenoxyacetic acid (2,4-D).Displacement of CMMC from
the 2,4-D-imprinted MIP by 2,4-D (@), CPOAc (e ) and POAc (A) in a) 20 mM phosphate buffer, pH
7, 0.1% Triton X-100 b) acetonitrile. Reprinted with permission from: Haupt K, Mayes AG, Mosbach K.
Herbicide assay using an imprinted polymer-based system analogous to competitive fluoroimmunoassays.
Anal Chem 1998; 70:3936-3939. © 1998 American Chemical Society
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with very small amounts of template, achieving MIP of qualities similar to that of MIP ob-
tained by more conventional approaches. Deviating from the commonly used template : func-
tional monomer ratios of 1:4 or 1:10, they investigated in addition polymers imprinted with
theophylline with ratios of 1:500 or even 1:5000. The result was nevertheless a typical MIP
with a significantly higher binding capacity for the template than the control polymer. All MIP
prepared by the authors showed dissociation constants in the same order of magnitude, i.e.,
around 10 nM. For the 1:500 MIP a dissociation constant of 14.7 nM was observed and
interpreted by the assumption that the excess of functional monomer over template molecules
had in fact shifted the equilibrium towards optimal complexation of template during MIP
formation (imprinting). The authors also demonstrated that MIP, to be used in binding assays,
can be fabricated with unusual low amounts of cross-linkers. MIP in which only 19% of the
polymerizable groups were provided by the cross-linker could in regard to the recognition
properéties compete easily with MIP produced with a more usual degree of cross-linking of
69%.”

Ansell et al have combined MI and magnetic bead technology when manufacturing MI
polymer beads for drug radioligand binding assays. In this case, the suspension polymerization
was carried out in the presence of magnetic iron oxide (magnetite, Fe304) in a perfluorocarbon.
(S)-propranolol was used as template. The selectivity of the imprints was not affected by the
magnetism of the material and the beads themselves showed per se no tendency to aggregate
because of the fairly low concentration of magnetite particles within the beads. However, once
charged with the selectively bound target molecule, the beads could easily be separated from
the rest of the mixture by applying a magnetic field.*>

Sensor Technology

Molecularly imprinted polymers have also been applied for “bio”-sensor development. In
this case, the MIP act as specific recognition element linked to a transducer, which generates a
signal in response to a binding event taking place at the MIP recognition site. Table 7.5 lists
some examples of MIP-based sensors using a variety of transducer types.

Kriz et al developed an optical sensor using a polymer imprinted with dansyl-L-
phenylalanine immobilized at the tip of a glass fiber bundle.’! The authors showed that selec-
tive binding of the print molecule induced an corresponding increase in the fluorescence sig-
nal. The MIP was generated by using MAA and 4-vinylpyridine as functional monomers to
interact with both the amino and the carboxyl functions of the template (dansyl-L-
phenylalanine). As shown in Figure 7.11 this led to the formation of chiral cavities with three
interaction points interacting preferably with the L-enantiomer of dansyl phenylalanine. How-
ever, the time required for reaching equilibrium was 4 hours. Although this is quite long, the
simplicity of generating robust MI sensor materials for an unlimited number of different tem-
plates constitutes the great advantage of this technique.

MIP to Assist Chemical Synthesis

Catalytic MIP

The idea of generating catalytically active MIP was born, as a result of the production of
the first (protein-based) catalytic antibodies (abzymes). The biological antibodies were raised
by immunizing mice with so-called transition state analogues (TSA) of specific reactions. The
resulting antibody binds with preference to the TSA, thereby stabilizing this particular molecu-
lar structure and thus decreasing the activation energy of the corresponding reaction. The
major problem in the application of abzymes as catalysts was again the lack in stability of these
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Table 7.5. Examples of sensors equipped with MIP as recognition elements

Analyte Range Examined [ug/ml] Transducer Reference
Vitamin K 0—4 Ellipsometry 47
Phenylalanine Qualitative Capacitance 48
anilide

33—3300 Potentiometry 49
Morphine 0-10 Amperometry 50
Dansyl-L- 0—50 Fiber-optic 51
phenylalanine fluorescence
Atrazine 0-0.5 Conductometry 33,35,44
Benzyltriphenyl- 0-400 Conductometry 52

phosphonium ions
Sialic acid 0-3 Optical fluorescence 53

Reprinted with permission from Kriz D, Ramstrom O, Mosbach K. Molecular imprinting—New
possibilities for sensor technology. Anal Chem 1997:345A-349A. © 1997 American Chemical Society

biological entities. Several groups have since tried to combine the idea of abzymes with the
principle of MI. TSA of well-understood catalytic reactions were selected as templates and
mixed into the usual MI-cocktail of functional monomer, cross-linker, initiator and porogen,
followed by polymerization. The subsequent treatment of the catalytic MIP was similar to that
used for generating MIP stationary phases for chromatographic applications.

