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PREFACE

The use of biodegradable polymers has been increasing in recent years,
specifically toward various biomedical applications as these materials not only
serve the desired purpose but also get eliminated from the body due to their
biodegradable nature. Ideally, a material should possess specific physical,
chemical, biological, functional, biomechanical, and degradation properties
that fit a particular biomedical application. Biodegradable polymers have been
used as surgical aids, extended-release drug carriers, and as scaffolds for tissue
engineering, to name a few applications. Traditional biodegradable medical
devices such as orthopaedic pins and nails, fixation plates, suture nets, filaments,
and hemostatic sponges, have been used for decades with few modifications.
However, recent advances in drug delivery, tissue engineering, gene therapy, and
medical devices have resulted in an increased need for biopolymers with tailored
properties. It should be noted that introducing new polymeric devices or drug
delivery systems requires extensive clinical development, which may take several
years and involve a significant financial investment. Thus, the trend has been to
rely on varying compositions and modifications of clinically used biodegradable
polymers. Considering the importance of such an area, this new reference text,
Biodegradable Polymers in Clinical Use and Clinical Development, focuses on
biodegradable polymers and their importance in biomedical research and presents
their clinical status and development scenario along with their patent landscape.
This book has been divided into eight parts based on different types of
biodegradable polymers and their applications. Every attempt has been made
to exclude the polymers that have not yet reached clinical application.

Part I provides a brief overview of different classes of biodegradable
polymers elaborated upon in the book with an emphasis on drug delivery,
detailing their key features and degradation patterns. Polymer selection criteria
for specific biomedical applications have also been discussed. Additionally, an
overview of different products based on biodegradable polymers is provided.

There are two major classes of biodegradable polymers, i.e. natural and
synthetic, where natural polymers can be further classified based on their source
of generation. Natural polymers are discussed in Parts II through IV. Part II
discusses two main protein-based polymers of natural origin, namely, collagen

xiii
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and gelatin. The chapters focus on detailing their structure, occurrence, types,
properties, manufacturing processes, degradation, and clinical applications.

Part III focuses on polysaccharide-based polymers of natural origin. A
chapter on chitosan and its derivatives highlights its role as biosensor,
permeation enhancer, delivery vehicle, tissue-engineering scaffold, and
wound-healing material. Another chapter focuses on various sources, clinical
applications, preclinical experiments, and possible future options for alginates.
Furthermore, dextran, pentosan sulphate, and arabinogalactans are detailed in
terms of their occurrence, structure, biochemistry, chemical nature, pharma-
cokinetics, side effects and toxicity, and medicinal applications.

Polyhydroxyalkanoates are discussed in Part IV, focusing on their produc-
tion, characterization, and current applications in the medical field. Results
from in vitro and in vivo efficacy studies are highlighted along with insights on
toxicity and biocompatibility. Also, a patent landscape is provided.

Furthermore, Part V details important synthetic biodegradable polymers
used in clinical settings. A chapter is dedicated specifically to the use of lactide
and glycolide polymers and their copolymers in drug delivery applications,
detailing their synthesis, processing, and properties vis-a-vis toxicity and safety
considerations. Another chapter discusses the use of polyanhydrides in loca-
lized delivery with special attention to their degradability behavior, toxicolo-
gical profile, uses in different disease conditions, and recent advances in the
medical field. Also, synthesis, physicochemical characteristics, and biomedical
applications of poly(e-caprolactone-co-glycolide) copolymers and their appli-
cations as monocryl sutures, suture coatings, dermal tissue repair agents, and
buttressing materials are detailed. This part also includes chapters on poly-
cyanoacrylates and PEGylation technology, PEGylated drugs, chemistry,
safety and toxicity of PEGylation, and applications of PEG at the clinical
level and in the market.

Part VI deals with biomedical applications of calcium phosphate-based
ceramics where synthesis, characterization, and properties of calcium phos-
phate materials are discussed. Moreover, the biocompatibility and toxicity
profiles are reviewed along with a summary on some of the clinical results and
commercially available calcium phosphate products.

Emerging clinical uses of biodegradable polymers are dealt with in Part VII,
where a chapter focuses on polymers described for nucleic acid delivery,
showing promising in vivo activity. A description of the structural design,
physicochemical properties, and preclinical evaluation of different polymeric
carriers and progress in clinical development is also provided. A separate
chapter has been added focusing on applications of biodegradable polymers in
tissue engineering, with a major focus on clinical applications thereof. The
chapter compiles biodegradable polymer-based products currently under
clinical trials or in the market for tissue engineering applications and also
discusses the advances in discovery of need-specific polymeric biomaterials and
biomaterial design.

xiv PREFACE
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Additionally, clinical use and applications of various injectable polymers of
both natural and synthetic origin are discussed and offer insight into the
underlying chemistry and design of in situ forming materials. The relevant
design considerations affecting material properties and functionality are
described along with highlights of possible future trends in the field.

Part VIII discusses the aspects of biodegradable polymers relating to
intellectual property rights. It was felt that inclusion of patent database search
would be useful to researchers in giving an overview of the technological
developments and innovations that have taken place on a global level. This
section may serve as a useful guide and reference chapter for research as it gives
an overview of the innovations and technological challenges, and it also
supplies a global map of the players involved, that is, industry and academia
working on the applications of biodegradable polymers in drug delivery and
tissue engineering.

Given the history of research and development in the applications and use of
biodegradable polymers, it seems certain that new modifications in existing
polymers and a wide variety of new polymers used in drug delivery and other
biomedical applications will emerge in the coming years. The readers of this
text are expected to have a broad base of backgrounds ranging from the basic
sciences to more applied disciplines. Keeping this in mind, each section is
planned such that it provides an overview of the specific subject and also goes
into a detailed discussion with extensive references. With these details, the book
will be valuable to both novices and experts. We trust that this in-depth
coverage shall assist recent inductees to the subject of biodegradable polymers
for various biomedical applications.

Lastly, and most importantly, the editors are thankful to all the interna-
tionally recognized authors who have played a vital role in making this book a
reality through their contributions.

PREFACE xv
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CHAPTER 1

BIODEGRADABLE POLYMERS IN
DRUG DELIVERY

JAY PRAKASH JAIN,1 WUBEANTE YENET AYEN,1

ABRAHAM J. DOMB,2 and NEERAJ KUMAR1

1Department of Pharmaceutics, National Institute of Pharmaceutical Education
and Research (NIPER), S.A.S. Nagar, Punjab, India
2 Institute for Drug Design, Medicinal Chemistry, School of Pharmacy - Faculty
of Medicine, The Hebrew University, Jerusalem, Israel
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1.1 INTRODUCTION

Polymers have become an indispensible part of daily life. Biodegradable
polymers are of special interest because they do not accumulate in nor harm
the environment and thus can be considered “green” [1�3]. The use of bio-
degradable polymers has increased in the vast array of application, but it
is staggering in its use in biomedical applications. A whole new genera of
“polymer therapeutics” has developed because of the wide applicability of these

Biodegradable Polymers in Clinical Use and Clinical Development, First Edition. Edited by
Abraham J. Domb, Neeraj Kumar, and Aviva Ezra
r 2011 John Wiley & Sons, Inc. Published 2011 by John Wiley & Sons, Inc.
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polymers, which includes but is not limited to their function in pharmacological
uses, mechanical support, mechanical barrier, artificial tissue/organs, prepara-
tion of produrgs, and as carriers for cells, drugs, and the like [4�15] with and
without targeting. These functions can also be executed by nonbiodegradable
devices, but such devices would permanently remain in biological tissues if not
removed surgically. Because of the inherent difficulty in retrieving small-scale
devices from tissues, it is advantageous to use biodegradable polymers that
would naturally degrade and disappear in tissues over a desired period of time
[16, 17].

In addition, the most important criteria for polymers that should be
considered is their toxicological profiles. The polymer and any of its degrada-
tion products should not invoke any unacceptable toxicity and immune
response. General criteria for selecting a polymer for use as a degradable
biomaterial are to match the mechanical properties and the degradation rate to
the needs of the application, shelf life/stability, processability, cost, and the like
[1, 2, 18].

Biodegradable polymers can be either natural or synthetic. In general,
synthetic polymers offer greater advantages over natural ones as they can be
tailored to give a wider range of possibilities with a variety of properties. Some
of the natural polymers have functional groups suitable for applications such as
tissue engineering and are less prone to produce toxic effects. However, the
presence of such functional groups and contaminants present in the material of
natural origin may produce undesirable immunoligcal effects [19�21]. On the
other hand, synthetic polymers are available with a wide range of chemical
linkages that can greatly affect their degradation and other derived properties.
To obtain an intermediate property, two or more polymers can be blended or
chemically linked (copolymerized) [1, 22]. This latter approach has basically
attracted a lot of attention because of the possibility of generating polymers
with desired properties without limitations such as phase separation.

To date, due to the versatility of polymeric materials, specifically biodegrad-
able ones, they are rapidly replacing other biomaterial classes, such as metals,
alloys, and ceramics for use in biomedical applications. In 2003, the sales of
polymeric biomaterials exceeded $7 billion, accounting for almost 88% of the
total biomaterial market for that year [8]. The global market for biodegradable
polymers increased from 409 million pounds in 2006 to an estimated 541
million pounds by the end of 2007. It should reach an estimated 1203 million
pounds by 2012, a compound annual growth rate (CAGR) of 17.3% [23, 24].

This chapter provides a brief overview of different classes of polymers
with their key features. Different degradation patterns affect the release of
entrapped molecules as well as other derived properties, and these patterns are
also discussed in this chapter. There are various successful products in clinical
practice, and the number of such products is ever increasing and at a faster rate
from the past few decades. Several products are discussed in this chapter with
their major properties; however, the focus is on drug delivery systems available
on the market. A general decision tree, based upon these properties, for the

4 BIODEGRADABLE POLYMERS IN DRUG DELIVERY
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selection of material is also given, which could be of help in selecting polymers
for a particular end use. Finally, the future of the polymeric biomaterial is
briefly discussed.

1.2 TYPES OF BIODEGRADABLE POLYMERS

Biodegradable polymers can be divided in two major classes of natural and
synthetic origin. However, the properties of polymers in these classes vary
widely and give a selection of individual polymers for individual requirements.
Most of the polymers utilized for biomedical application are listed in Table 1.1
with their chemical structure, properties, major applications, and marketed
product. The properties given are those for the particular type of polymer;
however, customarily copolymers are employed to achieve a hybrid of indivi-
dual properties. Because of constant advancements the list is ever increasing
and many new copolymers as well as polymers are entering the panorama of
biodegradable polymers for biomedical application.

Most of properties required for use as a biomaterial are fulfilled by many
natural polymers, for example, polysaccharides and protein derivatives and
synthetic polymers (e.g., polyesters, polyanhydride, and polyorthoesters). How-
ever, when biomedical applications are considered, the requirement diversifies
in terms of mechanical strength required, degradation time, surface properties,
physicochemical parameters, degree of crosslinking, presence of functional
group for modification and tagging, and so forth. Some of the applications such
as bone grafting and bone repair, in addition to biocompatibility, require
purely mechanical function. Hence polymers that can withstand load and
have long degradation time are suitable for these applications [25�27]. Some
applications such as surgical dressings, sutures, and the like require varying
strength and degradation time, which usually depends on the type of tissue and
the type of injury. In tissue engineering application growth factors are
considered vital for rapid healing of the tissue and generating more biofunca-
tional tissue. Hence, the strategy is to mimic matrix and provide the necessary
information or signaling for cell attachment, proliferation, and differentiation
to meet the requirement of dynamic reciprocity for tissue engineering [28�34].
Natural polymers in this regard are conceived better than noninformational
synthetic polymers [20, 35]. However, the flip side of natural polymers is that
even though they are available in ample quantity, they suffer from some
limitations such as immunogenecity, difficulty in processing, a potential risk
of transmitting origin related/associated pathogens, and batch-to-batch varia-
bility [36, 37]. Synthetic polymers on the other hand can be produced in a
reproducible manner with better quality control. This particular fact is more
important when these are used as carriers for bioactives where reproducible
delivery is required from the carrier, as the change in the in vivo release of the
bioactive carrier can change the course of the treatment. Choice among the
synthetic polymers is again based on the individual application; however, when

1.2 TYPES OF BIODEGRADABLE POLYMERS 5
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it comes to drug delivery, time of release is one of the most important
characteristic, which not only determines the type of polymer but also the
shape and size of the carrier device [38�40].

Usually, polymers having higher hydrophobicity sustain the release of
bioactive for longer times; however, it is not always the requirement since
sometimes instant release is required upon triggered by the external stimuli,
which may be present at the target site [41�49]. In this type of case, polymers
with functional groups are suitable so that targetingmoieties can be attached.On
the other hand, if the polymer is the only governing factor for the release of
bioactives, then predictable release is of considerable importance. If the system
releases the active moiety in a zero-order pattern at a predetermined rate, then it
is considered ideal in terms of release kinetics from the system [11, 50�52].
Surface-eroding polymers are considered to follow zero-order release kinetics
and release rate differs depending on the type of polymer/monomer. However,
surface-eroding polymers have very labile links, thus often not a suitable
candidate for nanoscopic carriers, and thus polyesters are preferred and used
most widely for this purpose [51, 53�55]. Polyesters can sustain the release for a
longer time, and moreover they have very well established safety and disposition
profiles from a clinical point of view, and this can be well appreciated in a
number of products approved by the Food and Drug Administration (FDA)
[56�62]. Of the many polyesters poly(lactic-co-glycolic acid) (PLGA) is more
widely utilized because of the ratio and molecular weight of the blocks and/or
of the whole polymer, which can be varied flexibly to give a wide variety of
properties for diverse biomedical applications.

1.3 BIODEGRADATION PATTERNS

Similar to the production and properties of biodegradable polymers equally
important is their degradation, and it is of utmost significance when it comes to
biomedical applications. The polymer should degrade and/or be disposed off
completely in a predictable manner from the body, unless it is to perform some
permanent function. The degradation products generated should not cause any
adverse effect at the site of use or on any other body organs/functions. Usually,
the polymer matrix begins to degrade by hydrolytic and/or enzymatic attack.
Each reaction results in the scission of a molecule, slowly reducing the weight of
the matrix until the entire material has been digested.

Degradation of the polymer occurs through the process of chain cleavage
[271] while erosion is the sum of all processes that lead to the loss of mass from
a polyanhydride matrix [272, 273]. Erosion of the polymer matrices depends
on processes such as the rate of degradation, swelling, porosity, and ease
of diffusion of oligomers and monomers from the matrices [271]. Considering
the diffusion of water into the polymer matrix the degradation process can be
divided into bulk and surface-eroding polymer (Fig. 1.1). In a bulk erosion
process polymer mass is lost uniformly throughout the matrix, and the erosion
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rate is dependent on the volume of the polymer rather than its thickness.
Consequently, the lifetime of polymer disks of different thicknesses is the same.
In contrast, surface-eroding systems display material loss from the outside to
the inside of the matrix, so that the erosion rate is dependent on the surface area
of the polymer rather than its volume. The lifetime of surface-eroding polymers
is dependent on the thickness of the polymer disk, and so thicker samples have
a longer lifetime. In the case of controlled drug delivery applications, a surface-
eroding device is the better option for drug release [274�276].

(a) (b)

FIGURE 1.1 Erosion patterns in polymeric matrices. (a) Bulk erosion and (b) surface

erosion. In bulk erosion, degradation of the matrix occurs throughout the matrix

simultaneously with solubilization of oligomers in the surrounding media and drug

release occurs by diffusion, which is a concentration-dependent phenomenon. On the

other hand, surface erosion occurs from the front of the device, which continuously

moves to the core of the device. As these types of polymers are made up of very

hydrophobic monomers they do not allow aqueous media to penetrate the core;

moreover, the oligomers usually deposit on the device itself and further hinder

the release of entrapped bioactives. As a particular volume of the device is exposed to

the environment, release occurs in zero-order fashion. These surface-eroding polymers

have very labile hydrolytic bonds, thus usually not suitable for sustaining the release in

nanoscopic carriers.
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In general biodegradation of the polymers is affected by following factors:

� Chemical nature: Type of linkage between the monomers

� Water solubility and permeability of polymer: Hydrophlic/hydrophobic

� Method of chain scission: Hydrolytic/enzymatic

� Mechanism of hydrolysis: Noncatalytic/pH catalytic/autocatalytic

� Water solubility and diffusion of degradation products: Hydrophlic/
hydrophobic—slow/fast

� Molecular weight and polydispersity: Low/medium/high

� Molecular level assembly: Crystalline/amorphous

� Glass transition temperature: High/low

� Morphology of device: Size/shape/dimensions/surface-to-volume ratio

� Porosity before and during degradation: Low/medium/high

� Additives: Drug/modifiers/stabilizers

� Method of sterilization: Moist heat/irradiation/other

� Site of application: Local (site)/systemic

All these factors affect the overall degredation rate and lifetime of
the polymer. However, the basic governing factor is the chemical nature of the
backbone and the hydrophilicity/hydrophobicity of the polymer [277�279].
Polymers that are hydrophilic or not so hydrophobic to diffusion of surrounding
aqueous media into the matrix degrade all over the matrix and are called bulk-
degrading polymers. Polymers that have very hydrophophobic bone as well as
hydrolytically nonlabile bonds are very slow degrading polymers, whereas
polymers with hydrophobic monomers but labile linkage, which do not allow
water to penetrate, erode from the surface only are called surface-degrading
polymers. However, these monomers are so hydrophobic that they do not
diffuse away from matrix and keep on depositing on the matrix, thus overall the
mass of the device does not reduce significantly. Moreover, they hinder and
sustain the diffusion of entrapped bioactive molecules. Natural polymers are
usually hydrophilic and undergo bulk degradation [19�21, 35]. Enzymatic
degradation is a major contributor in their degradation process, whereas few
synthetic polymers undergo enzymatic degradation such as polyesters. Polymers
that are substrate for enzymatic degradation are considered better for biome-
dical applications as they are excreted readily form the body. Hydrophilicity is
a major determinant in the time of degradation: the more hydrophilic the
polymer, the faster is the degradation when other factors are kept constant. The
solubility of the degradation product is another important parameter that
governs their removal from the body. Lower molecular weight of the oligomers
and their higher aqueous solubility lead to faster degradation and excretion from
the body. Some of the oligomers, as in the case of polyanhydrides, are very
hydrophobic and deposit on the polymer matrix itself and, in turn, making the
degradation slow. Some degradation products have an autocatalytic effect on
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the chain scission [280�284]. The catalytic effect is usually because of a
change in pH by degradation products in microenvironments, which can cause
either acid or base catalysis. Free radical generation during degradation also
catalyzes the chain scission in some polymers. Solubility of the degradation
product in changed pH can also change the course of degradation as their
diffusion away from the matrix is increased. Increase in the molecular weight is
usually proportional, though not directly, to the degradation time [285�290].
It is just not because the number of bonds to be broken are more; it also
increases the hydrophobicity of the device and makes hydrolysis proportionally
slower.