Leonhardt et al were able to show a specific hydrolytic effect when treating nitrophenyl
esters with an MIP imprinted with pyridine derivatives of N-boc-amino acids using DVB and
4(5)-vinylimidazole as monomers in combination with chelated Co?* ions.”* Compared to the
control polymer, hydrolysis was accelerated by a factor of 4 to 5, while a comparison with MIP
imprinted with other pyridine derivatives of N-boc-amino acids only gave an acceleration of
the reaction by a factor of 2 to 3. Robinson et al used phosphonates as TSA and showed a
catalytic effect of an MIP imprinted with p-nitrophenylmethyl phosphonate, using
4(5)-vinylimidazole and Co?* ions, on the hydrolysis of p-nitrophenol acetate. The authors—
aware of the fact that imidazole containing polymers in general exhibit catalytic effects—could
nevertheless demonstrate that the imprinted specimens were of 60% higher activity than the
control polymers.>®

Phosphonates have also been selected as TSA templates by Okhubo et al,’®>”8 for the
purpose of hydrolyzing amino acid esters. Stereoselective MIP, some of them water soluble,
were produced and an investigation of their catalytic properties showed an increase in the
reaction rate constants by a factor of more than 3 in the case of pseudo first order rate constants
obtained with and without the MIP.>*®* A highly selective MIP imprinted with
(4-carboxybenzyl)-phosphonic acid monoester has been presented by Wulff and coworkers.®!
Using N,N’-diethyl(4-vinylphenyl)amidine as functional monomer, a 100-fold acceleration of
the esterolysis of a (4-carboxybenzyl)-carboxyl ester was achieved. No comparison with a
(nonimprinted, but otherwise identical) control polymer was attempted. Instead the reaction
rates in the presence of the MIP were compared with hydrolysis rates obtained in free solution
or in a solution containing (4-ethylphenyl)amidine or in the presence of polymers imprinted
with the benzoate of N,N'-diethyl(4-vinylphenyl)amidine).
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Figure7.11. Chiral MIP imprinted with dansyl-L-phenylalanine showing selectivity towards the L-enantiomer
of dansyl phenylalanine. Reprinted with permission from: Kriz D, Ramstrom O, Mosbach K. Molecular
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Sellergren et al have developed enantioselective MIP-catalysts using a phosphonate as
template. For the determination of the catalytic properties they compared the MIP and a con-
trol polymer. Rate constant ratios (kyip/kep) of up to 2.54 were observed.®?

Catalytic MIP for the dehydrofluorination of 4-fluoro-4-(p-nitrophenyl)-2-butanone have
been generated usmg different kind of templates including N- benzyl—1sopropylam1ne,63
benzylmalonic acid,”* N-methyl-N-(4-nitrobenzyl)-8-aminovaleric acid®® or N-isopropyl-
4-nitrobenzylamine.*® Imprinting in aqueous solution was used in some of these approaches.®>*®
Polymers imprinted with chlorendic anhydride (MAA and EGDMA as monomers) could be
used as catalysts for the Diels-Alder reaction of tetrachlorothiophene dioxide (TCTD) with
maleic anhydride. Acceleration factors ((kimp—Knonimp) / Kunca) of up to 270 have been ob-
served when the MIP was compared with a control polymer and a polymer-free solution.®”
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Santora et al developed an MIDP, which was capable of accelerating a similar reaction, i.e.,
linking cyclohexadiene with a o 3-unsaturated carbonyl compounds (cyclic Diels-Alder reac-
tion).°® Furthermore, redox reactions,”’ transacylations’® or the synthesis of lactons’' have
been catalyzed by MIP (see also Table 7.6). For the aldol-condensation of acetophenone with
benzaldehyde, a polymer imprinted with a dibenzoylmethane/Co** complex was utilized.”?
These approaches may just be the beginning of a broad implementation of catalytically active
MIP in chemical synthesis.