Increase in molecular weight distribution on the other hand usually increases
degradation rate as there are more free groups for the chain scission reaction,
and if the free groups are hydrophilic, then they ingress water more readily
into the device, which thus increases degradation. Only a few polymers occur
in completely crystalline form, and they have long-range order in their mole-
cular arrangement, thus making penetration of the water difficult. Because of
higher lattice energy, they degrade slowly as compared to their amorphous
counterparts. Semicrystalline polymers have an intermediate degradation per-
iod, depending on the degree of crystallinity [291�297]. Among amorphous
polymers, the glass transition temperature (Tg) is the factor that dictates the
degradation behavior. Polymers with higher Tg, in the same class, usually have a
higher molecular weight, thus naturally will require a longer time to degrade. On
the other hand, high Tg also means that the polymer is stable in that particular
molecular configuration, which may be because of forces such as hydrogen
bonding and hydrophobic interaction, in turn making polymer degradation
slower. Crystallinity and Tg also determine the polymer fragmentation and
crumpling of the polymer device, thus affecting degradation. As the size of the
device increases, the time required for complete degradation of the device also
increases, but the effect is more pronounced in the case of a surface-degrading
polymer as compared to a bulk-degrading polymer where degradation takes
place throughout the matrix.

Shapes or factors that make surface-to-volume ratios high also have varied
effects on polymers with different degradation patterns, as an increase in
surface area exposes more surface to the hydrolytic media and thus enhances
the degradation process more in the case of heterogonous degradation [53,
298�301]. Porosity is one of the factors that increase the surface-to-volume
ratio, thus affecting the degradation similarly. For formulating particular
devices, additives are included in the polymer, and it also undergoes some
processes to make the device suitable for application. Additives that include
a drug can make the polymer more hydrophobic or more hydrophilic and
can change the degradation profile accordingly. In practice, two or more
polymers are chemically linked (copolymer) or blended to achieve particular
degradation or some other derived properties. Processing such as application of
heat, pressure, and sterilization can modify the polymer’s physical and more
importantly chemical properties to further affect the degradation [302�306].

ch001 14 April 2011; 17:20:53

22 BIODEGRADABLE POLYMERS IN DRUG DELIVERY



Generally, all these stresses lead to a decrease in molecular weight, but,
occasionally, it can also give rise to a phenomenon such as crosslinking, and
may thereby hamper the degradation rate. Finally, location or the site of
application in the body of the polymer also affects its degradation by secondary
effects such as blood flow, movement of the device, load on the device, hardness
of the tissue, and the like. If the device is in an environment that causes faster
removal of degradation product, it can cause an increased degradation rate in
the case of surface-degrading polymers. On the other hand, a balance effect can
be in the case of bulk-degrading polymers as autocatalysis will be reduced at
one hand but better sink conditions for degredants on the other hand, which
reduces matrix mass will be faster. Conditions that subject the polymer to pH
conditions and enzymes favorable to the degradation, then naturally polymer
disappearance from the body will be faster, and such a case, for example, could
be the presentation of large nanoparticles made up of polyesters in a liver
microtonal condition.

1.4 OVERVIEW OF DIFFERENT PRODUCTS BASED ON
BIODEGRADABLE POLYMERS

Over the past four decades controlled-release polymer technology has impacted
virtually every branch of medicine, including oncology, ophthalmology, pulmon-
ary, painmedicine, endocrinology, cardiology, orthopedics, immunology, neurol-
ogy, and dentistry, with several examples of these systems in clinical practice
today (Table 1.2). Several controlled-release formulations based on biodegra-
dable polymers have been approved and marketed where the polymer matrix
can be formulated as microspheres, nanospheres, injectable gel, or implant.

1.5 POLYMER SELECTION FOR BIOMEDICAL APPLICATION

Polymers, both synthetic and those derived from a natural origin, are a
promising class of biomaterials that can be engineered to meet specific end-use
requirements if proper selection is made based on their biomedical application.
Polymers can be selected according to key device characteristics, such as
mechanical resistance, degradability, permeability, solubility, and transparency,
in which all can influence manufacturing characteristics and performance of
device. Moreover, it requires a thorough understanding of the surface and bulk
properties of the polymer that can give the desired chemical, interfacial,
mechanical, and biological functions. The choice of polymer in addition to its
physicochemical properties is dependent on the need for the extensive biomedi-
cal characterization and specific preclinical tests to prove its safety. Hence, its
selection must be carefully tailored in order to provide the combination of
chemical, interfacial, mechanical, and biological functions necessary for the
manufacturing of biomaterials.
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In general, there are varieties of polymer attributes to be considered when
selecting a biodegradable polymer for biomedical application [371�373]:

Regulatory and Toxicology Status. One of the most critical considerations
is the regulatory requirement for a particular application. If an application
requires a rapid development and commercialization, then the polymer selec-
tion will most likely be made from among those that have already received
regulatory approval, for instance, polyesters.

Polymer (Monomer or Copolymer) Composition. Whether to use homo-
polymers consisting of a single monomeric repeat unit or copolymers contain-
ing multiple monomer species has to be considered before a decision is made of
which polymer to be used. If copolymers are to be used, then the relative ratio
of the different monomers may be manipulated to change polymer physico-
chemical properties including bulk hydrophilicity, morphology, structure, and
the extent of drug�polymer interactions (e.g., drug solubility in the polymer).
Ultimately, these properties will all influence the performance of the drug
delivery system, for instance, via changes to the relative rates of mass transport
and the degradation rate of both the polymer and the device.

Thermal Properties. The thermal attributes of the polymer, as described by
the glass transition temperature (Tg) and the melting temperature (Tm), can also
affect the mass transport rates through the polymer as well as the polymer
processing characteristics and the stability of the device at the end. Below the
glass transition temperature, the polymer will exist in an amorphous, glassy
state. When exposed to temperatures, above Tg, the polymer will experience an
increase in free volume that permits greater local segmental chain mobility
along the polymer backbone. Consequently, the mass transport through the
polymer is faster at temperatures above Tg. Often, the polymer processing, such
as extrusion or high shear mixing, is performed above Tg. On the other hand,
the greatest stability during the storage of a polymer device may be obtained at
temperatures below Tg, where solute diffusion is much slower and more subtle
changes in polymer properties are reduced.

Ionization. The presence of charged groups on a polymer can also influence
the physicochemical properties of the polymer, the device, and the drug release
pattern from the device. The number and density of ionized groups along
the polymer backbone, on the side-chain groups, or at the terminal end groups
of the polymer chains can all vary the extent of polymer�polymer and polymer�
drug interactions. As drug delivery systems, the polymer properties can affect the
performance of the drug delivery system as ionizable groups can affect drug
solubility in the polymer and, correspondingly, the release rate from the polymer.

Molecular Weight and Molecular Weight Distribution. Molecular weight
of a monodisperse or polydisperse polymer is expressed in terms of its relative
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molar mass, which is related to the degree of polymerization and relative
molecular mass of the repeat unit. The properties that have enabled polymers
to be used in a diversity of biomedical applications derive almost entirely from
their long-chain macromolecular nature. We are concerned about molecular
weight and its distribution in polymer selection because many physicochemical
properties of polymers are influenced by the length of the polymer chain,
including viscosity, the glass transition temperature, mechanical strength, and
the like and, consequently, the use of polymers in various biomedical applica-
tions will be affected.

Molecular Architecture. An important microstructural feature determining
polymer properties is the polymer architecture. Molecular architecture of
polymers can be described as linear polymers, branched polymers, crosslinked
network polymers, and the like. The simplest polymer architecture is a linear
chain: a single backbone without branches. A related unbranching architecture
is a ring polymer. A branched polymer is composed of a main chain with one or
more short or long substituent side chains or branches. Special types of
branched polymers include star polymers, comb polymers, brush polymers,
ladders, and dendrimers among others. Branching of polymer chains affects the
ability of chains to slide past one another by altering intermolecular forces, in
turn affecting bulk physical properties of polymers. Long-chain branches may
increase polymer strength, toughness, and the glass transition temperature due
to an increase in the number of entanglements per chain. Different representa-
tive polymer architectures are shown in Figure 1.2.

Polymer Morphology. Polymer morphology generally refers to the arrange-
ment of chains in space and the microscopic ordering of many polymer chains
and described as amorphous, semicrystalline, and crystalline structures that can
affect the manufacturing characteristics and performance. There are some
polymers that are completely amorphous, although the morphology of most
polymers is semicrystalline. That is, they form mixtures of small crystals and

Linear Short-chain branched Long-chain branched Ladder

Star branched Comb polymers Network

FIGURE 1.2 Types of molecular architectures of polymers.
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are amorphous in combination with the tangled and disordered surrounding
crystalline material and melt over a range of temperatures instead of at a single
melting point. In most polymers the combination of crystalline and amorphous
structures forms a material with advantageous properties of strength and
stiffness so that manufacturing characteristics and performance can be tailored
as desired. Different polymer morphologies are shown in Figure 1.3.

In general, when the polymer selection is made, it has to fulfill the following
end-use requirements:

� The mechanical properties must match the application. For instance, in
tissue engineering application, it should remain sufficiently strong until
the surrounding tissue has healed.

� The degradation time must match the time required for biomedical
application.

� It does not invoke a toxic response upon in vivo degradation.

� It is metabolized in the body after fulfilling its purpose into nontoxic
constituents that can be easily eliminated.

� It is easily processable in the final product form with an acceptable shelf
life and easily sterilized.

1.6 FUTURE PROSPECTS

Biodegradable materials are highly desired for most biomedical applications in
vivo, such as transient implants, drug delivery carriers, and tissue engineering
scaffolds. Biodegradable polymers remain themost versatile and promising class
of biomaterials that can be engineered to meet specific end-use requirements
in biomedical application. Given the importance of biodegradable polymers
in the various biomedical applications, the currently available polymers need
to be further improved by altering their surface and bulk properties in order to
provide the desired functions necessary for manufacturing of new and improved
biomaterials, for instance, the generation of stimuli-responsive polymeric
biodegradable materials. Stimuli-responsive biomaterials resembling natural
living tissues that undergo changes in physicochemical properties in response to
a variety of physical, chemical, and biological stimuli are attracting increasing

(a) Crystalline (b) Amorphous (c) Semicrystalline

FIGURE 1.3 Types of molecular arrangement of polymeric chains in crystal lattice.
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interest because of their potential application in biomedical fields. Hence,
biomedical systems that are both biodegradable and stimuli responsive have
therefore been studied intensively and significant progress in this field has been
achieved. Although biodegradable stimuli-responsive materials are highly
attractive for biomedical applications, most such materials are currently at a
developmental research stage. Additionally, single stimulus-responsive property
limits the practical applications of these materials. To achieve more favorable
applications for these materials, further efforts are still necessary, especially for
developing multi-stimuli-responsive functions of materials and improving the
stimuli-responsive properties of such materials in a biological environment.
Bearing in mind the great prospect of these biodegradable stimuli-responsive
materials, there is great hope in the future for the development of stimuli-
responsive polymers or systems that could be reliably employed in biomedical
applications for further clinical practices.
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32. Pêgo, A. P., A. A. Poot, D. W. Grijpma, and J. Feijen. Biodegradable elastomeric

scaffolds for soft tissue engineering. J. Control. Release 2003;87(1�3):69�79.

ch001 14 April 2011; 17:20:54

38 BIODEGRADABLE POLYMERS IN DRUG DELIVERY



33. Sheridan, M. H., L. D. Shea, M. C. Peters, and D. J. Mooney. Bioabsorbable

polymer scaffolds for tissue engineering capable of sustained growth factor delivery.

J. Control. Release 2000;64(1�3):91�102.

34. van Dijkhuizen-Radersma, R., L. Moroni, A. v. Apeldoorn, Z. Zhang, D. Grijpma,

B. Clemens van, T. Peter, L. Anders, H. Jeffrey, F. W. David, C. Ranieri,
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crylate) colloidal particles as vehicles for antitumour drug delivery: A comparative

study. Colloids Surf. B 2008;62(1):64�70.

172. Graf, A., A. McDowell, and T. Rades. Poly(alkylcyanoacrylate) nanoparticles for

enhanced delivery of therapeutics—Is there real potential? Expert Opin. Drug

Deliv. 2009;6(4):371�387.

173. Vauthier, C., C. Dubernet, E. Fattal, H. Pinto-Alphandary, and P. Couvreur. Poly

(alkylcyanoacrylates) as biodegradable materials for biomedical applications. Adv.

Drug Deliv. Rev. 2003;55(4):519�548.

174. Vauthier, C., D. Labarre, and G. Ponchel, Design aspects of poly(alkylcyanoa-

crylate) nanoparticles for drug delivery. J. Drug Target. 2007;15(10):641�663.

175. Alves, C. M., Y. Yang, D. L. Carnes, J. L. Ong, V. L. Sylvia, D. D. Dean,

C. M. Agrawal, and R. L. Reis. Modulating bone cells response onto starch-based

biomaterials by surface plasma treatment and protein adsorption. Biomaterials

2007;28(2):307�315.

176. Azevedo, H. S., F. M. Gama, and R. L. Reis. In vitro assessment of the enzymatic

degradation of several starch based biomaterials. Biomacromolecules 2003;4

(6):1703�1712.

177. Cascone, M. G., N. Barbani, C. Cristallini, P. Giusti, G. Ciardelli, and L. Lazzeri.

Bioartificial polymeric materials based on polysaccharides. J. Biomater. Sci.

Polym. Ed. 2001;12(3):267�281.

178. Chandra, R. and R. Rustgi. Biodegradable polymers. Prog. Polym. Sci.

1998;23:1273�1335.

179. Elvira, C., J. F. Mano, J. San Roman, and R. L. Reis. Starch-based biodegradable

hydrogels with potential biomedical applications as drug delivery systems. Bioma-

terials 2002;23(9):1955�1966.

180. Gomes, M. E., A. S. Ribeiro, P. B. Malafaya, R. L. Reis, and A. M. Cunha. A new

approach based on injection moulding to produce biodegradable starch-based

polymeric scaffolds: Morphology, mechanical and degradation behaviour. Bioma-

terials 2001;22(9):883�889.

181. Marques, A. P., R. L. Reis, and J. A. Hunt. The biocompatibility of novel starch-

based polymers and composites: In vitro studies. Biomaterials 2002;23

(6):1471�1478.

182. Mayer, J. M., G. R. Elion, C. M. Buchanan, B. K. Sullivan, S. D. Pratt, and

D. L. Kaplan. Biodegradable blends of cellulose acetate and starch: Production

and properties. J. Macromol. Sci. Pure Appl. Chem. 1995;32(4):775�785.

183. Czaja, W. K., D. J. Young, M. Kawecki, and R. M. Brown. The future prospects

of microbial cellulose in biomedical applications. Biomacromolecules 2007;

8(1):1�12.

ch001 14 April 2011; 17:20:54

REFERENCES 47



184. Fricain, J. C., P. L. Granja, M. A. Barbosa, B. de Jéso, N. Barthe, and C. Baquey.

Cellulose phosphates as biomaterials. In vivo biocompatibility studies. Biomater-

ials 2002;23(4):971�980.

185. Klemm, D., B. Heublein, H. P. Fink, and A. Bohn. Cellulose: Fascinating

biopolymer and sustainable raw material. Angew. Chem. Int. Ed. Engl. 2005;44

(22):3358�3393.

186. Müller, F. A., L. Müller, I. Hofmann, P. Greil, M. M. Wenzel, and

R. Staudenmaier. Cellulose-based scaffold materials for cartilage tissue engineer-

ing. Biomaterials 2006;27(21):3955�3963.

187. Prabaharan, M. and J. F. Mano. Stimuli-responsive hydrogels based on poly-

saccharides incorporated with thermo-responsive polymers as novel biomaterials.

Macromol. Biosci. 2006;6(12):991�1008.

188. Svensson, A., E. Nicklasson, T. Harrah, B. Panilaitis, D. L. Kaplan, M. Brittberg,

and P. Gatenholm. Bacterial cellulose as a potential scaffold for tissue engineering

of cartilage. Biomaterials 2005;26(4):419�431.

189. Thomas, S., A review of the physical, biological and clinical properties of a

bacterial cellulose wound dressing. J. Wound Care 2008;17(8):349�352.

190. Alves, N. M. and J. F. Mano. Chitosan derivatives obtained by chemical

modifications for biomedical and environmental applications. Int. J. Biol. Macro-

mol. 2008;43(5):401�414.

191. Arca, H. C., M. Gunbeyaz, and S. Senel. Chitosan-based systems for the delivery

of vaccine antigens. Expert Rev. Vaccines 2009;8(7):937�953.

192. Bowman, K. and K. W. Leong. Chitosan nanoparticles for oral drug and gene

delivery. Int. J. Nanomed. 2006;1(2):117�128.

193. Jayakumar, R., N. Nwe, S. Tokura, and H. Tamura. Sulfated chitin and chitosan

as novel biomaterials. Int. J. Biol. Macromol. 2007;40(3):175�181.

194. Jiang, T., S. G. Kumbar, L. S. Nair, and C. T. Laurencin. Biologically active

chitosan systems for tissue engineering and regenerative medicine. Curr. Top. Med.

Chem. 2008;8(4):354�364.

195. Khor, E. and L. Y. Lim. Implantable applications of chitin and chitosan.

Biomaterials 2003;24(13):2339�2349.

196. Kim, I. Y., S. J. Seo, H. S. Moon, M. K. Yoo, I. Y. Park, B. C. Kim, and

C. S. Cho. Chitosan and its derivatives for tissue engineering applications.

Biotechnol. Adv. 2008;26(1):1�21.

197. Kumar, M. N., R. A. Muzzarelli, C. Muzzarelli, H. Sashiwa, and A. J. Domb.

Chitosan chemistry and pharmaceutical perspectives. Chem. Rev. 2004;104

(12):6017�6084.

198. Masotti, A. and G. Ortaggi. Chitosan micro- and nanospheres: Fabrication and

applications for drug and DNA delivery. Mini. Rev. Med. Chem. 2009;9

(4):463�469.

199. Mourya, V. K. and N. N. Inamdar. Trimethyl chitosan and its applications in drug

delivery. J. Mater. Sci. Mater. Med. 2009;20(5):1057�1079.

200. Panos, I., N. Acosta, and A. Heras. New drug delivery systems based on chitosan.

Curr. Drug Discov. Technol. 2008;5(4):333�341.

201. Prabaharan, M. Review paper: Chitosan derivatives as promising materials for

controlled drug delivery. J. Biomater. Appl. 2008;23(1):5�36.

ch001 14 April 2011; 17:20:55

48 BIODEGRADABLE POLYMERS IN DRUG DELIVERY



202. Shahidi, F. and R. Abuzaytoun. Chitin, chitosan, and co-products: Chemistry,

production, applications, and health effects. Adv. Food Nutr. Res. 2005;49:

93�135.

203. Shi, C., Y. Zhu, X. Ran, M. Wang, Y. Su, and T. Cheng. Therapeutic potential of

chitosan and its derivatives in regenerative medicine. J. Surg. Res. 2006;133

(2):185�192.

204. Vinsova, J. and E. Vavrikova. Recent advances in drugs and prodrugs design of

chitosan. Curr. Pharm. Des. 2008;14(13):1311�1326.

205. Yilmaz, E. Chitosan: A versatile biomaterial. Adv. Exp. Med. Biol.

2004;553:59�68.

206. Hillier, K., M. Rakkar, S. J. Enna, and B. B. David. Alginic acid. In xPharm: The

Comprehensive Pharmacology Reference. Elsevier: New York, 2007, pp. 1�3.

207. Draget, K. I., G. Skjåk Bræk, and O. Smidsrød. Alginic acid gels: The effect of

alginate chemical composition and molecular weight. Carbohydr. Polym. 1994;25

(1):31�38.

208. Tonnesen, H. H. and J. Karlsen. Alginate in drug delivery systems. Drug Dev. Ind.

Pharm. 2002;28(6):621�630.

209. Beasley, K. L., M. A. Weiss, and R. A. Weiss. Hyaluronic acid fillers: A

comprehensive review. Facial Plast. Surg. 2009;25(2):86�94.

210. Brown, M. B. and S. A. Jones. Hyaluronic acid: A unique topical vehicle for the

localized delivery of drugs to the skin. J. Eur. Acad. Dermatol. Venereol. 2005;19

(3):308�318.

211. Iavazzo, C., S. Athanasiou, E. Pitsouni, and M. E. Falagas. Hyaluronic acid: An

effective alternative treatment of interstitial cystitis, recurrent urinary tract infec-

tions, and hemorrhagic cystitis? Eur. Urol. 2007;51(6):1534�1540; discussion

1540�1541.

212. Kogan, G., L. Soltes, R. Stern, and P. Gemeiner. Hyaluronic acid: A natural

biopolymer with a broad range of biomedical and industrial applications.

Biotechnol. Lett. 2007;29(1):17�25.

213. Liao, Y. H., S. A. Jones, B. Forbes, G. P. Martin, and M. B. Brown. Hyaluronan:

Pharmaceutical characterization and drug delivery. Drug Deliv. 2005;12

(6):327�342.

214. Migliore, A. and M. Granata. Intra-articular use of hyaluronic acid in the

treatment of osteoarthritis. Clin. Interv. Aging 2008;3(2):365�369.

215. Price, R. D., M. G. Berry, and H. A. Navsaria. Hyaluronic acid: The scientific and

clinical evidence. J. Plast. Reconstr. Aesthet. Surg. 2007;60(10):1110�1119.

216. Volpi, N., J. Schiller, R. Stern, and L. Soltes. Role, metabolism, chemical

modifications and applications of hyaluronan. Curr. Med. Chem. 2009;16

(14):1718�1745.

217. Yadav, A. K., P. Mishra, and G. P. Agrawal. An insight on hyaluronic acid in drug

targeting and drug delivery. J. Drug. Target. 2008;16(2):91�107.

218. Chourasia, M. K. and S. K. Jain. Polysaccharides for colon targeted drug delivery.

Drug Deliv. 2004;11(2):129�148.

219. Hennink, W. E., O. Franssen, W. N. E. van Dijk-Wolthuis, and H. Talsma.

Dextran hydrogels for the controlled release of proteins. J. Control. Release

1997;48(2�3):107�114.

ch001 14 April 2011; 17:20:55

REFERENCES 49



220. Larsen, C. Dextran prodrugs—Structure and stability in relation to therapeutic

activity. Adv. Drug Deliv. Rev. 1989;3(1):103�154.

221. Mehvar, R. Dextrans for targeted and sustained delivery of therapeutic and

imaging agents. J. Control. Release 2000;69(1):1�25.

222. Van Tomme, S. R. and W. E. Hennink. Biodegradable dextran hydrogels for

protein delivery applications. Expert Rev. Med. Devices 2007;4(2):147�164.

223. Bana, G., B. Jamard, E. Verrouil, and B. Mazieres. Chondroitin sulfate in the

management of hip and knee osteoarthritis: An overview. Adv. Pharmacol.

2006;53:507�522.

224. Brandl, N., J. Holzmann, R. Schabus, and M. Huettinger. Effects of chondroitin

sulfate on the cellular metabolism. Adv. Pharmacol. 2006;53:433�447.

225. Campo, G. M., A. Avenoso, S. Campo, A. M. Ferlazzo, and A. Calatroni.

Antioxidant activity of chondroitin sulfate. Adv. Pharmacol. 2006;53:417�431.

226. Handley, C. J., T. Samiric, and M. Z. Ilic. Structure, metabolism, and tissue roles

of chondroitin sulfate proteoglycans. Adv. Pharmacol. 2006;53:219�232.

227. Lamari, F. N. The potential of chondroitin sulfate as a therapeutic agent. Connect.

Tissue Res. 2008;49(3):289�292.

228. Lauder, R. M. Chondroitin sulphate: A complex molecule with potential impacts

on a wide range of biological systems. Complement. Ther. Med. 2009;17(1):56�62.

229. Morris, J. D. and K. M. Smith. Chondroitin sulfate in osteoarthritis therapy.

Orthopedics 2009;32(4).

230. Yamada, S. and K. Sugahara. Potential therapeutic application of chondroitin

sulfate/dermatan sulfate. Curr. Drug Discov. Technol. 2008;5(4):289�301.

231. Keppeler, S., A. Ellis, and J. C. Jacquier. Cross-linked carrageenan beads for

controlled release delivery systems. Carbohydr. Polym. 2009;78(4):973�977.

232. Kranz, H., K. Jürgens, M. Pinier, and J. Siepmann. Drug release from MCC- and

carrageenan-based pellets: Experiment and theory. Eur. J. Pharm. Biopharm.

2009;73(2):302�309.

233. Thomson, A. W. and E. F. Fowler. Carrageenan: A review of its effects on the

immune system. Agents Actions 1981;11(3):265�273.

234. Valenta, C. The use of mucoadhesive polymers in vaginal delivery. Adv. Drug

Deliv. Rev. 2005;57(11):1692�1712.

235. Ehrenfreund-Kleinman, T., T. Azzam, R. Falk, I. Polacheck, J. Golenser, and

A. J. Domb. Synthesis and characterization of novel water soluble amphotericin

B-arabinogalactan conjugates. Biomaterials 2002;23(5):1327�1335.
236. Ehrenfreund-Kleinman, T., Z. Gazit, D. Gazit, T. Azzam, J. Golenser, and

A. J. Domb. Synthesis and biodegradation of arabinogalactan sponges prepared

by reductive amination. Biomaterials 2002;23(23):4621�4631.

237. Prescott, J. H., P. Enriquez, C. Jung, E. Menz, and E. V. Groman. Larch

arabinogalactan for hepatic drug delivery: Isolation and characterization of a 9

kDa arabinogalactan fragment. Carbohydr. Res. 1995;278(1):113�128.

238. Seifert, G. J. and K. Roberts. The biology of arabinogalactan proteins. Annu. Rev.

Plant Biol. 2007;58:137�161.

239. Chivers, R. A. In vitro tissue welding using albumin solder: Bond strengths and

bonding temperatures. Int. J. Adhes. Adhes. 2000;20(3):179�187.

ch001 14 April 2011; 17:20:55

50 BIODEGRADABLE POLYMERS IN DRUG DELIVERY



240. Chuang, V. T., U. Kragh-Hansen, and M. Otagiri. Pharmaceutical strategies

utilizing recombinant human serum albumin. Pharm. Res. 2002;19(5):569�577.

241. Gradishar, W. J. Albumin-bound paclitaxel: A next-generation taxane. Expert.

Opin. Pharmacother. 2006;7(8):1041�1053.

242. Gupta, P. K. and C. T. Hung. Albumin microspheres. I: Physico-chemical

characteristics. J. Microencapsul. 1989;6(4):427�462.

243. Gupta, P. K. and C. T. Hung. Albumin microspheres. II: Applications in drug

delivery. J. Microencapsul. 1989;6(4):463�472.

244. Kratz, F. Albumin as a drug carrier: Design of prodrugs, drug conjugates and

nanoparticles. J. Control. Release 2008;132(3):171�183.

245. Perez, E. A. Novel enhanced delivery taxanes: An update. Semin. Oncol. 2007;34(3)

(suppl):1�5.

246. Abraham, L. C., E. Zuena, B. Perez-Ramirez, and D. L. Kaplan. Guide to collagen

characterization for biomaterial studies. J. Biomed. Mater. Res. B Appl. Biomater.

2008;87(1):264�285.

247. Friess, W., Collagen—biomaterial for drug delivery. Eur. J. Pharm. Biopharm.

1998;45(2):113�136.

248. Lee, C. H., A. Singla, and Y. Lee. Biomedical applications of collagen. Int.

J. Pharm. 2001;221(1�2):1�22.

249. Miyata, T., T. Taira, and Y. Noishiki, Collagen engineering for biomaterial use.

Clin. Mater. 1992;9(3�4):139�148.

250. Olsen, D., C. Yang, M. Bodo, R. Chang, S. Leigh, J. Baez, D. Carmichael,

M. Perala, E. R. Hamalainen, M. Jarvinen, and J. Polarek. Recombinant collagen

and gelatin for drug delivery. Adv. Drug Deliv. Rev. 2003;55(12):1547�1567.

251. Paul, R. G. and A. J. Bailey. Chemical stabilisation of collagen as a biomimetic.

Scient. World J.2003;3:138�155.

252. Rao, K. P., Recent developments of collagen-based materials for medical applica-

tions and drug delivery systems. J. Biomater. Sci. Polym. Ed. 1995;7(7):623�645.

253. Ruszczak, Z. and W. Friess. Collagen as a carrier for on-site delivery of

antibacterial drugs. Adv. Drug Deliv. Rev. 2003;55(12):1679�1698.

254. Stenzel, K. H., T. Miyata, and A. L. Rubin. Collagen as a biomaterial. Annu. Rev.

Biophys. Bioeng. 1974;3(0):231�253.
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301. Witt, C., K. Mäder, and T. Kissel. The degradation, swelling and erosion

properties of biodegradable implants prepared by extrusion or compression

moulding of poly(lactide-co-glycolide) and ABA triblock copolymers. Biomaterials

2000;21(9):931�938.

302. Andrianov, A. K. and A. Marin. Degradation of polyaminophosphazenes: Effects

of hydrolytic environment and polymer processing. Biomacromolecules 2006;7

(5):1581�1586.

303. Gogolewski, S., M. Jovanovic, S. M. Perren, J. G. Dillon, and M. K. Hughes.

The effect of melt-processing on the degradation of selected polyhydroxyacids:

Polylactides, polyhydroxybutyrate, and polyhydroxybutyrate-co-valerates. Polym.

Degrad. Stab. 1993;40(3):313�322.

304. Reich, G. Ultrasound-induced degradation of PLA and PLGA during microsphere

processing: Influence of formulation variables. Eur. J. Pharm. Biopharm. 1998;45

(2):165�171.
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2.1 INTRODUCTION

The name collagen comes from Greek meaning “glue producer.” When collagen
is heated in water, it gradually breaks down to produce soluble derived protein,
that is, gelatin or animal glue. It is the most abundant protein in the animal
kingdom and is a major component of the extracellular matrix and connective
tissues. It has a unique ability to form insoluble fibers that provide strength.
There are more than 30 collagens and collagen-related proteins but the most
abundant are collagens I and II [1].

2.2 OCCURRENCE

Collagens are the major structural elements of all connective tissues and are
also found in the interstitial tissue of virtually all parenchymal organs, where
they contribute to the stability of tissues and organs and maintain their
structural integrity. Its type and organization is dictated by the structural
role it plays in a particular organ [2]. It is found in tissues such as tendons,
cartilage, organic matrix of bone, and the cornea of the eye. In some tissues,
collagen may be dispersed as a gel that gives support to the structure, as in the
extracellular matrix or the vitreous humor of the eye. In other tissues, collagen
may be bundled in tight, parallel fibers that provide great strength, as in
tendons. In the cornea of the eye, collagen is stacked so as to transmit light with
a minimum of scattering. In bone, collagen forms a framework for the
deposition of calcium phosphate crystals, acting like the steel cables in
reinforced concrete so as to resist mechanical shear from any direction.

2.3 FUNCTIONS

Collagens are the structural building blocks of the body. They are the most
abundant group of organic macromolecules in an organism and serve important
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mechanical functions within the body, particularly in connective tissues. They
surround the cells and give each tissue its characteristic structure, texture, and
shape. In bone, tendon, fascia, and articular cartilage, fibrillar collagens provide
most of the biomechanical properties essential for their functioning [2]. In
tendons, collagen has the strength equal to light steel wire. Collagen in the
cornea is transparent, in heart valves it is fatigue resistant, and in renal glomeruli
it provides an excellent filtration system [3]. Second, collagens also exert
important functions in the cellular microenvironment and are involved in the
storage and release of cellular mediators (growth factors, cytokines, etc.) [4, 5].

2.4 STRUCTURE

A typical collagen molecule is a long, rigid structure in which three polypep-
tides (referred to as α chains) are wound around one another in a ropelike triple
helix (Fig. 2.1) with a length of approximately 300 nm and a diameter of 1.5 nm
[6]. Fibers made up of collagen have a high tensile strength. The collagen helix
is left handed and has three amino acid residues per turn. The tight wrapping of
the α chains in the collagen triple helix provides tensile strength greater than
that of a steel wire of equal cross section.

2.4.1 Amino Acid Sequence

Eachα-chainpeptide is composedof about 1050aminoacid residues,whichconsist
of approximately 33% glycine, 25% proline, and 25% hydroxyproline, and a
relative abundance of lysine [3]. Proline and glycine are important in the formation
of the triple-stranded helix. Proline facilitates the formation of the helical
conformation of each α chain because its ring structure causes “kinks” in the
peptide chain. Glycine, the smallest amino acid, is found in every third position of
the polypeptide chain. This position is crucial as glycine is the only amino acid that
is small enough to fit in the narrow core of the triple helix [7]. The amino acid

Collagen a-chain

FIGURE 2.1 Triple-stranded helix of collagen.
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sequencecanbe representedbya repeating tripeptideunit,Gly�X�Y,whereGly is
glycine, X is often proline, and Y is often hydroxyproline or hydroxylysine [8].
Thus, most of the α chain can be regarded as a polytripeptide whose sequence can
be represented as (�Gly�X�Y�)333 (Fig. 2.2).

2.4.2 Triple-Helical Structure

Collagen is also a coiled coil, that is, three separate polypeptides, called α chains
are supertwisted about each other (Fig. 2.3). The three α chains are held together
by interchain hydrogen bonds. The superhelical twisting is right handed in
collagen, opposite in sense to the left-handed helix of its constituent α chains
[9, 10]. For example, type I collagen triplex is a heteropolymer consisting of two
α1 chains and one α2 chain of over 1000 residues in length [11].

Unlike most globular proteins that are folded into compact structures,
collagen, a fibrous protein, has an elongated structure that places many of its
amino acid side chains on the surface of the triple-helical molecule. (This allows
bond formation between the exposed R groups of neighboring collagen
monomers, resulting in their aggregation into long fibers). The triple helices
are staggered by 67 nm with an additional gap of 40 nm between succeeding
molecules (Fig. 2.4). Seen through an electron microscope, the linear polymers
of fibrils have banding patterns, reflecting the regular staggered packing of the
individual collagen molecules in the fibril (Fig. 2.5).

2.4.3 Hydroxyproline and Hydroxylysine

Collagen contains hydroxyproline (Hyp) and hydroxylysine (Hyl), which are not
present in most other proteins. These residues result from the hydroxylation of
some of the proline and lysine residues after their incorporation into polypeptide
chains (Fig. 2.6). This hydroxylation is a result of posttranslational modification.
Hydroxyproline is important in stabilizing the triple-helical structure of collagen
because it maximizes interchain hydrogen bond formation.

Gly GlyGly ProLeu Hyp Hyp HylAla

FIGURE 2.2 Primary amino acid sequence of a portion of α1 chain of collagen (Hyp is

hydroxyproline and Hyl is hydroxylysine).

FIGURE 2.3 Secondary left-handed helix and tertiary right-handed triple-helix struc-

ture showing two α1 chains (black colored) and one α2 chain (light shade colored) of

collagen I molecule.
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2.4.4 Glycosylation

The hydroxyl group of the hydroxylysine residues of collagen may be
enzymatically glycosylated. Most commonly, glucose and galactose are sequen-
tially attached to the polypeptide chain prior to triple-helix formation.

2.5 TYPES AND PROPERTIES

There are 29 collagen types, which differ in size, structure, and function
(numbered I�XXIX with roman numerals in the order of their discovery;
some with common names) [12]. Variations in the amino acid sequence of the α

67 nm

300 nm

Collagen fibril

40 nm

1.5 nm

D Period
67 nm

FIGURE 2.4 Schematic representation of staggered quaternary structure forming the

collagen fibril (showing dark and light banding pattern of negatively stained isolated fibril).

FIGURE 2.5 Staggered arrangement of collagen molecules causes striated appearance

of fibrils as seen in electron micrographs of collagen fibers.
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chains result in structural components that are about the same size (approxi-
mately 1000 amino acids long) but with slightly different properties. These α
chains are combined to form the various types of collagen found in tissues. The
collagens can be organized into three groups, based on their location and
functions in the body (Table 2.1).

2.5.1 Fibril-Forming Collagens

The most abundant and widespread family of collagens with about 90% of the
total collagen is represented by the fibril-forming collagens [2]. In the form of
fibers it acts to transmit forces, dissipate energy, and prevent premature
mechanical failure in normal tissues [13]. Types I, II, and III are the fibrillar
collagens and have the ropelike structure described above for a typical collagen
molecule. Type I is the most abundant and diversely located member of the
collagen family, found principally in fibril form [14].

Type I collagen fibers are found in supporting elements of high tensile
strength, for example, tendon and cornea, whereas fibers formed from type II
collagen molecules are restricted to cartilaginous structures and provide the
tissue with its shock-absorbing properties and its resiliency to stress [15]. The
fibrils derived from type III collagen are prevalent in more distensible tissues
such as blood vessels.

2.5.2 Network-Forming Collagens

Types IV and VII form a three-dimensional mesh rather than distinct fibrils.
For example, type IV molecules assemble into a sheet or meshwork that
constitutes a major part of basement membranes, which separate cell types or
divide cell layers from underlying connective tissue [16] and function as a
semipermeable filtration barrier for macromolecules in organs such as the
kidney and the lung.

TABLE 2.1 Most Abundant Types of Collagen

Collagen Type Tissue Distribution

Fibril Forming

Type I Most connective tissues like skin, bone, dermis, tendon, ligaments,

cornea, blood vessels

Type II Hyaline cartilage, intervertebral disk, vitreous body

Type III Blood vessels, fetal skin

Network Forming

Type IV Basement membranes

Type VII Beneath stratified squamous epithelia

Fibril Associated

Type IX Cartilage

Type XII Tendons, ligaments, some other tissues
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2.5.3 Fibril-Associated Collagens (FACIT)

Types IX and XII bind to the surface of collagen fibrils, linking these fibrils to
one another and to other components in the extracellular matrix. Despite the
rather high structural diversity among the different collagen types, all members
of the collagen family have one characteristic feature: a right-handed triple
helix composed of three α chains. See Table 2.2.