MIP for Continuous Product Removal

Continuous removal of the product has been proposed as a means to “shift” the equilib-
rium of reversible reactions towards the desired side. Once more MIP can be seen as a generic
solution to the problem of finding a highly specific yet robust adsorber for the target substance.
A few examples of using MIP successfully for that purpose can be found in the literature. Ye et
al were, for example, among the few to apply a product-imprinted polymers for shifting the
reaction equilibrium of a synthesis towards product formation by removing the product con-
tinuously from the solution.”> As a model system, the authors chose an enzymatic conversion
of Z-L-Asp with L-Phe-OMe to Z-a-aspartame, a precursor of the sweetener o-aspartame,
Figure 7.12, insert. It was demonstrated that a MIP imprinted with the product Z-a-aspartame
adsorbs the product during the reaction, thus permanently ensuring a low level of Z-a-aspartame
in the reaction mixture and consequently increasing the overall yield. Figure 7.12 shows the
effects of different additives. The highest yield of product was obtained when using the MIP
imprinted with the product. Nevertheless, even utilization of the control polymer (no template
used) caused an increase of the product yield (explained by nonspecific adsorption of the prod-
uct) as well as the MIP imprinted with Z-L-Asp and L-Phe-OMe (1:1), i.e., the substrates of
the reaction. However, after an incubation time of 48 h the effect of nonspecific binding be-
came less important, due to the release of the nonspecifically bound product.

Conclusions

Admittedly, today’s MIP often do not perform yet at par with established materials like,
for example, B-cyclodextrins for enantioselective separations. However, they did improve
considerably over the last 5-10 years and already constitute useful alternatives in some areas, for
example as adsorbents in solid phase extraction. As such they can be applied for sample prepa-
ration or preconcentration in case of complex matrices or a high number of other contaminat-
ing substances.

Compared to true biological materials the biomimetic MIP have a number of advantages:

1. Cost of Production: Due to the use of inexpensive monomers, porogens etc. the MIP itself
is relatively cheap; a costly template can be a limiting factor.

2. Stability: MIP show good resistance against both physical and chemical factors, including
mechanical stress, high pressures and aggressive/organic solvents.

3. Durability: MIP can be reused several hundred times; they can be stored under dry condi-
tions without any noticeable loss of performance.

4. Flexibility/versatility: MIP can be imprinted with an almost unlimited number of different
templates; only the requirement of distinctive functional groups on the template can be a
limiting factor.

Current disadvantages of MIP include:

1. Heterogeneity of the imprints: The imprints obtained in the polymer network show varied
specificity; this causes, for example, broad peaks in chromatographic separations.

2. The “H;0O-problem”: Water is often a strong competitor for the interaction between the func-
tional monomers and the template and therefore has to be excluded from the imprinting
mixture. However, many templates (peptides/proteins) in native form are soluble only in water.
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Table 7.6. Important reactions catalyzed by MIP
TSA Substrate Relative Catalytic Reference

Effect of the MIP

Hydrolysis
Pyridin-derivatives Nitrophenyl ester Kimp / Knonimp = 4-5 54
of N-Boc-amino acids
p-Nitrophenylmethy! p-Nitrophenol acetate Kimp / Knonimp = 1.6 55
phosphonate
Phosphonate Amino acid ester Kimp / Kuncat = 3 59,60
Phosphonate Carbonic acid ester Kimp / Kuncat = 100 61
Phosphonate Amino acid ester Kimp / Knonimp = 2.54 62
Dehydrofluorination
N-Benzyl- 4-Fluoro-4- Kimp / Knonimp < 2.4 63
isopropylamine (p-nitro-phenyl)-
2-butanone
Benzylmalonic acid 4-Fluoro-4- Kimp / Keontrol-imp < 3.5 (12.8) 64
(p-nitro-phenyl)-
2-butanone
N-methyl-N- 4-Fluoro-4- Kimp / Kuncat = 3.3 65
(4-nitrobenzyl)- (p-nitro-phenyl)-
§-aminovaleric acid 2-butanone
Diels-Alder Reaction
Chlorendic anhydride Tetrachlorothiophen- (Kimp—Xnonimp) / Kuncat = 270 67
dioxide + maleic
anhydride
Aldol Condensation
Dibenzoylmethane Acetophenone roBMCo> P/ TiCo> -mip) £ 2 72