TABLE 2.2 Collagen Family

Collagen Type Structure Tissue Distribution

Type I Fibril-forming collagen Most connective tissues like skin, bone,

dermis, tendon, ligaments, cornea,

blood vessels

Type II Fibril-forming collagen Hyaline cartilage, intervertebral disk,

inner ear, vitreous body, nucleus

pulposus

Type III Fibril-forming collagen Distensible and developing connective

tissues, blood vessels, fetal skin

Type IV Network-forming collagen Basement membranes

Type V Fibril-forming collagen Tissues containing type I collagen,

hyaline cartilage, nervous system

Type VI Beaded filament-forming

collagen

Bone, hyaline cartilage, soft connective

tissues; blood vessels, skin,

intervertebral disk, peripheral nerves

Type VII Collagen of anchoring

fibrils

Anchoring fibrils; skin, epidermal

joints

Type VIII Hexagonal network-

forming collagen

Many tissues, especially endothelium

Type IX FACITa collagen Hyaline cartilage, intervertebral disk,

vitreous humor, cornea

Type X Hexagonal network-

forming collagen

Hypertrophic cartilage

Type XI Fibril-forming collagen Hyaline cartilage, intervertebral disk,

inner ear

Type XII FACIT collagen Tissues containing type I collagen; fetal

cartilage,tendons, ligaments

Type XIII Collagen with a

transmembrane domain

Many tissues like epidermis, hair

follicle, nail root cells, endomysium,

intestine, chondrocytes

Type XIV FACIT collagen Embryonic cartilage

Type XV Endostatin-containing

collagen

Many tissues in the basement

membrane zone; muscle, kidney,

pancreas

Type XVI FACIT collagen Many tissues; smooth muscle,

fibroblasts, amnion, keratinocytes

(Continued )
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2.6 BIOSYNTHESIS OF COLLAGEN

The polypeptide precursors of the collagen molecule are formed in fibroblasts
(or in the related osteoblasts of bone and chondroblasts of cartilage) and are
secreted into the extracellular matrix. Biosynthesis of collagens is a complex
multistep process that starts with the transcription of genes within the nucleus
to the aggregation of collagen heterotrimers into large fibrils [20, 21]. Collagens
undergo extensive posttranslational modification in the endoplasmic reticulum
prior to triple-helix formation. A number of enzymes and molecular chaper-
ones assist in their correct folding and trimerization [8]. The collagen may be
further modified to form intra- and intermolecular crosslinks, which aid in the
formation of collagen fibers, fibrils, and then macroscopic bundles that are used
to form tissue [22].

TABLE 2.2 Continued

Collagen Type Structure Tissue Distribution

Type XVII Collagen with a

transmembrane domain

Hemidesmosomes; skin, dermal

epidermal junctions

Type XVIII Endostatin-containing

collagen

Many tissues in the basement

membrane zone

Type XIX FACIT collagen Many tissues in the basement

membrane zone

Type XX FACIT collagen Embryonic skin, tendon, sterna

cartilage, corneal epithelium

Type XXI FACIT collagen Many tissues (blood vessel walls)

Type XXII FACIT collagen Tissue junctions

Type XXIII Collagen with a

transmembrane domain

Heart, metastatic prostate

cancer cells

Type XXIV Fibril-forming collagen Tissues containing type I collagen;

developing bone, cornea

Type XXV Collagen with a

transmembrane domain

Brain, heart, testis, neurons

Type XXVI Beaded filament-forming

collagen

Testis, ovary

Type XXVII Fibril-forming collagen Embryonic cartilage, epithelial cell

layers (stomach, lung, gonad, skin,

cochlea, tooth)

Type XXVIII Beaded filament-forming

collagen

Basement membranes around

Schwann cells in the peripheral

nervous system

Type XXIX Beaded filament-forming

collagen

Epidermis

aFACIT, fibril-associated collagen with interrupted triple helices.

Source: From [2, 17�19].
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2.6.1 Formation of Pro-α-Chains

Collagen is one of many proteins that normally function outside of cells. Like
most proteins produced for export, the newly synthesized polypeptide precursors
of α chains contain a special amino acid sequence at their N-terminal ends. This
acts as a signal that the polypeptide being synthesized is destined to leave the cell.
The signal sequence facilitates the binding of ribosomes to the rough endoplas-
mic reticulum (RER) and directs the passage of the polypeptide chain into the
cisternae of the RER. The signal sequence is rapidly cleaved in the endoplasmic
reticulum to yield a precursor of collagen called a pro-α-chain.

2.6.2 Hydroxylation

The pro-α-chains are processed by a number of enzymatic steps within the
lumen of the RER while the polypeptides are still being synthesized. Proline
and lysine residues found in the Y position of the �Gly�X�Y� sequence
can be hydroxylated to form hydroxyl-proline and hydroxyl-lysine residues
(Fig. 2.6). These hydroxylation reactions require molecular oxygen and the
reducing agent vitamin C (ascorbic acid), without which the hydroxylating
enzymes, prolyl hydroxylase and lysyl hydroxylase, are unable to function.
Hydroxyproline serves to stabilize the collagen triple helix [23], its absence
resulting in structurally unstable collagen [24, 25], which is not secreted from
cells at a normal rate [10]. Hydroxylysine is necessary for formation of the
intermolecular crosslinks in collagen [26]. In the case of ascorbic acid deficiency
(and, therefore, a lack of prolyl and lysyl hydroxylation), collagen fibers cannot
be crosslinked, greatly decreasing the tensile strength of the assembled fiber.
One resulting deficiency disease is known as scurvy.

2.6.3 Glycosylation

Some hydroxylysine residues are modified by glycosylation with glucose or
glucosyl-galactose. Glycosylation is required for the formation of a stable
tertiary structure and is an alternative way of stabilizing the collagen triple helix
that is independent of the presence of hyp [27].

2.6.4 Assembly and Secretion

After hydroxylation and glycosylation, pro-α-chains form procollagen, a
precursor of collagen that has a central region of triple-helix flanked by the
nonhelical amino- and carboxyl-terminal extensions called propeptides (Fig.
2.6). The formation of procollagen begins with the formation of interchain
disulfide bonds between the C-terminal extensions of the pro-α-chains. This
brings the three α chains into an alignment favorable for helix formation. The
procollagen molecules are translocated to the Golgi apparatus, where they are
packaged in secretory vesicles. The vesicles fuse with the cell membrane,
causing the release of procollagen molecules into the extracellular space.
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Modifications of the pro-α-chain polypeptide in the endoplasmic reticulum

include hydroxylation, glycosylation, and disulfide-bond formation. Interchain

disulfide bonds between the C-terminal propeptides of three pro-collagens

align the chains in register and initiate formation of the triple helix. The process

continues, zipper like, toward the N-terminus. All modifications occur in a

precise sequence in the rough ER, Golgi complex, and the extracellular space,

and allow lateral alignment and formation of the covalent cross-linkers

that enable helices to pack into 50-nm-diameter fibrils. The α-helical region is

colored red.

2.6.5 Extracellular Cleavage of Procollagen Molecules

After their release, the procollagen molecules are cleaved by N- and C-
procollagen peptidases, which remove the terminal propeptides, releasing
triple-helical collagen molecules.

2.6.6 Formation of Collagen Fibrils

Individual collagen molecules spontaneously associate to form fibrils. They
form an ordered, overlapping, parallel array, with adjacent collagen molecules

Rough ER

Processing
Processing

OH OH N C

Disulfide bonds Propeptides

Golgi

Alignment Helix
formationOH

Plasma membrane

Extracellular martix

Collagen fiber

Fibril formation

Exocytosis
Nonpeptide

Basal lamina

FIGURE 2.6 Major events in the biosynthesis of fibrous collagens. (From [28, 29].

Copyright r 2000 W. H. Freeman and Company.)

70 COLLAGEN

ch002 14 April 2011; 17:22:9



arranged in a staggered pattern, each overlapping its neighbor by a length of
approximately three-quarters of a molecule.

2.6.7 Crosslink Formation

Thefibrillar array of collagenmolecules serves as a substrate for lysyl oxidase. This
extracellular enzyme oxidatively deaminates some of the lysyl and hydroxylysyl
residues in collagen. The reactive aldehydes that result (allysine and hydroxyally-
sine) can condense with lysyl or hydroxylysyl residues in neighboring collagen
molecules to form covalent crosslinks. (This crosslinking is essential for achieving
the tensile strength necessary for proper functioning of connective tissue. There-
fore, any mutation that interferes with the ability of collagen to form crosslinked
fibrils almost certainly affects the stability of the collagen.) Sequence of intra and
extracelluler collagen biosynthesis have been summarized in Fig. 2.7.

2.7 DEGRADATION

Normal collagens are highly stable molecules, having half-lives as long as
several months. However, connective tissue is dynamic and is constantly being
remodeled, often in response to growth or injury of the tissue. Breakdown of
collagen fibrils in vivo is dependent on the proteolytic action of collagenases,
which are part of a large family of matrix metalloproteinases [28]. For type I
collagen the cleavage site is specific, generating three-quarter and one-quarter
length fragments. These fragments are further degraded by other matrix
proteinases to their constituent amino acids [29�31].

The triple helix is resistant to proteolytic cleavage by protein hydrolyzing
enzymes such as pepsin, trypsin, and papain. Clostridium histolyticum produces

1. Assembly pro-� chains (directed by
specfic mRNAs)
2. Proline hydroxylation
3. Lysine hydroxylation
4. Hydrioxylysine glycosylation
5. Disulfide bond formation
6. Triple-helix formation
7. Secretion

(a) (b)

1. Amino terminal extension cleavage
2. Carboxyl terminal extension cleavage
3. Microfibril formation
4. Lysine hydroxylysine terminal NH2
oxidation (Cu-containing lysyl oxidase)
5. Fibril formation
6. Reducible crosslink formation
7. Maturation of crosslinks. Growth and
reorganization of fibers

FIGURE 2.7 Summary of the different steps in collagen biosynthesis: (a) Sequence of

intracellular collagen biosynthesis and (b) Sequence of extracellular collagen

biosynthesis.
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collagenases that cleave triple helices at numerous sites. The ability of collagens to
resist cleavage by pepsin and trypsin, and their sensitivity to cleavage by bacterial
collagenase, are used as research tools to identify and characterize collagens.

2.8 COLLAGEN DISORDERS

Collagens are the most abundant proteins in the body. Alterations in collagen
structure resulting from abnormal genes or abnormal processing of collagen
proteins results in numerous diseases. Defects in any one of the many steps in
collagen fiber synthesis can result in a genetic disease involving an inability of
collagen to form fibers properly. More than 1000 mutations have been
identified in 22 genes coding for 12 of the collagen types. Some of the diseases
that result from defective collagen synthesis include osteogenesis imperfecta,
ehler danlos syndrome, lupus erythematosus, scleroderma, scurvy, polyarteritis
nodosa, epidermolysis bullosa, rheumatoid arthritis, Crohn’s disease, and
Wegener’s granulomatosis. Recent research suggests that collagens in the sclera
also play an important role in the development of myopia [32].

2.9 SOURCE

Collagen has been, traditionally, isolated from the skins of land-based animals,
such as cow and pig. Nondenatured collagens from these sources find applications
in the cosmetics, biomedical, and pharmaceutical industries [33]. Denatured
collagen, knownasgelatin, finds applications in the foodandbiomedical industries.

2.10 CLINICAL APPLICATIONS OF COLLAGEN

Due to its excellent biocompatibility and safety, the use of collagen in
biomedical applications has been rapidly growing and widely expanding to
bioengineering areas. Collagen and collagen-based biomaterials have been widely
used for a number of tissue engineering and medical applications (Fig. 2.8).
Collagen sutures were used by Egyptian surgeons as far back as 3750 BC [3]. The
main applications of collagen are collagen shields in ophthalmology, sponges for
burns/wounds, minipellets for protein delivery, and as basic matrices for cell
culture systems and in bone, tendon, and peripheral nerve repair [34]. Collagen
can be processed into a number of forms such as sheets, films, tubes, rods,
sponges, powders, injectable solutions, and dispersions [34, 35]. In most drug
delivery systemsmade of collagen, in vivo absorption of collagen is controlled by
the use of crosslinking agents, such as glutraldehyde. In order to render collagen
suitable for tissue engineering applications, the mechanical strength of collagen
must be enhanced. Also, the collagen-based biomaterial must be sterilized prior
to use in tissue engineering applications. In recent years, studies of collagen and
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(a) (b)

(d)(c)

(f)(e)

(h)(g)

FIGURE 2.8 Different collagen marketed products: (a) Evolence, (b) TenoMend

Collagen Tendon Wrap, (c) INFUSE Bone Graft, (d) Apligraf, (e) OssiMend Bone

Graft Matrix, (f) OrCel, (g) NeuroMatrix/Neuroflex, and (h) Minipellets.
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collagen-based materials have become an investigative hotspot especially in
tissue engineering and drug delivery. Some new collagen-based drug delivery and
engineered materials have been highlighted, which will promote their clinical
applications [36].

2.10.1 Collagen Injections/Dermal Fillers

These are soft tissue fillers for injection into the mid to deep dermis for the
correction of moderate to severe wrinkles and folds meant for restoring a
smoother and younger appearance. The demands for dermal fillers have
evolved dramatically during the past two decades. It has been over 25 years
since the approval of the first dermal filler device, whereas the majority of the
currently marketed dermal fillers were approved in the last 10 years [37].
Marketed wrinkle fillers are made up of various types of materials. The types of
materials approved for dermal fillers vary from biologic to synthetic materials
and absorbable to nonabsorbable compounds [38]. The ideal dermal filler
should be nonpermanent but with a durable effect lasting between 1 and 2
years. Collagen was the first material to be approved by the U.S. Food and
Drug Administration (FDA) for injection into facial scars, furrows, and lines in
the form of dermal filler injections. Like collagen injections most of these
wrinkle fillers are temporary because they are eventually absorbed by the body.
Available literature strongly suggests that these dermal fillers are increasingly
used these days to augment and contour tissues to improve the appearance of
wrinkles. Discussion of some approved dermal fillers follows:

Zyderm Collagen Implant, Zyplast. They are bovine collagen implants
approved by the FDA in 1981. Zyderm collagen implant is a sterile device
composed of highly purified bovine dermal collagen (95% type I and 5% type
III collagen) that is crosslinked with glutaraldehyde. It is dispersed in
phosphate-buffered physiological saline containing 0.3% lidocaine. Lidocaine
is used to numb the skin at the injection site. Zyderm collagen implant is
available in two forms: Zyderm 1 collagen implant and Zyderm 2 collagen
implant. Zyderm 2 collagen implant contains almost twice the collagen
concentration of Zyderm 1 collagen implant [39].

CosmoDerm, CosmoPlast. Type I collagen loss in the dermis is one of the
primary causes of wrinkles seen in aged skin. Dermal fillers using type I collagen
derived from bioengineered skin are now being used with the trade names of
CosmoDerm and CosmoPlast. Many aesthetic physicians are using them
alone or in combination with hyaluronic acid fillers to replace both of these
natural components of the skin [40]. CosmoDerm and CosmoPlast are sterile
devices composed of highly purified human-based collagen that is dispersed in
phosphate-buffered physiological saline containing 0.3% lidocaine. These are
injected into the superficial papillary dermis for correction of soft tissue contour
deficiencies such as wrinkles and acne scars.
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Evolence Porcine Collagen Dermal Filler. Evolence is a new porcine-
derived collagen gel based on the Glymatrix crosslinking technology, which
results in a more natural and longer-lasting collagen product [41]. Evolence
collagen filler is composed of 3.5% homogenous type I collagen that was
extracted and purified from porcine tendons and suspended in phosphate-
buffered saline and crosslinked with a ribose-mediated technology. Evolence is
injected into the inner layers of facial skin (mid to deep dermis) in order to
correct moderate to deep facial wrinkles and folds such as those around the
nose and mouth [42, 43].

Injection of dermal fillers is one of the most commonly performed cosmetic
procedures. Serious complications from fillers are rare but potentially devastat-
ing to patients and physicians. Granulomatous reactions to dermal fillers for
tissue augmentation are rare but possible late complications occurring both
with permanent (more frequent) and resorbable products. Skin necrosis, such
as nasal alar necrosis, is one of the most feared serious complications of dermal
fillers. Physicians should be aware of early intervention and treatment options
should impending necrosis become apparent [44, 45].

2.10.2 Matrix Collagen Sponges

Matrix collagen sponge is an absorbent, porous collagen matrix intended for
the management of moderately to heavily exudating wounds, for bone forma-
tion, and for drug delivery purpose [34].

Collagen Sponges for Wound Healing. The global wound care market was
approximately $10 billion in 2007 and is projected to grow to $12.5 billion by
2012. The broad variety of wound types has resulted in a wide range of new
wound dressings being frequently introduced into the market. The ideal
dressing should achieve rapid healing at reasonable cost with minimal incon-
venience to the patient. Pharmacological agents such as antibiotics, vitamins,
minerals, and growth factors take active part in the healing process, hence,
direct delivery of these agents to the wound site is desirable [46]. The
development of actively hemostatic wound dressings for use in severe trauma
is a major public health and military goal. Although some manufacturers claim
that existing dressings activate platelets and/or blood coagulation, mechanistic
evidence is often lacking [47].

Wound healing is an area in which there have been many recent advances
using various different polymers. Collagen sponges have following properties
making it suitable for purpose of wound healing.

1. Collagen sponges have the ability to easily absorb large quantities of
tissue exudates preventing moist climate and secondary bacterial infec-
tions, few such marketed products include CollaStat, CollaCote, and
Helistat absorbable collagen wound dressing and hemostatic products.
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2. Coating of collagen sponge with growth factors further facilitates fast
wound healing [48, 49].

3. Delivery of platelet-derived growth factor with sponges plays an im-
portant role in tissue regeneration and wound repair [50].

4. Collagen sponges are appropriate for delivery of antibiotics, such as
gentamicin, to achieve high concentration of gentamicin at the local sites
for treatment of implant-related infections [51] and for diabetic foot
ulcers [52]. Ciprofloxacin-loaded sponges have also been proposed as an
on-site delivery system [53].

5. Controlled delivery of silver sulfadiazine from collagen scaffold is
achieved in infected deep burn wounds where dermis is lost [54].

6. For highly resilient activity, collagen sponges are combined with other
materials such as elastin, fibronectin, or glycosaminoglycans [55].

A few marketed products include the following:

CellerateRx. CellerateRx is available for acute and chronic wounds, which
include pressure ulcers of stage II�IV, diabetic ulcers, surgical wounds, ulcers
due to arterial insufficiency, venous stasis ulcers, traumatic wounds, burns, and
superficial wounds. It can also be used as an adjunct to current wound care
therapies, helping to increase the efficacy of traditional and/or more expensive
advanced wound care management.

Promogran. Promogranmatrix wound dressing is a primary dressing comprised
of 55%collagen and 45%oxidized regenerated cellulose. Promogran is indicated
for the management of exuding wounds including diabetic ulcers, venous ulcers,
ulcers caused by mixed vascular etiologies, full thickness and partial thickness
wounds, donor sites and other bleeding surface wounds, abrasions, traumatic
wounds healing by secondary intention, and dehisced surgical wounds [56, 57].

FloSeal Matrix. FloSeal Matrix is a new, two-component (collagen granules
and thrombin) topical hemostatic sealant. FloSeal Matrix is an effective
hemostasis adjunct in patients undergoing lacrimal surgery. It has the added
benefits of ease of use and high patient satisfaction [58].

Collagen Sponges as Bone Substitutes. In the United States alone,
approximately 500,000 patients annually undergo surgical procedures to treat
bone fractures [59]. Favorable influence of collagen on cellular infiltration
and wound healing is well known, subsequently, the matrix collagen sponge as
an absorbent porous matrix is used for osteoinduction in the bone formation
process. Bone serves as a powerful marker for regeneration, and its formation
serves as a prototype model for tissue engineering based on morphogenesis.

Collagen in combination with other polymers or chemicals was also used for
orthopedic defects. Collagen sponges containing bone morphogenetic protein
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(BMP) were tested with and without antibiotic for the evaluation of the efficacy
of BMP on promoting bone healing to induce bone formation [60, 61]. For
optimal effect, BMP must be combined with an adequate matrix, which serves
to prolong the residence time of the protein. Therefore, in clinical use
recombinant human bone morphogenetic protein (rhBMP-2) was soaked
onto an absorbable collagen sponge for bone regeneration [34, 59].

Reparation of bone defects remains a major clinical and economic concern,
with more than 3 million bone grafts performed annually in the United States
and Europe [62]. The search for alternatives to autologous bone grafting led to
the approval by the U.S. FDA of an absorbable collagen carrier combined with
rhBMP-2 for the treatment of certain bone diseases and fractures [62].
Demineralized bone collagen is also used as a bone graft material for the
treatment of acquired and congenital orthopedic defects either by itself or in
combination with hydroxyapatite.

Demineralized bone collagen in combination with hydroxyapatite is an
excellent osteoinductive material and could be used as a bone substitute. In
recent years, excipient systems have been used increasingly in biomedicine in
reconstructive and replacement surgery, as bone cements, drug delivery
vehicles, and contrast agents. The most bioefficient in terms of collagen
formation and apatite nucleation materials are those that are able to provide
soluble mineralizing species (Si, Ca, PO4) at their implant sites and/or are
doped or have been surface activated with specific functional groups [63].

A few marketed products include the following:

INFUSE Bone Graft. Local delivery of recombinant human bone morphoge-
netic protein-2 (rhBMP-2) as a bone graft substitute in spinal fusion was
approved in July 2002 by the U.S. FDA as INFUSE Bone Graft. It consists of
rhBMP-2 placed on an absorbable collagen sponge. INFUSEs Bone Graft
induces new bone tissue at the site of implantation. This same product was
FDA approved for a tibia long bone fresh fracture bone grafting application in
August 2004, and for sinus elevation and alveolar defects associated with
extraction sockets in March 2007. In addition, a new carrier is under clinical
evaluation that will offer longer rhBMP-2 sustained release and compression
resistance, further expanding the clinical utility of rhBMP-2 [64].

BIO-OSS K, BIO-OSS Blocks, and BIO-OSS Collagen. These are natural
nonantigenic, porous bone mineral matrices, produced by the removal of all
organic components from bovine bone. Due to their natural structure, BIO-
OSS K, BIO-OSS Blocks, and BIO-OSS Collagen are physically and chemically
comparable to the mineralized matrix of human bone. It is available as cortical
granules and blocks [65, 66].

TenoMend Collagen Tendon Wrap. It is a resorbable type I collagen matrix
that provides a nonconstricting encasement for injured tendons. TenoMend
Collagen Tendon Wrap is designed to be an interface between the tendon and
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tendon sheath or the surrounding tissue [67]. When hydrated, TenoMend
Collagen Tendon Wrap is a conformable, nonfriable, self-curling collagen sheet
designed for easy placement under, around, or over the injured tendon.
TenoMend Collagen Tendon Wrap was successful in providing a protective
environment for tendon repair.

OssiMend Bone Graft Matrix. OssiMend is an all-natural mineral�collagen
composite bone graft material that, combined with autologous bone marrow, is
used to fill bony voids or gaps of the skeletal system, including spine, extremities,
and pelvis. OssiMend is ideal for use in spine fusion procedures; it is conform-
able, nonfriable, with high absorption capacity. OssiMend is provided as a
sterile, dry material that is hydrated with autologous bone marrow at the point
of use. OssiMend strips and pads can be cut into shapes and are designed to
retain their shape and physical integrity following implantation into a bony site,
while the granular form can be molded to fit the bone defect. The product is fully
resorbed during the natural process of bone formation and remodeling.

Collagen Sponge Skin Replacement. Skin grafting is an important proce-
dure to cover skin defects. Both artificial and natural polymers have been used
to substitute connective tissue matrix and to reconstitute dermis. In the last
decade, the main interest has been on the development of an in vitro
reconstructed skin that can be transplanted directly to the wound bed and
permanently replacing the missing tissue [68, 69]. Collagen is a natural
substrate for cellular attachment, growth, and differentiation and is generally
treated as a self-tissue by recipients into whom it is placed. Collagen has
functional properties and certain sequences of the collagen fibrils are chemo-
tactic and promote cellular proliferation and differentiation.

To constitute a composite skin substitute that can proliferate well with
epidermal stem cells and fibroblasts on collagen sponge is needed [70]. Recon-
stituted type I collagen is suitable for skin replacement and burn wounds due to
their mechanical strength and biocompatibility. In cultured skin substitutes,
contracted collagen lattice has been used as a support for epithelial growth and
differentiation to replace pathological skin. Allogenic cultured dermal substitute
prepared by plating fibroblasts on to a collagen sponge matrix and subsequently
freeze dried from a 1% aqueous solution of collagen provided a good environ-
ment for epithelialization [34]. Addition of selected antimicrobial drugs such as
amikacin to the implantable collagen managed to control microbial contamina-
tion and increased healing of skin wounds. To address limitations such as
deficient barrier function in vitro and delayed keratinization after grafting can be
prevented by modifications of collagen-based systems by the combination of
collagen with other proteins, such as glycosaminoglycans, fibrin, and biotin [34].
A few marketed products include the following:

Apligraf (Graftskin). Diabetic foot ulcerations can be a devastating complica-
tion of diabetes, causing prolonged hospitalization and significant morbidity.
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Apligraf is a bioengineered living skin equivalent that consists of a dermal layer
of allogenic human fibroblast cells, type I bovine collagen cells, and an
epidermal layer of allogenic human keratinocyte cells. Apligraf is used for
the treatment of noninfected partial and full thickness skin ulcers and for the
treatment of neuropathic diabetic foot ulcers. Studies have demonstrated that
Apligraf works through the delivery of growth factors and cytokines to the
chronic wound environment [71].

OrCel. OrCel is a bilayered cellular matrix in which normal human allogeneic
skin cells (epidermal keratinocytes and dermal fibroblasts) are cultured in two
separate layers into a type I bovine collagen sponge. Extracellular secretion of
cytokines and growth factors by the living cells in OrCel is a major contributing
factor to the ability to accelerate wound healing. The product closes difficult
wounds, such as skin ulcers in limbs or from diabetes, using a collagen matrix
with embedded cells that form skin cells [72].

Collagen Sponges Repair Peripheral Nerve Damage. Approximately 300,
000 people in the United States live with the effects of spinal cord injury and
approximately 200,000 nerve repair procedures are performed annually in the
United States. Peripheral nerve injuries have traditionally been the most
challenging cases for surgeons. The treatment for long nerve injuries requires
removing a donor nerve from a different location and using it to join together
the severed nerve. Limitations of this method include requiring two incisions
(for donor harvest and repair), creating donor site morbidity, and not always
resulting in full functional recovery. To determine the rate of achieving
electrophysiologically proved the functional recovery by autonomic nerve
regeneration, with the aid of an artificial nerve conduit [73].

Recombinant human basic fibroblast growth factor (rhbFGF) is a peptide
with many bioactivities such as promoting proliferation and migration of
various cells. It plays an important role in neuroprotection and enhancement of
nerve regeneration. To prolong the bioactivity of rhbFGF and to enhance its
biological effects, absorbable collagen sponges were used to control the release
of rhbFGF [74]. Thus, the goal of using collagen sponges is to produce
biodegradable drug delivery scaffolds using collagen as nerve substitute for
peripheral nerve repair to integrate with the damaged tissue and to promote
consistent fully functional recovery following potential advantages:

� Clinical effectiveness in tensionless repair

� Eliminates donor site morbidity associated with autografts

� No second surgery required to harvest autograft

� Designed to be noninflammatory and resorbable

A few marketed products include the following:

NeuroMatrix/Neuroflex. Neuroflex and NeuroMatrix are safe, resorbable,
collagen-based tubular matrices intended for use in the repair of severed
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peripheral nerves. Both products are implanted using an efficient entubulation
technique. The tubular nerve guide bridges the severed nerve and provides a
protective environment to guide the regeneration of the nerve across the gap.
These products are resorbable, semipermeable, collagen tubular matrix de-
signed to create a conduit for axon growth across a nerve gap.

Collagen Sponges for Drug Delivery. Due to its biocompatibility and well-
established safety profile, collagen represents a favorable matrix for on-site
drug delivery. The applications covered includes: treatment and prophylaxis of
bone and soft tissue infections, wound healing, as well as ophthalmic and
periodontal treatment [75]. Based on the tissue repair and hemostyptic proper-
ties of collagen sponges, combinations of sponges with various drugs were
developed. Advantages of drug-incorporated collagen particles have been
described for the controlled delivery system for therapeutic actions.

A few marketed products include the following:

Collatamp G Topical and CollaRxs Bupivacaine Implant. The Collatamp G
surgical implant is designed for site-specific delivery of pharmaceuticals, parti-
cularly antibiotics and anaesthetics. The topical application of Collatamp G
comprises a gentamicin-impregnated collagen sponge that combines an active
dressing with local antibiotic delivery for the treatment or prevention of infected
skin ulcers, such as those caused on the legs and feet by diabetes. The CollaRx
bupivacaine surgical implant is designed to provide local postoperative pain
relief and thereby also reduce opioid dependency. The implant is a leave-behind
collagen matrix loaded with the local anaesthetic bupivacaine, which has broad
applicability across a wide range of general and orthopedic surgery [76].

2.10.3 Minipellets and Tablets for Protein Delivery

Minipellet is a matrix-type cylindrical solid collagen preparation for injection
that has been developed for delivery of various compounds. Collagen minipel-
lets have shown to be useful for controlled release of various protein drugs such
as interferon, nerve growth factor, interleukin-2, fibroblast growth factor, and
granulocyte colony-stimulating factor [35, 77]. Minipellets are also used to
examine the effects of various additives on the profiles of rhBMP-2 release from
minipellet, it is useful as a controlled-release formulation to release rhBMP-2
around the implanted site [78, 79]. Collagen pellets have also been studied
extensively as a gene delivery carrier [80]. The advantages of the minipellet
include [78] the following:

� Carrier material is a biodegradable natural protein collagen.

� Manufactured under mild processing conditions without any organic
solvent or heating process, thus preventing denaturation of collagen and
incorporated drug.
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� Minipellet has sufficient mechanical strength for easily administration
using conventional injection.

� Minipellet is small enough to be injected into the subcutaneous space
through a syringe needle and yet spacious enough to contain large
molecular weight protein drugs [34].

� A single subcutaneous injection of a minipellet causes prolonged retention
of drugs and decreases its maximal concentration in the serum.

� Gradual slow release is obtained from collagen minipellet and exhibit less
swelling as compared to sponge and film formulations.

� Minipellet was used as carrier for local delivery of various drugs including
minocycline and lysozyme [34].

2.10.4 Collagen Gels

Hydrogels have been widely used as a drug carrier due to its ease of
manufacturing and self-application. The production of a large and constant
surface area is one of the major merits to be widely used for clinical and
fundamental applications [34]. Collagen gels are flowable, suggesting the
possibility of an easily injectable, biocompatible matrix for drug delivery [79]
and tissue engineering [81]. These gels have been employed as scaffolds in tissue
engineering [82] and as delivery matrices for cells and genes in gene therapy.
They exhibit the following properties [79]:

� Good cell and tissue compatibility

� Drug release from matrices in a controlled manner

� Viscoelastic in nature, that is, semi-solid when at rest but can be induced
to flow under, that is, stress

� No interference with normal function at the site of implantation and
systemically

A few marketed products include the following:

Collatek Hydrogel. It is a sterile wound dressing consisting of polyacrylic acid
and collagen. This dressing encourages healing by maintaining a moist
environment at the wound site in dry to lightly exudating wounds. Collatek
Hydrogel is intended for use on dry, light, and moderately exudating wounds of
the following types: first- and second-degree burns, severe sunburns, abrasions,
cuts, surgical wounds, pressure ulcers, venous stasis ulcers, ulcers caused by
mixed etiologies, diabetic ulcers, donor sites, and grafts.

CollaWound Hydrogel. It is a collagen-based emulsion/liquid formulation
comprising collagen derived from porcine hides. It is intended for the manage-
ment of partial and full thickness wounds, pressure ulcers, diabetic ulcers,
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venous ulcers, surgical wounds, first- and second-degree burns, superficial
injuries, cuts, and abrasions.

2.10.5 Collagen in Ophthalmology

Successful treatment of eye diseases requires effective concentration of the drug
in the eyes for a sufficient period of time. Conventional ocular drug delivery
including eye drops, systemic administration, and ophthalmic ointments is no
longer sufficient to combat ocular diseases [83]. Medical devices based on
collagen have numerous applications in ophthalmology as grafts for corneal
replacement, suture material, bandage lenses, or viscous solutions for use as
vitreous replacements or protectants during surgery.

Inserts/Plugs. One of the most widely studied drug carrier applications of
collagen are inserts and plugs for drug delivery to the corneal surface. The
concept of using ocular collagen inserts to provide prolonged delivery of
medication to the eye was initiated in the early 1970s [84]. Collagen plugs may
be used as follows:

� As a diagnostic aid to determine the potential effectiveness of long-term
lacrimal occlusion

� To prevent complications due to dry eyes after surgery

� To evaluate the dry component of ocular surface disease including
conjunctivitis, corneal ulcer, pterygium, blepharitis, keratitis, red lid
margins, recurrent corneal erosion, and filamentary keratitis

� To temporarily enhance the efficacy of topical medications. Release of
pilocarpine can be extended for over 25 min, whereas when succinylated
collagen insert was loaded with erythromycin estolate, effective concen-
tration release was observed for more than 12 h [84].

A marketed product include the following:

UltraPlug Collagen Plugs. These collagen plugs are intended for temporary
use with patients experiencing dry eye symptoms such as redness, burning,
itching, or foreign body sensations, which can be relieved by blockage of the
canaliculus. The UltraPlug collagen plug is composed of purified collagen,
derived from the serosal layer of bovine intestines.

Shields. Collagen shields are manufactured from porcine or bovine collagen.
The thin collagen films match the shape of the cornea when applied to the eye,
provide sufficient oxygen transmission to allow corneal metabolism, and act as
short-term bandage lenses. As the shields dissolve, they provide a layer of
collagen solution that seems to lubricate the surface of the eye, minimize
rubbing of the lids on the cornea, and faster epithelial healing [34]. The shields
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come in a dehydrated form and have to be soaked with liquid prior to
application. These devices could also be used to deliver ophthalmic medication
when immersed in an aqueous drug solution/suspension immediately before
placement in the eye. Collagen matrix may [84]

� Reversibly absorb drug molecules that were subsequently released.

� Act as a reservoir for drug and increasing the contact time between drug
and cornea.

� Reduce the likelihood of systemic toxicity since dose reduction is possible
[84, 85].

Presoaking the collagen shield in apharmacological agentwith adjunctive topical
treatment represents the most efficacious method of utilizing collagen shields for
drug delivery: for example, penetration of commercially available gatifloxacin
and moxifloxacin into the anterior chamber of a rabbit eye was evaluated using
collagen shields presoaked in the antibiotics. Results suggested that collagen
shields can be more effective as a drug delivery system for these drugs [85].

An example of a marketed product follows:

Ocusert. It is an insoluble ophthalmic insert classified in the group of
diffusional systems. It consists of a central reservoir of pilocarpine enclosed
between two semipermeable membranes that allow the drug to diffuse from the
reservoir at a precisely determined rate for a period of 7 days.

Hydrogels. The efficacy of ophthalmic semisolid hydrogels is mostly based on
an increase of ocular residence time; this may be achieved by enhanced viscosity
and mucoadhesive properties. Various formulations are reported using a
variety of polymers that are initially liquids but gel after administration to
the eye. When applied, the gels will remain in place in the cul-de-sac of the eye
substantially longer than liquid formulations and will allow a sustained delivery
of drugs or antibiotics [84]. Composite collagen hydrogel containing protein
encapsulated alginate microspheres has been developed for ocular applications.
The composite hydrogel supports human corneal epithelial cell growth and has
adequate mechanical strength and excellent optical clarity for possible use as
therapeutic lens for drug delivery or as corneal substitute for transplantation
into patients who have corneal diseases [86].

Corneal Replacement Grafts. The need for corneas suitable for transplanta-
tion, combinedwith the decreasing supply, has fueled interest in the development
of a corneal replacement [87]. Cornea is a fairly simple, sparsely populated,
avascular, multilaminar structure and comprised of different cell types that
require successful culturing techniques if a cornea is to be constructed by tissue
engineering methods. In spite of initial success, no corneal construct has been
produced so far that is appropriate for clinical use.
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3.1 INTRODUCTION

Gelatin is an important fibrous protein obtained from collagen by partial
hydrolysis derived from mammalian, avian, and fish species. Today cattle
bones, cattle hide, and pork skin serve as a principal raw material for gelatin
production [1]. In addition to fish skin, fish bone and chicken bone can also
serve as the source of raw material for gelatin manufacture. The preferred
collagen source for producing high-quality gelatin is cow bone and hides [2].

For the last few decades the demand for gelatin has increased substantially
worldwide. Recent reports show that the annual world production of gelatin is
approximately 326,000 tons of which pig-skin-derived gelatin accounts for the
highest (46%) amount followed by bovine hides (29.4%), bones (23.1%), and
other sources (1.5%). The majority of gelatin is produced in western Europe
with 40% output; the rest is produced in eastern Europe 2%, North America
20%, Latin America 17%, and 21% elsewhere [3].

However, though gelatin has such a wide range of applications, pessimism
and strong concerns still persist among consumers with regard to its usage [4].
This is mainly due to religious sentiments (Judaism and Islam forbids the
consumption of pork-related products while Hindus do not consume cow-
related products) as well as the enhanced and stricter adherence to vegetarian-
ism throughout the world [5]. In addition, there is an increasing concern among
researchers about whether animal-tissue-derived collagens and gelatins are
capable of transmitting pathogenic vectors such as prions [6]. However, studies
conducted by various authorities have shown that the production process of
gelatin is an effective barrier against possible bovine spongiform encephalo-
pathy (BSE) prions.

In March 2003, the scientific steering committee of the European Union
confirmed “the risk associated with bovine bone gelatin is close to zero.” The
European Food Safety Authority (EFSA) issued a statement on January 18,
2006, announcing that the residual BSE risk in bone-derived gelatin is regarded
as being very small [7].

Significant amount of gelatin used in food and pharmaceutical industries
is derived from either pig skin or cow hide and bone. The outbreak of zoonotic
problems such as BSE and religious concerns have led to intensive research
to find an alternative source for mammal-derived gelatin. Furthermore, the
strong competition between manufacturers for the procurement of pig skin or
other mammalian source resulted in increased demand and cost. However,
today only a few alternatives are available, and as a result it has not been
possible to eliminate gelatin derived from mammalian sources. Researchers
from industry and academia are continuously searching for an alternative to
either gelatin or mammalian gelatin, for example, gelatin from fish and poultry
by-products. Poultry skin and bones are expected to yield gelatin in the near
future, but commercial production is currently very low. Fish gelatin is also a
better alternative to mammalian gelatin particularly with qualities such as lower
melting point (resulting in faster dissolution). However, the production of fish
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gelatin is also very low, accounting for just 1% of the annual world gelatin
production [8].

3.2 GELATIN STRUCTURE

Gelatin is a protein derived from collagen, which is the major structural protein
in the connective tissue of animal skin and bone. The fundamental unit of
collagen is the tropocollagen rod, a triple-helical protein structure. Collagen
and gelatin consist of varying amounts of 18 amino acids, of which glycine
(Gly), proline (Pro), and hydroxyproline (Hyp) are the most abundant. The
proline content is particularly important as it tends to promote formation of
the polyproline II helix, which defines the tropocollagen trimer. The primary
structure of gelatin closely resembles to that of collagen, whose triple-helical
structure can have two different compositions. The triple helix of type I
collagen from skin and bone is composed of two α1 (I) and one α2 (I) chains,
while type III collagen from skin (not present in bone) is made up from three
α1 (III) chains [9]. Collagen is composed of three α chains intertwined in
such a way as to provide a three-dimensional structure that provides an ideal
conformation for interchain hydrogen bonding [10]. The main difference
between these three α-chain types is in the amino acid composition. The triple
helix is approximately 300 nm in length and the chain has a molecular weight of
approximately 105 kDa. The triple helix is stabilized by the interchain hydrogen
bonds. Collagen denaturation causes separation of the rods and total or partial
separation of the chains due to the destruction of hydrogen bonds causing loss
of triple-helix conformation, and following the polymer exist in a coiled form.
Industrial gelatins are mixtures of different components: α chains (one polymer
chain), β chain (α-chain dimer) and γ chains (α-chain trimer, higher molecular
weight), and some lower-molecular-weight fragments. Gelatin that contains
more α chains would show higher gel strength. Table 3.1 gives the composition
of an alkaline hide sample and an acid pig skin sample, both with very similar
bloom and viscosity values [11].