(DBM) + Co**

and benzaldehyde

Rate constants

imp
nonimp

control-imp

~ X_~A_~X

uncat

Rates
r 2+
(DBM_/CO -MIP)

"Co -MIP)

Determined in the presence of:

the imprinted polymer

the nonimprinted polymer

MIP, imprinted with a template similar to the original one

no catalyst used

MIP, imprinted with template and Co%*
MIP, imprinted with only Co?*
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Figure 7.12. Synthesis of Z-aspartame in the presence and absence of MIP imprinted with product:
curve 1: MIPy, Z-aspartame as print molecule, curve 2: control polymer, no print molecule, curve 3: MIP,,
Z-L-Asp and L-Phe-OMe as print molecules, curve 4: the polymer-free enzymatic reaction. Reprinted with
permission from: Ye L, Mansson M-O, Mosbach K et al. A new application of molecularly imprinted
materials. ] Molec Recog 1998; 11:75-78. © 1998 John Wiley & Sons, Lid.

3. Efficiency: Many MIP are prone to nonspecific interactions caused by randomly arranged
interactive groups on the polymer surface (surplus of functional monomer) which reduces
the selectivity.

4. Prolonged bleeding of template: It has been observed that sometimes a 100% extraction of
the template from the MIP after imprinting is not possible. However, the remaining tem-
plate tends to leak out with time during the subsequent use of the MIP.74

However, it should be noted that especially in the area of binding assays using labeled mol-
ecules, MIP-based assays already perform with similar efficiency as conventional immunoas-
says. A very recent application of MIP is their use to screen combinatorial libraries, e.g., for
interactive molecules. Ramstrom et al used MIP imprinted with androsterone structures for
selecting related compounds from a combinatorial steroid library. The molecules used as
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templates could be selectively fished out from mixtures of 12 different steroids, demonstrating
the usefulness of highly selective MIP as biomimetic receptors.”®

The imprinting of large molecules like proteins,”’® DNA and even of cells’” has just
begun and currently the predominant number of publications in the area of MIP is about using
small molecules as templates. However, Shi et al recently published about imprinting surfaces
with protein-recognition sites.”® In a first step, proteins like albumin and lysozyme were coated
with disaccharides and then used to imprint a polymeric film formed by a technique called
radio-frequency glow-discharge plasma deposition. After removal of the proteins, the remain-
ing cavities in the polymer film still contained the carbohydrate layer, which rendered these
sites capable of specifically recognizing the print protein in a competitive assay. It was indicated
that such a sugar coat enables multivalent interactions with the template due to the increased
number of possible hydrogen bonds, thus increasing the affinity of the imprinted phase for the
template. This work represents a novel and important approach towards molecular imprinting
of large biomolecules.

The fact that more and more groups worldwide are focusing on MIP in general is demon-
strated by the exponentially growing number of publications in that field. It has to be shown in
the near future that MIP are real competitors for existing “natural” biospecific materials, in
analytical chemistry, chemical synthesis or catalysis. For the generation of more reliable and
powerful MIP the principle of the biological interactions, which serve as model have to be
understood in even more detail to enable efficient mimicking. If these hurdles can be taken,
MIP stand an excellent chance of becoming important industrial product for many areas, in-
cluding medicine, chemistry and biotechnology.

Abbreviations
ABCHC Azobis(cyclohexanecarbonitrile)
ABDV 2,2'-Azobis(2,4-dimethyl valeronitrile)
ACN Acetonitrile
AIBN Azobis(isobutyronitrile)
CE Capillary electrophoresis
CEC Capillary electrochromatography
Ccp Control polymer
CPOAc 4-Chlorophenoxyacetic Acid
DMF Dimethylformamide
DMSO Dimethylsulfoxide
DVB Divinylbenzene
EGDMA Ethylenglycol dimethacrylate
HPCE High performance capillary electrophoresis
HPLC High performance liquid chromatography
MAA Methacrylic acid
MI Molecular imprinting / Molecularly imprinted
MIP Molecular pmprinted polymer
PFPS Perfluoro polymeric surfactant
POAc Phenoxyacetic acid
TCTD Tetrachlorothiophene dioxide
TEGDMA  Triethylenglycol dimethacrylate
THF Tetrahydrofuran
THO Theophylline
TRIM Trimethylolpropane trimethacrylate

TSA Transition state analogue
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