Table 3.1 shows that the main differences between the samples are contents
of α structure and β peptides. In general, the Bloom value is proportional to
the sum of the α and β fractions, together with their larger peptides, while the

TABLE 3.1 Composition of Gelatin

Source ,A A α
β

Peptide β γ γ 2 X 1�4 Q

Bloom

(g)

Viscosity

(mPa s)

Limed hide 28 4 30 6 13 3 8 4 3 250 5.7

Acid pig

skin

35 4 10 12 11 6 11 7 4 250 5.5

Source: From Johnston-Banks [11].
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viscosity is proportional to the content of higher-molecular-weight fractions.
The triple-helical structure of gelatin does not fit any of the common structural
categories, such as the α helix, β sheet, or β turn found in most globular proteins.

3.3 USES OF GELATIN

Gelatin is a special and unique hydrocolloid serving multiple functions with a
wide range of applications. Because of its unique functional and technological
properties among which is the ability to form thermoreversible gel, it is widely
used in food, pharmaceutical, cosmetic, and photographic applications.

Because of its nonimmunogenic, biocompatible, and biodegradable nature,
it is used in the food industry: Gelatin is utilized in confectionaries, low-fat
spreads, fat reduction and for mouth feel, dairy, baked goods, and meat
products [7, 11]. In the pharmaceutical and medical fields, gelatin is also used as
a matrix for implants [12], in injectable drug delivery microspheres [13] and in
intravenous infusions [14]. Gelatin is used for biomedical applications such as
tissue engineering. It is preferred for biomedical applications over collagen
because collagen is known for antigenicity; gelatin does not exhibit antigenicity
and it is one of the most convenient proteins for such application [15]. There
are also reports in which live unattended viral vaccines used for immunization
against measles, mumps, rubella, Japanese encephalitis, rabies, diphtheria, and
tetanus toxin contain gelatin as a stabilizer [16]. In the pharmaceutical industry,
gelatin also is widely used for the manufacture of soft and hard capsules,
microspheres, plasma expanders, and in wound care (wound dressing material
and wound healing agents) bone repairing matrices, ligament substitutes, and
scaffolds for tissue engineering purpose.

Gelatin, being low in calories, is normally recommended for use in food-
stuffs to enhance protein levels and is especially useful in body-building foods.
In addition, it is also used to reduce carbohydrate levels in foods formulated for
diabetic patients.

3.4 MANUFACTURING OF GELATIN

There are four different methods [17] used to manufacture gelatin:

1. Acid process

2. Alkali process

3. Heat pressure method

4. Enzymatic process (recombinant microbial process)

All gelatin manufacturing processes consist of three main stages, namely (a)
pretreatment of the raw material, (b) extraction of the gelatin, and (c)
purification and drying of gelatin.
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Manufactured gelatin is often blended to produce trade-quality gelatin, with
specific properties for specific applications [18]. Depending on the method in
which collagens are pretreated, two different types of gelatin (each with
different characteristics) can be produced. Type A gelatin (isoelectric point at
pH 6�9) is produced from acid-treated collagen, and type B gelatin (isoelectric
point at pH 5) is produced from alkali-treated collagen [19]. See Figure 3.1.
Acid treatment is most suitable for the less covalently crosslinked collagens
found in pig or fish skins, while alkaline treatments are more suitable for the

Acid Process for Type A
Gelatin

Alkaline Process for B Type
Gelatin

Pig Skin Bones Split

Washing Degreasing Washing

Grinding Grinding Grinding

Hydrolysis Macerating Liming

Washing Washing Washing

Extraction Ossein Neutralization

Gelatin
Solution

Neutralization

Filtration, Evaporation, Gelation, Drying, and Grinding

FIGURE 3.1 Manufacturing process for gelatin.
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more complex collagens found in bovine hides. Among all of these processes,
acid and alkaline processes are the best and the most widely used [20].

3.4.1 Acid Manufacturing Process

The acid process is mainly used for the preparation of gelatin from pig skin,
fish skin, and sometimes for bones. In this method the following steps are
performed in order to make material ready for the main step: size reduction,
washing, removing hairs, and degreasing. After pretreatment the material is
acidified to about a pH 4 and then heated stepwise from 50oC to boiling.
This takes 10�40 h. Thereafter the denaturated collagen or gelatin has to be
defatted and filtered to a high clarity. It is then concentrated either by vacuum
evaporation or by membrane ultrafiltration to a reasonably high concentration
of gelatin. The material is then dried by passing dry air grounded and blended
as needed.

3.4.2 Alkali Manufacturing Process

This method is suitable for more complex collagen such as the one obtained
from bovine hides where the animals are relatively old at slaughter. Compared to
the acid process, the alkali process requires longer time, normally several weeks
(4�6 weeks). After pretreatment, the raw material is digested with caustic
soda. During this process the asparagine and glutamine side chains are quickly
hydrolyzed to aspartic and glutamic acid, respectively, which affects their
isoionic point (4.8�5.2). However, a shortened alkali treatment (7 days) may
produce gelatin with an isoionic point as high as 6.

After alkali treatment the material is washed with water to make it free from
alkali and acidified to a desired extraction pH. It is then denaturated by heating
and demineralized by using ion exchange or ultrapurification, dried by vaccum
evaporation, grinded, and blended.

3.4.3 Heat Pressure Method

The heat pressure process is used for gelatin extraction from bones. This
process is relatively fast and requires no chemicals compared to acid and alkali
processes, which usually take longer time and require chemicals and a large
amount of water.

Typically, bones are crushed and washed with water after degreasing. The
crushed bones are then treated in a high-pressure tank along with water
at a ratio of 1 : 3 (bones : water) at 104oC and 1.2 atmospheric pressure for
5�6 h. They are then filtered in order to remove all the solid material.
The solid is then defatted by phase separation followed by concentration,
drying milling, and blending. The gelatin obtained by this method is of a
limited quality and use, but the advantages are short processing time and no
chemicals used.
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3.4.4 Enzymatic Process

Recombinant microbial production offers the only known technology for the
cost-effective manufacturing of gelatin with consistent quality that is free from
animal components. It offers high productivity and consistent quality gelatin
suitable for tissue engineering applications. For this method genetically
engineered microorganisms such as yeast (Pichia pastoris, Saccharomyces
cerevisiae, Hansenula polymorpha) and bacteria (Escherichia coli, Bacillus
brevis) are used on synthetic media [21].

3.5 RHEOLOGICAL PROPERTIES OF GELATIN

Gelatin is categorized as a physical gel, that is, the interactions or bonds
between the chains that physically make up the material in nature (van der
Waal’s interactions and hydrogen bond’s with E� 2 K cal/mol). Some physical
gels, such as alginate, are not thermally reversible. However, the bonding
energy in gelatin is relatively week, and, as a result, gelatin is capable of forming
thermoreversible gels. Apart from gelatin, casein (a milk protein that forms
spherical aggregates approximately 20�300 nm in diatemer), agarose, pectin,
and carrageens also form reversible gels [22].

Gel strength and gel melting point are the major physical properties of gelatin
gels. These are governed by molecular weight, as well as complex interactions
determined by the amino acid composition and the ratio of α/β chains present in
the gelatin [23]. According to Schrieber and Garies [7] the gel strength mainly
depends on the proportion of fractions having a molecular weight of approxi-
mately 100,000 g mol21. In addition, there is a strong correlation between gel
strength and the α-chain content in gelatin. Gelatin containing more α chains
would thus show higher gel strength. On the other hand a high ratio of peptides
with molecular weight higher or lower than the α chains would decrease the gel
strength [24]. The gel strengths of commercial gelatins are expressed using
Bloom values. The Bloom value is the weight in grams that is required for a
specified plunger to depress the surface of a standard thermostated gel to a
defined depth under standard condition [7]. The gelling strength of commercial
gelatins ranges from 100 to 300, but gelatins with Bloom values of 250�260 are
the most desirable [25]. Table 3.2 shows the Bloom values, gelling temperatures,
and melting points of gelatins obtained from bovine, porcine, and fish collagen
as reported in the literature [3].

Fish gelatin typically has a Bloom value ranging from as low as 0 to 270
(tested under the conditions of the standard Bloom test) compared to the high
Bloom values for bovine or porcine gelatin, which have Bloom values of
200�240. The wide range of Bloom values found for the various gelatins
arises from the different sources and is associated with the amino acid
composition and extraction conditions, which influence the physical properties
of gelatins such as gelling point and gelling strength; for example, the use of high
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concentration of sulfuric acid, sodium hydroxide, and citric acid has been
reported to result in low Bloom values [26], indicating that the gel-forming
ability of the gelatin is sensitive to acid and alkali hydrolysis, as both affect the
degree of crosslinking in the collagen.

The most remarkable characteristics of gelatin are its solubility in water
and the ability to form thermoreversible gels. As a thermoreversible gel, gelatin
gels will startmeltingwhen the temperature increases above a certain point, which
is called the gel melting point and is usually lower than human body temperature.
This melt-in-the mouth property has become one of the most important charac-
teristics of gelatin gels and is widely exploited in the food and pharmaceutical
industries. The rheological properties of thermoreversible gelatin gels are primar-
ily a function of temperature (below the melting point of the gel) and concentra-
tion of gelatin for a given gelation type. The transformation of collagen to gelatin
is interpreted as the disintegration of the helical structures into random coils.
Upon cooling, the random coils undergo a coil-to-helix transition during which
they attempt to reform the original structure. The resulting three-dimensional
network is responsible for the strength and integrity of the gelatin gel [3].

Emulsifying and Foaming Properties of Gelatin. Gelatin and to some
extent also collagen are used as foaming, emulsifying, and wetting agents in
food, pharmaceutical, medical, and technical applications due to their surface-
active properties. The hydrophobic areas on the peptide chain are responsible
for giving gelatin its emulsifying and foaming properties. However, gelatin is
generally a weaker emulsifier than other surface-active substances such as globular
proteins and gum arabic. Therefore, when used alone, gelatin often produces
relatively droplet sizes during homogenization, and it has to be either hydro-
phobically modified by the attachment of nonpolar side groups or used in
conjunction with anionic surfactants to improve its effectiveness as an emulsifier.

3.5.1 Methods for Rheological Properties of Gelatin

Following are some methods used for the rheological characterization (viscoe-
lasticity and gel strength) and chemical properties (amino acid composition,
molecular weight distribution) of gelatin.

TABLE 3.2 Gel Strength and Melting Point of Various Fish Gelatins

Type of Gelatin Bloom Value (g) Gelling Temp. (�C) Melting Point (�C)

Sole fish gelatin 350 18�19 19.4

Tilapia fish gelatin 273 Not reported 25.4

Grass fish gelatin 267 19.5 26.8

Tuna fish gelatin 426 18.7 24.3

Cat fish gelatin 243�256 15�18 23�27

Porcine gelatin 220�240 22�25 31�35

Bovine gelatin 210�240 20�24 30�33.8
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Amino Acid Analysis. For amino acid analysis typically dry gelatin is
dissolved in distilled water and hydrolyzed in vaccum-sealed glass tubes at
108�C for 18 h in the presence of 5.7 N HCl containing 0.1% phenol and
norleucin as internal standard. After hydrolysis the sample is vaccum dried,
dissolved in a buffer, and analyzed for amino acid composition [27].

Determination of Total Protein Content. Although protein determination
could be carried out by the Kjeldahl method, because of time and sample
consumption it is not used for routine determination. For total protein deter-
mination Biuret and Lowry assays are commonly used, as both the methods are
simple, rapid, and relativelymore precise [1]. In thismethod the color response of
gelatins in the Biuret assay is determined at 540 nm, while the color response
of gelatin in the Lowry assay is determined at 650 nm. Bovine serum albumin is
used as the reference protein for both assays. The concentration of bovine serum
albumin is determined by using the absorbance at 320 nm serving as background
scattering correction.

Electrophoretic Analysis. Gelatin is dissolved in distilled water at 60�C
and then a two- or threefold concentration loading buffer containing
β-mercaptoethanol is added. Samples are then heat denaturated for 5 min at
90�C and analyzed by sodium dodecyl sulfate�polyacrylamide gel electrophor-
esis (SDS�PAGE) using 4% stacking gels and 5% resolving gels. Protein bands
are stained with Coomassie Brilliant Blue R-250. The protein bands stained
on the gel are scanned; fetal calf skin is used as the marker for α, β, and γ
components mobility [27].

Viscoelastic Properties. The rheometer is used for the determination of
dynamic viscoelastic properties of gelatin. Dry gelatin and cold distilled water
are mixed for 60 min and then placed in to a water bath held at 45�C. The
gelatin solution is prepared by stirring the mixture for 20 min. The viscosity
measurement of the sample is performed at a scan rate of 1�C/min, frequency
1 Hz, an oscillating applied stress of 3.0 Pa, and a gap of 0.15 mm. The gelation
solution is cooled from 40 to 5�C, kept at 5�C for 10 min, and then heated
from 5 to 40�C, viscoelastic properties of gelatin slices that maturated in low
temperature are observed. The gel slices are heated and cooled on the rheometer.
The elasticmodulus (G0), viscositymodulus (Gv), and phase angle (rad) values are
represented as a function of temperature [24].

Gel Strength. The gel strength is determined by dissolving dry gelatin in
distilled water (6.6% w/v) at 60�C. The solution of gelatin matures at 10�C for
16�18 h in a refrigerator. The gel strength test is then carried out on a texture
analyzer with a 5-kN load cell equipped with a 1.27-cm diameter flat-faced
cylindrical Teflon plunger. The maximum force (in g) is determined when the
plunger has penetrated 4 mm in to the gelatin gel [24].
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3.6 HEMOSTATIC APPLICATION OF GELATIN

Hemostatic agents are defined by the FDA as devices intended to produce
hemostasis by accelerating the clotting process of blood [28]. Control of
intraoperative bleeding is a big challenge during surgery, and postoperative
hemorrhage is a significant risk; it increases operating room time and may
require blood transfusion. In most cases, continuous bleeding impedes identi-
fication of eloquent or pathological structures in microsurgical approaches
such as intraspinal surgery and affects clear visualization by the surgeon [29].
There are several conventional techniques in use to control bleeding and
minimize loss of blood during surgical procedures. Manual pressure, tourni-
quet application, and ligatures are some of the techniques in use to stop the
bleeding, but these methods are not very useful as they are laborious and often
add time to the operation [30]. Other techniques to achieve hemostasis include
electrical and chemical methods; the use of electrocauterization or laser has
limited application as these methods result in thermal injury to adjacent
vascular and neural structure, damage to wound edges, char, necrosis of tissue,
which impairs wound healing and may cause infection [31]. In contrast manual
pressure is safe, but it is not very effective to control bleeding from complex
injuries wherein the area of bleeding is not easily accessible. Among all these
methods, use of chemical hemostatic agents proved to be more useful under
such conditions.

Hemostatic agents are often used in surgery as they help a patient’s coa-
gulation system to quickly develop an occlusive clot. These agents are used
in intraoperative hemostatsis, hemorrhage control in dental extractions and
odontostomatology, intestinal, orthopedic, and ear surgery, and in urological
and for microcoil embolization in upper and lower gastrointestinal hemorrhage.

The biosaftey and compatibility of gelatin was evaluated in many studies
before application, for instance, biocompatibility and genotoxicity of gelatin
sponge was evaluated in vitro. Cytotoxicity was analyzed by neutral red uptake
and amino acid black staining test, where genotoxicity was analyzed by the
Ames test, Sister Chromatides Exchange (SCE), and chromosal aberrations.
The undiluated extract of gelatin sponge was found to be cytotoxic, but cell
viability was not affected by 1 : 2 and 1 : 10 diluted extract. The same material
was also found to be nongenotoxic by all three assays [32].

There are several types of hemostatic agents available commercially with
different configuration and combinations approved by the FDA for use as
hemostatic agents during and after operative procedures. The following are differ-
ent types of chemical hemostatic agents: collagen-based hemostat, albumin-based
hemostat, cellulose-based hemostat, gelatin-based hemostat, polysaccharide-based
hemostat, inorganic hemostat, fibrin-based hemostat, and polymeric hemostat.
These hemostats act in a variety of ways, some of them stimulate formation of
fibrin or inhibit fibrinolysis, whereas some others improve hemostasis, and
some hemostats provide tamponade at the site of bleeding and activate coagu-
lation. A topical hemostat is often necessary because of the choice of technique
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used, and one has to take into account the site of surgical procedure, type of
procedure, amount of bleeding, experience of application, cost, and preference
of the surgeon [33].

The gelatin sponge was first introduced in the 1940s by Dr. Gray for use in a
neurosurgical procedure. Commercial gelatin-based hemostats have been in
use to stop bleeding since 1945 [34] and are available commercially under
various names and configurations. These are water soluble and are widely used
to stop bleeding. Though the mechanism of action of gelatin-based hemostats is
not fully understood, it is believed that the hemostatic properties are the result
of induction of hemostasis by hastening the development of thrombus and
providing structural support to it. After application, gelatin-based hemostats
are absorbed in 4�6 weeks [35]; when applied during nasal surgery, it liquefies
within 2�5 days. It has been reported that gelatin induces a better quality of
clot than collagen-based agents [36]. Following are some commercial gelatin-
based hemostats:

� Gelfoam (Pharmacia & Upjohn): Porcine gelatin in powder form, non-
antigenic, can be used as dry or with sterile saline.

� Surgifoam (Ethicon): Porcine gelatin as sponge (off-white porous),
powder, or paste, more suitable for irregular cuts/wound in spinal,
vascular, or spinal applications, can be applied as paste (spreading) or
through applicator. (See Fig. 3.2.)

� Floseal Matrix (Baxter Healthcare): Bovine gelatin, human thrombin,
viscous gel, through syringe application.

3.6.1 Gelfoam

Gelfoam is a water-insoluble hemostat available since 1945 and approved on
July 8, 1983. It is an off-white, nonelastic, porous, pliable product prepared
from pure gelatin. It is capable of absorbing up to 45 times its weight of whole
blood [37]. It has been used widely in a number of clinical indications such as

(a) (b) (c)

FIGURE 3.2 Surgifoam: (a) gelatin powder, (b) gelatin sponge, and (c) gelatin paste.
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gastrointestinal bleeding, trauma, postpartum hemorrhage, and in preoperative
tumor embolization, retroperitonal and pelvic bleeding, and uterine artery
embolization to reduce hepatic hypertrophy of one lobe before surgical
resection of other lobe. When placed in soft tissues, it is usually absorbed
completely within 4�6 weeks without inducing excessive scar. When applied to
bleeding nasal, rectal, or vaginal mucosa, it liquefies within 2�5 days. Gelfoam
is available in a wide range of formulations, for example, Gelfoam Plus,
Gelfoam sponge, Gelfoam powder. It is effective in ebbing blood flow when
manual pressure, ligature, and conventional procedures are impractical. It is not
advisable to use Gelfoam in intravascular compartments or in the closure of
skin incisions. As Gelfoam swells, it limits its application to be used within
confined space such as the spinal formina where it can cause spinal cord nerve
and brain compression. There are some reports of neurological deficits due to
the intraspinal use of gelatin [38]. A study was carried out to assess the
hemostatic application of gelatin paste and gelation sponge (soaked in throm-
bin) and microfibrillar collagen from bone bleeding. A total of 45 hip replace-
ments were done with the use of the above-mentioned hemostatic agents to
reduce bleeding from cancellous bone (femoral surface of trochanteric osteo-
tomies) during hip replacement. Gelatin paste was more effective among these
with 85% reduction, followed by gelatin sponge soaked in thrombin (75%) and
microfibrillar collagen (47%) compare to control (11%, spontaneous bleeding
reduction in eight control hips to which no agent was given) [39].

The efficacy of Gelfoam powder as a bone hemostat in cardiopulmonary
surgery was evaluated by two randomized open-label clinical trials. The
objectives of the study were to evaluate the efficacy of Gelfoam as a hemostatic
agent in the treatment of sterna bone bleeding in cardiopulmonary bypass
surgery, to identify deleterious effects, if any, on interference with bone healing,
and to determine any systemic or local wound side effect from Gelfoam in situ.
A total of 215 patients between 18 and 74 years old undergoing cardiopulmonary
bypass surgery were enrolled and grouped into two groups: the Gelfoam group
(108) and the control group (107). The Gelfoam paste was applied to the cut
sternal surface immediately following sternotomy. The control group received
no treatment to the cut surface. Blood loss was monitored both during bypass
surgery and postoperatively. It was observed that the amount of blood loss in
the Gelfoam group was significantly less than that of the control group. The
mean blood loss in the Gelfoam group was 13.72 gm, whereas in the control
group it was more than double, 27.71 gm. At hospital discharge, normal bone
healing was reported for 105 patients (97%) in the Gelfoam group and 104
patients (97%) in the control group.At the 3-month follow-up 95%of patients in
the Gelfoam group and 93% of patients in the control group were healed.
A clinical study of gelfoam showed that the paste made from Gelfoam is safe
and effective in treating intraoperative bleeding when applied to cut surface of
cancellous bone.

Several reports of adverse reactions associated with the use of this material
have been reported and show that Gelfoam may serve as a nidus for infection
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and abscess formation and may potentiate bacterial growth. With the use of
Gelfoam, the foreign body reaction, “encapsulation” of fluid and hematoma
have been reported. When Gelfoam was used in laminectomy operations,
multiple neurological events were noticed such as cauda equine syndrome,
spinal stenosis, meningitis, headache, paresthesias, pain, bladder and bowel
disfunction, and impotence. Toxic shock syndrome has also been reported in
association with the use of Gelfoam in nasal surgery. Fever, failure of
absorption, and hearing loss are also adverse effects associated with the use
of Gelfoam in tympanoplasty [40].

3.6.2 Floseal

Floseal was approved on December 8, 1999, as an effective hemostat from
Baxter Corp. It works on wet, actively bleeding tissues and conforms to
irregular wound surfaces. It can be applied to both hard and soft tissues. It
is absorbed within 6�8 weeks. Floseal is well suited for application to a heavy
bleeding site [41]. Several studies have been carried out to compare Floseal with
gelfoam in combination with thrombin. It has been observed that Floseal
results in a faster and more effective hemostasis than Gelfoam in heparinized
patients [42]. It is useful in ear, nose, and throat interventions.

The usefulness of Floseal in many surgical disciplines has been reported
[43, 44]. In endoscopic neurosurgery and removal of tumor, the surgeon has to
face oozing or focal bleeding from mucosa, vascular structure, or lesion, which
results in reduction of the visibility for the surgeon and subsequently tumor
removal and the patient’s safety. Specific skills and techniques are required to
stop intradural bleeding so as to preserve neurovascular structures and
maintain the operating field clear. In such cases Floseal has been found useful.

When applied to the bleeding site, the Floseal granules adhere to the surface
and swells, resulting in restriction of blood flow, whereas thrombin activates
clot formation. After that it can be irrigated to make the operative field clear.
After application of Flosealmatrix, homeostasis was observed immediately. This
matrix was found useful for both oozing and focal hemorrhage and effective for
high flow bleeding [45]. In one controlled randomized clinical trial (93 cardiac
patients) of the Floseal matrix versus thrombin-soaked Gelfoam as hemostatic
agents in cardiac surgery [42], demonstrated that Floseal matrix was safe
and effective with a faster time of coagulation and better efficacy (94%) than
Gelfoam (60%). After application of the Floseal matrix at the bleeding site the
gelatin particles swell and tamponade bleeding. The gelatin matrix�thrombin
composite slows blood flow and provides exposure to a high concentration of
thrombin, thus hastening clot formation.

Floseal has been found to be more effective in nasal packing during posterior
epistaxis. Removal of nasal packing may lead to pain, infection, rhinorrhea,
disturbance of breathing, necrosis, sleep apnea, and epistaxis. Several studies
have shown that nasal packing such as tampons and gauze are often uncomfor-
table to remove [46]. In a histopathologic study on the sheep model a loss of

3.6 HEMOSTATIC APPLICATION OF GELATIN 103

ch003 14 April 2011; 12:0:59



ciliated epithelial cells was shown on the removal of the cotton sponge [47].
Gelatin�thrombin matrix has been studied for its hemostatic effect after
endoscopic sinus surgery in a multicenter, prospective, single-arm study.
Thirty-five patients were enrolled (17male, 13 female, age 486 15 years). Patient
satisfaction and postoperative healing were evaluated; 29 patients achieved
hemostasis 10min after application (96.7% success rate). No complications such
as synechiae, adhesion, or infection were reported [48]. Floseal was also found to
be more useful in percutaneous nephrolithotomy (PCNL). Two patients were
treatedwith PCNL for evaluation of initial clinical use of Floseal followed by five
patients. Gelatin matrix sealant was injected down the nephrostomy tract. The
operative time was 75 and 180 min. After the procedure both patients had
stable postoperative hemoglobin and no evidence of bleeding or obstruction on
postoperative computerized tomography [49]. Safety and efficacy of the surgeon-
prepared gelatin as hemostat was compared with Floseal for hemostasis in
laproscopic partial nephrectomy (LPN). From August 2006 to July 2008 forty
LPNs were performed at two different institutes by the same surgeon for this
study. Estimated blood loss, operative time, transfusion rate, and complications
were taken into consideration while comparing gelatin versus Floseal. The study
demonstrated that the same efficacy was observed with surgeon-prepared gelatin
and Floseal [50].

Care must be taken while applying this agent; it should not be injected into
the blood vessels or allowed to enter the blood vessels. It should not be applied
in the absence of active bleeding. Care should be taken while using this agent to
stop wound bleeding, and it should not be used in closure of skin incisions as it
can interfere with the healing of wound/skin edges. If the patient has a known
history of allergies to material of bovine origin, the material should not be
applied. As it swells 10�20% when it comes in contact with blood or body
fluids, only an adequate amount of the material should be used, and excess of
material must be removed from the site of application using mild water
irrigation. This material should not be used along with methylmethacrylate
or other acrylate adhesive.

3.6.3 Surgifoam

The Surgifoam absorbable gelatin sponge is a sterile water-insoluble, malleable,
off-white porous sponge. In intraspinal surgery mechanical methods of hemo-
stasis are not helpful because of depth; electrical methods such as use of bipolar
forceps are also not suggestive as they may induce thermal injuries and most of
the intraspinal procedures are associated with removal of bone (less or more).
Blood starts oozing from the chipped bone, to stop this bleeding bone wax is
used commonly. Bone wax has certain limitations such as difficulty in molding.
In such cases Surgifoam powder has an advantage as it can form a paste that
can be spreaded or shaped to the irregular surface of the chipped bone [51]. It
was approved by the FDA as Surgifoam sponge for clinical use on September
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30, 1999. It was approved in a powdered form as Surgifoam powder in 2002.
In 2004 it was approved for clinical use as a mixture with thrombin for
improved hemostasis. Surgifoam sponge was compared to a control sponge in
unpublished trials of 281 patients and found to be effective without any
adverse effects. No randomized, controlled clinical trials have been published
to compare Surgifoam thrombin with other hemostatic agents. An open,
randomized, controlled, multicenter, and unmasked clinical trial (281 patients)
was designed to evaluate Surgifoam for hemostatic application and safety
compared to absorbable gelatin sponge. Cardiovascular, general surgical, and
orthopedic patients were enrolled for the study. The sponges were soaked with
saline or used as dry, and patients were followed for 2 months after surgery to
assess the safety of the study material. A total of 281 patients received treatment
with the study material. The hemostasis data was collected immediately during
surgery and the patients were examined at 2�4 weeks and again at 6�8 weeks
in order to obtain safety data. Statistical analysis showed that Surgifoam
and control sponge are equivalent in the ability to achieve hemostasis within
10 min [52].

A controlled, randomized, multicenter open clinical study was conducted
to evaluate safety and efficacy of Surgifoam with absorbable gelatin sponge.
206 patients were enrolled: patients were followed for 2 months after surgery
to assess the safety of the sponge. Hemostasis was achieved within 10 min.
Patient sera were tested for the immune response (antiporcine collagen immu-
noglobulin). Sera were collected prior to surgery, at 2�4 weeks and 6�8 weeks
following surgery. Only 1 of the tested patients had antibodies at baseline and
6 of the 206 patients had antibodies at the 6�8 weeks time point [53]. The safety
and effectiveness for use in urological procedures has not been established
through randomized clinical trial.

For less painful postoperative care use of absorbable nasal packing not only
helps in easy removal but is also more comfortable. Surgiflo hemostat matrix
with thrombin has gained popularity as nasal packing after sinus surgery. A
study was carried out with the use of Surgiflo hemostat in combination with
thrombin�JMI (Jones Pharma Inc., Bristol), when applied to a bleeding
surface allows intimate tissue contact and conformation to an irregular wound
bed and accelerates clot formation. The above mixture was effective in
controlling bleeding in 96.7% of patients undergoing endoscopic sinus surgery
and recommended for randomized controlled clinical trials.

Surgifoam can be stored at room temperature (15�30�C), the material is to
be used as soon as the packet is opened, with the unused part discarded. The
package should be opened and the material should be handled in sterile
condition. Surgifoam can be cut with scissors to desired shape and size. A
sponge of the required amount is to be used, manual compression of the sponge
before applying to bleeding site, and held with moderate pressure until
hemostasis is achieved should be followed. Excess sponge can be removed by
irrigation with sterile saline.
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3.7 CONCLUSION

For decades absorbable gelatin-based hemostatic agents have been used for
hemostatsis. No hemostatic agent is entirely safe and all have more or less
side effects. Though the safety of patient has first priority, knowledge, proper
handling, and use of minimal/required amount of these agents make them more
popular as hemosatats than other methods and are the first choice for surgeons
in the operating room. These agents not only help in improving a patient’s
condition but also reduce complications and lower direct or indirect cost [54].
Few randomized clinical studies have been carried out but most compare one
agent with another. More clinical data is needed. Safety and efficacy in many
areas, for instance, clinical data on the use of these agents in gynecology
surgery, is limited. In spite of these issues these agents are popular in surgical
field and will remain.

Note: Editors/contributors to this chapter have no commercial or any other
association with the companies that make/market the products summarized in
this chapter.
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4.1 INTRODUCTION

Chitosan (poly 1,4-β-D-glucosamine) is a naturally occurring cationic poly-
saccharide and refers to a large group of polymers that differ in their molecular
weights (50�2000 kDa) and degree of deacetylation (40�98%) [1]. It is derived
by partial N-deacetylation of chitin from crustacean shells [2]. Chitosan possess
a rigid crystalline structure with inter- and intramolecular hydrogen bonds
(Fig. 4.1).

The pKa value of chitosan is around 6.2�7 and is insoluble in neutral and
alkaline pH solutions [3]. Chitosan degrades by hydrolysis of glycosidic links of
acetylated residues in the presence of lysozyme [4]. Thus the degradation rate
mainly depends on the degree of deacetylation [2]. In acidic medium, the amine
groups in chitosan get protonated, resulting in a positively charged soluble
polysaccharide with a high charge density. Thus at a high degree of deacetyla-
tion, chitosan adopts a more extended conformation due to charge repulsion,
whereas at a low degree of deacetylation, it becomes coiled [1].

Recently, chemical modifications to chitosan have received a great deal of
attention since the modifications can impart new biological activities and improve
the mechanical properties [2]. The presence of three kinds of functional groups—
amino group at C-2 and primary and secondary hydroxyl groups at C-6 and C-3
positions, respectively, in chitosan—allows chemical modifications of chitosan,
resulting innumerous functionalderivativeswithdesirableproperties.Forexample,
the sulfation process can alter the properties from cationic, hemostatic, and
insoluble at alkaline pH to anionic, anticoagulant, and water soluble material [5].
Similarly quaternization of chitosan improves the stability of polyplexes and
transfection efficiency [6]. Chitosan and its derivatives that have been used for
various biomedical applications are summarized in Table 4.1.
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FIGURE 4.1 Structure of chitosan.
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TABLE 4.1. Properties and Biomedical applications of various chitosan derivatives.

Derivatives Properties Applications Reference

Sulfanilamide

derivatives:

(a) Chitosan

sulfates

(b) Sulfanilamide

derivatives of chitosan

Reduces oxidative

damage caused to cells

Antioxidant and free

radical scavenging

activity

7

Lauryl succinyl

chitosan

Increases the residence

time and bioavailability

of drug and paracellular

permeability

Oral peptide delivery 8

TMC�N-trimethyl

chitosan chloride

PEG�TMC

Widens the paracellular

route for passage of

macromolecular drugs

Permeability and

uptake of

hydrophilic

molecules

9, 10

Carboxy methyl

chitosan

Increases aqueous

solubility and zwitter

ion characters. Opens

the tight junctions

Delivery systems 11

Chitosan acetate Permeability across

intestinal epithelia

Granulation binder

for tablets.

Sustained drug

release and

sustained release

12

Polyethyleneimine

chitosan beads

Encapsulation by

emulsion phase

inversion

Increased mechanical

stability and

adsorption

capacity and limits

biodegradation

13

Deoxycholic acid

conjugated chitosan

oligosaccharide

Nonviral carriers 14

Chitosan N-betainates Ability to condense gene

into nanoparticles that can

be endocytosed by cells

and enters the nucleus

Gene delivery and

high transfection

efficiency

15

Chitosan�
thioethylamidine

Increased mucoadhesion Drug release 16

Carboxyl ethyl

chitosan

Decrease the

deoxyribonucleic acid

(DNA) damage by

scavenging the ROS

and forms stable polymer

radical

Antimutagenic

(Protect E. gracilis

from genotoxic

actions of

mutogens like

acridine orange and

ofloxacin)

17
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The chief constituent in chitosan is glucosamine, a natural material that is
present in the body and used to produce glycosaminoglycans, which form
cartilage tissue [4]. Chitosan exhibits excellent properties such as biodegrad-
ability and biocompatibility and is amenable to chemical modification [18].
Moreover, it possesses microbicidal [1], antihypercholesterolemic [2], and
immune stimulatory effects [19]. Chitosan promotes wound healing and has
high availability, thus making it and its derivatives the most extensively
investigated materials for pharmaceutical and biomedical applications [20].
This chapter presents an overview of recent research on various biomedical
applications of chitosan and its derivatives, highlighting its role as biosensor,
permeation enhancer, delivery vehicle, tissue engineering scaffold, and wound
healing material.

4.2 CATIONIC NATURE OF CHITOSAN AND ITS IMPLICATIONS IN
THERAPEUTICS

The cationic nature of chitosan is one of the key factors that render chitosan-
based materials as versatile with a broad range of therapeutic applications [21].
Most of the bioactive properties of chitosan such as biocompatibility, biode-
gradability, microbicidal, and mucoadhesiveness exclusively depend on the
cationic property of chitosan. The positively charged chitosan electrostatically
interacts with negatively charged glycosaminoglycans and proteoglycans, which
are linked with cytokines or growth factors [22]. This improves the cell adhesion
and proliferation property of chitosan-based scaffolds [23]. Chitosan possesses a
mucoadhesive property due to electrostatic interaction between positively
charged chitosan and negatively charged sialic acid residues on mucosal surfaces
[24]. The cationic property of chitosan has a high affinity toward the anions in
bacterial cell wall, thereby preventing the mass transport across the cell wall. This
microbicidal action of chitosan also plays a major role in the wound healing
process [21].

In neutral or alkaline solutions, chitosan possesses free amino groups. The
amine groups of chitosan aid in activation of macrophages and cytokines in
mice models, thereby demonstrating their role in the wound healing process [18].
Moreover, chitosan has both thrombogenic and platelet adhesive properties,
which also improve the wound healing process [18]. An antioxidant property has
been identified in all kinds of sulfated chitosans [22]. The addition of the
sulfanilamide group on chitosan and chitosan sulfates produce a stronger
scavenging ability against superoxide and hydroxyl radicals [7]. 1,3,5-Thiadia-
zine-2-thione derivatives of chitosan have been shown to actively scavenge
reactive oxygen species. Cationic chitosan shows the cytotoxic effects on various
tumor cell lines such as HeLa (cervical cancer), HT1080 (human brosarcoma),
A549 (lung cancer), and MRC-5 (human lung broblast) [25]. The antacid and
antiulcer characteristics of chitosan were found to be more useful to prevent
drug irritation in the stomach while delivering the drug [26].
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4.3 SAFETY OF CHITOSAN

The toxicity of chitosan depends upon its route of administration, molecular
weight, degree of deacetylation, and charge density [27]. The oral toxicity of
chitosan shows a low lethal dose (LD50) value of 16 g/kg in rats [28]. In
rabbits, the oral administration of chitosan showed a significant amount
being metabolized in the gut due to the presence of chitinolytic enzymes [18].
The intestinal absorption of radiolabeled chitosan was investigated in rats. The
radiolabeled chitosan was digested into low-molecular-weight compounds
in the gastrointestinal tract and distributed in tissues extensively [29]. Oral
administration of chitosan up to 6.75 g in humans is reported as safe [18]. This
may be attributed to the fact the chitosan does not accumulate in the body since
it is converted into glucosamine derivatives, which are either excreted or used in
amino sugar pool [18]. Baldrik et. al., demonstrated that 6�18% of chitosan
was eliminated through feces after oral administration in dogs [18]. Moreover,
the administration into the jejunum and colon showed about 40% loss of
original weight [18]. Lee et al., evaluated the excretion rate of radiolabeled
glucosamine in urine, feces, and expired air in rats after oral administration
and observed that the clearance was found to be around 4, 17, and 54%,
respectively. The remaining 25% was distributed into cartilage or connective
tissue [30]. In vivo biodegradation of water-soluble chitosan in a mouse model
reported 50% of deacetylated material was degraded and cleared readily,
signifying no concerns of bioaccumulation [31].

Studies have also demonstrated the cytotoxic effects of high-molecular-
weight chitosan when administered intravenously due to blood contact [18].
The intravenous administration of chitosan at low (4.5 mg/kg/day) and high
doses (50 mg/kg/day) in rabbits for 10 days showed that at low dose no sign
of abnormality was observed whereas a high dose caused death due to blood
cell aggregation [18]. Chitosan administration through the subcutaneous
route showed clinical signs such as vigor loss, anorexia, increased white
blood cell count at 50 mg/kg/day, and death at 150 mg/kg/day [32]. As the
charge density increases, the toxicity also increases [32]. Thus chemical
modifications with little or no change in charge density produces little
effect on toxicity beyond the unmodified one [33]. Alternatively, chemical
modifications to mask the cationic charge may also lead to reduced toxicity
of chitosan.

4.4 CHEMICAL MODIFICATIONS OF CHITOSAN

Although chitosan is soluble in aqueous dilute acids below pH 6.5, it is
insoluble in water and most organic solvents [18]. Such limited solubility of
chitosan brings special attention toward the modification of chitosan. Cur-
rently, the study of various modified chitosans or chitosan derivatives for
biomedical applications are of more interest. The occurrence of reactive
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functional groups in chitosan offers huge potential for chemical modification,
which affords a wide range of derivatives such as N,N,N-trimethyl chitosan,
thiolated chitosan, and sugar-bearing chitosan [34]. Generally, addition of side
chain disrupts the crystal structure of the molecule and thereby increases the
amorphous fraction. This event reduces the stiffness of the material and
improves the solubility. Such chemical modifications of chitosan have been
proved to impart desired physiochemical properties such as solubility, hydro-
philicity, crystallinity, stability, charge density and the like into native chitosan.
Hence, changes in the biological and physiochemical properties of chitosan
depend on the nature of the side group. For example, O-(2-hydroxyl) propyl-3-
trimethyl ammonium chitosan chloride (O-HTCC) possesses higher charge
density than chitosan, resulting in a higher loading efficiency for model protein,
bovine serum albumin [35]. Similarly, galactosylated chitosan has been found to
be very effective to target asialoglycoprotein receptors in liver parenchymal cells
for the treatment of liver-related disease [36]. Anticancer drugs require efficient
intracellular delivery to kill the cancer cells. For example, the primary site of
action for paclitaxel is the microtubule. Development of N-acetyl histidine
conjugated glycol chitosan (NAcHis-GC) has been found to be proficient for
the intracytoplasmic delivery of paclitaxel where histidine acts as pH-responsive
fusogen [37]. Some widely used chitosan derivatives with specific properties are
discussed in the following section.

4.5 HYDROPHOBICALLY MODIFIED CHITOSAN

Self-assembled nanoparticles or micelles have received a great deal of atten-
tion as a carrier molecule since it protects the drug from the environment.
Chitosan derivative with amphiphilic property is essential for the formation of
self-assembled nanoparticles, and the amphiphlicity can be introduced by the
addition of hydrophobic moieties to chitosan [38]. Hydrophobic chitosan
derivatives self-assemble into a micelle with a hydrophobic core in an aqueous
media. Such a hydrophobic core of nanoparticles has been proved to be a
reservoir for various drugs, and, since nanoparticles are small in size, they can
be administered intravenously [34]. Additionally, conjugation of targeting
moiety on such nanoparticles improves the therapeutic efficiency of chitosan-
based material. Figure 4.2 shows the structures of the chitosan�linoleic acid
conjugate and the chitosan�deoxycholic acid conjugate. Oleoyl-chitosan,
which has a diameter of about 315.2 nm, has been evaluated as a carrier for
hydrophobic antitumor drugs [38]. Moreover, its high encapsulation effi-
ciency, sustained release profile, and no fibroblast cytotoxicity have also been
proved. There are a variety of hydrophobically modified chitosans devel-
oped using moiety such as deoxycholic acid, linolenic acid, and linoleic acid
[39�42]. These can form nanosized self-aggregates used to deliver hydro-
phobic drugs.

118 CHITOSAN AND ITS DERIVATIVES IN CLINICAL USE AND APPLICATIONS

ch004 14 April 2011; 17:23:0



4.6 QUATERNIZATION OF CHITOSAN

4.6.1 Trimethyl Chitosan Chloride

Trimethyl chitosan chloride (TMC) is a derivative of chitosan that is com-
pletely soluble in neutral and basic pH at which native chitosan is not soluble,
and the solubility of TMC mainly depends on the degree of methylation [43].
This can be used to increase the paracellular transport of hydrophilic mannitol
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FIGURE 4.2 Structure of hydrophobically modified chitosan: (a) chitosan�linoleic

acid conjugate and (b) chitosan�deoxycholic acid conjugate.
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across the Caco-2 cells [44]. Moreover, the opening of a tight junction mainly
depends upon the degree of substitution in TMC. Chitosan-HCl and TMC with
varying degrees of deacetylation for enhancing the permeability of radiolabeled
mannitol in Caco-2 intestinal epithelia at pH 7.2 was investigated [45].
TMC with 60% substitution increases the permeability of 14C-labeled man-
nitol across Caco-2 monolayers where as chitosan-HCl and TMC with 12.8%
methylation failed to permeate the cell membrane [45]. Chitosan may not be a
suitable delivery system for targeting peptide drugs to jejunum or ileum since it
gets aggregated at above pH 6.5 [46]. This can be overcome by the substitution
of a primary amine with the methyl group, resulting in TMC. The investigation
of cytotoxic effects of TMC on Caco-2 monolayers during permeability
enhancement clearly stated that the TMC broadens the paracellular pathways
without affecting the cell membrane [47]. Effect of various quaternized
derivatives such as TMC, dimethylethylchitosan (DMEC), diethylmethylchi-
tosan (DEMC), and triethylchitosan (TEC) on opening of a tight junction and
transport of insulin across Caco-2 cells were observed in the order of TMC .
DMEC . DEMC . TEC . chitosan [48] (Fig. 4.3). This may be due to
steric hindrance of alkyl groups that shield cationic charge of quaternary
amines. An in vivo study in rats on buserelin absorption with or without
TMC60 at neutral pH indicated a significant increase in serum concentration of
buserelin after the coadministration of the peptide drug with TMC60 [49].
Hence, this can be used as a safe permeability enhancer for the transmucosal
delivery of peptide drugs.
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FIGURE 4.3 Structure of hydrophobically modified chitosan (a) trimethyl chitosan

(TMC) and (b) diethylmethyl chitosan (DEMC).
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4.6.2 Monocarboxy Methylated Chitosan

Monocarboxy methylated chitosan (MCC) was synthesized by the chemical
modification of amine groups with glyoxylic acid and sodium borohydride
as the reducing agent (Fig. 4.4) [50]. The introduction of the carboxyl group
bearing moiety on chitosan possesses polyampholytic or zwitter ionic char-
acteristics [50]. This property is very useful to make clear gels or solutions even
in the presence of polyanions (e.g., heparin) at neutral or alkaline pH [50].
However, chitosan and TMC were precipitated out of the solution in the
presence of heparin, but MCC promotes aggregation in an acidic environment
[50, 51]. Crosslinking of molecules can stabilize the chitosan derivative in
acidic condition by preventing the cationization of amino groups. Both TMC
and MMC found to have absorbtion enhancing properties [46, 52]. MMC has
been found to enhance the paracellular transport of an anionic macromolecule
through controlled, transient, and reversible opening of tight junctions without
affecting the functional integrity of Caco-2 intestinal cell monolayers [46].

4.6.3 Thiolated Chitosan

Chitosan-thioglycolic acid is one of the derivatives used as a tissue engineering
scaffold [53]. Thiolated chitosan is prepared by the modification of primary
amine groups with cysteine, thioglycolic acid, and 2-iminothiolane (Fig. 4.5)
[16]. Thiolation of chitosan augments its mucoadhesive property due to the
formation of disulfide bonds with cysteine-rich subdomains of mucus glyco-
proteins [34]. This material is liquid below 25�C and has the ability to become a
gel at 37�C [54]. The introduction of the thiol group makes the chitosan a more
suitable candidate for being a scaffold in terms of wettability, degradation rate,
and in situ gelling property [55]. The in vitro investigations of such conjugates
using L-929 mouse fibroblast cells was found to be nontoxic [56].

4.6.4 PEGylated Chitosan

The limited solubility of chitosan due to its rigid crystalline structure restricts
its use in the biomedical field [57]. Many researchers have tried to improve its
solubility by grafting hydrophilic polymers onto chitosan [57, 58]. One such
polymer is polyethyleneglycol (PEG), which improves the half-life of a drug in
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FIGURE 4.4 Monocarboxy methylated chitosan (MCC).
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plasma circulation [59]. In addition, PEGylated trimethyl chitosan has im-
proved the colloidal stability, biocompatibility, and transfection efficiency
for gene delivery when compared to unmodified TMC [10]. Moreover, graft
copolymerization onto chitosan effectively improves chitosan properties such
as its chelating property, its adsorption, and its bacteriostatic properties [60].

4.7 CLINICAL APPLICATIONS OF CHITOSAN AND ITS DERIVATIVES

Chitosan has been extensively examined for biomedical applications in which
attention has been focused on its absorption enhancing, mucoadhesive, and
controlled-release properties [16]. Due to its linear unbranched structure
and higher molecular weight, chitosan is an excellent viscosity-enhancing agent
in acidic conditions [2]. This viscosity regulates biological properties such as
wound healing, osteogenesis, and biodegradation [61]. The following sections
deal with the applications of chitosan and its derivatives in the use as penetration
enhancers in vaccine, drug, and gene delivery, antihyperlipidemic agents, for
treatment of cancer, coating material on drugs, biosensor, and regenerative
medicine.

4.8 PENETRATION ENHANCERS IN VACCINE AND DRUG DELIVERY

Chitosan at a high degree of deacetylation has been found to be very effective as
permeation enhancer at both a high and a lowmolecular weight, whereas in a low
degree of deacetylation it was only effective at a high molecular weight [62]. The
influence of molecular weight and degree of deacetylation on the permeability of
Caco-2 cells in intestinal monolayers was investigated [62]. By inhibiting the
permeation effects of chitosan using anionic heparin, it has been demonstrated
that the cationic charge of the chitosan only mediates the permeation effects [51].
The striking advantage of mucosal vaccination is the production of local
antibodies at the sites when the pathogen enters the host. As vaccines alone
are not sufficiently taken up after mucosal administration, it is necessary that it is
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FIGURE 4.5 Structure of (a) chitosan�thioglycolic acid and (b) chitosan�cystein.
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coadministered with penetration enhancers such as adjuvants or encapsulated
particles. Bioavailability in an oral peptide drug is one of the major issues in
vaccine delivery due to the presence of various barriers such as an acidic
environment in the gastrointestinal tract, enzymatic barriers, and very limited
absorption through the gut wall [63]. The mucoadhesive property of chitosan is
very helpful to retain the peptide in the intestine for a longer period, thereby
improving the bioavailability [64]. The combination of bioadhesion and opening
of tight junctions between epithelial cells play a major role in chitosan-based
mucosal delivery [65].

Rekha et al., developed insulin-loaded novel lauryl succinyl chitosan
nanoparticles showing sustained release of insulin at a neutral pH [63].
Moreover, the low release at acidic pH (pH 1.2) reduces the insulin loss in
the stomach, and the mucoadhesive property of such derivatives improved
the retention time of insulin [63]. Ovalbumin-loaded chitosan microparticles
was found to be easily taken up by the epithelium of murine Peyer’s patches
and released by the model antigen after the intracellular digestion in Peyer’s
patches [66].

Chitosan easily forms microparticles and nanoparticles that have the
potential ability to encapsulate large amounts of antigens such as ovalbu-
min, diphtheria toxoid, or tetanus toxoid [66, 67]. It has been revealed that
ovalbumin-loaded chitosan microparticles are taken up by Peyer’s patches of
the gut-associated lymphoid tissue (GALT) [66]. Coadministration of chitosan
loaded with antigens in the nasal cavity, enhanced both mucosal and systemic
immune responses. In contrast to oral administration, nasally administered
vaccines have to be transported over a very small distance and are also not
exposed to low pH values and degrading enzymes. Therefore, in the case of
nasal delivery, the vaccine need not be incorporated into microparticles. Thus
chitosan particles, powders, and solutions are promising candidates for
mucosal and nasal vaccine delivery. Effective systemic and mucosal immune
responses against the antigens were observed when Bordedetella pertussis
filamentous hemaggulutinin and recombinant pertussis toxin were coadmini-
strated with chitosan [67].

4.8.1 Carriers in Peptide Drug Delivery

The development of new delivery systems that could protect proteins from the
environment, target to specific sites, and control the release for a prolonged
period of time represents an enabling technology for treating various diseases
and genetic disorders. Though the bioactive proteins and peptides are potential
therapeutic agents, they cannot be administered orally. Oral administration of
peptides is associated with the problems of very poor bioavailability due to
the degradation by proteolytic enzymes in the gastrointestinal tract and of the
impermeability to intestinal mucosa due to hydrophilicity, whereas parent-
eral route of administration requires repeated injections [63, 68]. Moreover,
chitosan opens the tight junctions between the epithelial cells, which allows
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the transport of oral vaccines and macromolecular drugs across the epithe-
lial barrier [28, 52, 69]. Chitosan nanoparticles increase the nasal absorption of
insulin to a larger extent in rabbits [25]. The coadministration of chitosan
hydrochloride improves the intestinal absorption of peptide drugs in rats [70].
Microspheres prepared from chitosan and sodium alginate were found to
release ibuprofen in a pH-dependent manner [47]. The cationic chitosan forms a
complex through electrostatic attraction. When this ionic complex transferred
to physiological pH, can dissociate the portion of polyanion, thereby releasing
drugs in a pH- dependent manner. YIGSR-chitosan showed higher inhibitory
activity against lung metastasis of B16Bl6 melanoma cells in mice than a
peptide alone [71]. Recombinant human interleukin-2-loaded chitosan micro-
spheres have been taken by model cells (HeLa, L-strain cells) and released the
interleukin-2 for up to 3 months in a sustained manner [66].

4.8.2 Opthalmic Drug Delivery

The efforts in ophthalmic drug delivery have been devoted to increase the corneal
penetration of drugs with the final goal of improving the efficiency of treatments
of different ocular diseases [72]. The attempts include the use of colloidal drug
delivery systems, such as liposomes, biodegradable nanoparticles, and nanocap-
sules [72]. The short residence timeof these colloidal systems in the ocularmucosa
represents a limitation in the therapy of extraocular diseases, such as keratocon-
junctivitis sicca, or dry eyedisease [72].Chitosannanoparticles havebeenused for
site-specific delivery of drugs to the ocularmucosa, using the immunosuppressive
peptide cyclosporin A (CyA) as a model drug [72]. The use of chitosan can also
increase the corneal residence time of antibiotics and enhance the intraocular
penetration of some specific drugs [73, 74].

The advantages of these systems in ocular drug delivery includes the ability
to contact intimately with the corneal and conjunctival surfaces, thereby
increasing delivery to external ocular tissues without compromising inner
ocular structures and systemic drug exposure and providing these target tissues
with long-term drug levels [72]. Consequently, these systems show great
promise with regard to the circumvention of the present limitations in the
management of external inflammatory or autoimmune ocular diseases, such as
keratoconjunctivitis sicca, or dry eye disease [72].

4.9 GENE DELIVERY VEHICLE

One of the major challenges in gene delivery is to protect the DNA from
the nuclease action. The cationic charge of chitosan is found to be very useful
to interact ionically with negatively charged DNA, thereby protecting the
DNA against the nuclease [5]. Chitosan and its derivatives have been used to
mediate DNA delivery into various cell types such as B16 melanoma cells, COS-I,
HeLa, human embryonic kidney (HEK) cells, human lung carcinoma cells, and
mesenchymal stem cells [75]. Galactosylated chitosan�dextran�DNA was found
to effectively transfect into liver cells [5]. Preparation of chitosan�plasmid DNA
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complexes are cost effective and protect the DNA against DNases action without
restricting plasmid size [76]. Moreover, the appropriate combination of the degree
of deacetylation (DDA) and molecular weight determine the maximum transgene
expression [76]. Similarly the gene transfection efficiency of quartenery chitosan
was affected by the degree of quartenization [77, 78]. Germershaus et al.,
described the effect of physiochemical properties such as hydrodynamic dia-
meter, condensation efficiency, and DNA release on transfection efficiency of
chitosan-based nonviral vectors [6]. They found that quartenization of chitosan
prevents polyplex aggregation and increases the transfection efficiency when
compared to chitosan. Improvement of the colloidal stability of polyplexes
and increased cellular uptake was observed in PEGylated TMC than in
unmodified TMC [6]. Topical application of chitosan-based nanoparticles loaded
with plasmid DNA has been utilized as a promising candidate for genetic
immunization [5].

4.10 OTHER DELIVERY SYSTEMS

Corrigan et al., describe the development and characterization of salbutamol-
sulfate-loaded spray-dried chitosan microparticles toward the delivery of drugs
for treating asthma [79]. Chitosan has been found to be a promising carrier for
colon drug delivery due to its colonic bacterial flora-mediated degradation [66].
Corticosteroid-loaded chitosanmicrospheres have been targeted to the colon for
the treatment of colitisulcerosa [80]. Chitosan films prepared by solvent casting
and evaporation technique have been investigated for the controlled release of
riboflavin as a model drug and found to be efficient for use as carrier in stomach
[81]. A chitosan-glycerol film was found to release colony-stimulating factor,
GM-CSF [59]. Magnetic chitosan microspheres have been found to deliver the
drug at the target site capillaries under the influence of external magnetic field
[59]. Various forms of chitosan-based drug delivery systems such as tablets,
capsules,microspheres, nanoparticles, beads, films, and gel are used to deliver the
drugs such as salicylic acid, aspirin, paclitaxel prednisolone, doxorubicin,
cyclosporin A, progesterone, and the like [65, 81, 82].

4.11 REGENERATIVE MEDICINE

Chitosan and its derivatives possess various special properties favorable to
regenerate various tissues such as skin, bone, liver, cartilage, and nerve [83].
The antimicrobial is more effective in the regeneration of skin especially in the
case of diabetic ulcer and burn victims [2, 81]. The incorporation of basic
fibroblast growth factor in chitosan improves the wound-healing property [84].
Bilayer physical chitosan hydrogel improved the reconstruction of full skin for
the treatment of third-degree burns [84]. A full thickness wound of 15 mm
diameter on the back of a rat healed perfectly using water-soluble chitosan
(WSC) complex ointment prepared from water-soluble chitosan and heparin
[85]. Skin appendages such as hair follicles and sebaceous glands completely
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regenerated similar to normal skin in WSC-complex-treated rat that cannot be
repaired in full thickness wounds [85]. The application of a collagen�chitosan
matrix as an implantable bioartificial liver was established due to its biological
property and excellent blood compatibility [2]. The mechanical property of
chitosan was increased threefold by the addition of alginate. The ionic
interactions between chitosan and alginate contributed the improved mechan-
ical property. This enables the mineral deposition in vitro and the formation
of vascular tissue and calcified matrix in vivo [86]. Microsphere-based
chitosan�PLAGA composite scaffolds showed excellent mechanical property
similar to that of trabecular bone. Moreover, it has been observed that the
presence of chitosan in chitosan�PLGA composite up-regulates the gene
expression osteoblast-like MC3T3-E1 cells [87].

Electrospun nanofibers have received much attention because they mimic
the extracellular matrix architecture. However, making electrospun chitosan
nanofibers is a tough challenge due to their rigid backbone. In our laboratory,
we have successfully spun a chitosan nanofiber mat for wound-healing
applications (Fig. 4.6).

In vitro studies demonstrated that chitosan-based matrices support chon-
drogenic activity and also allow the expression of cartilage ECM proteins by
chondrocytes [88]. Such matrices maintained the characteristics of differentiated
chondrocyte phenotype such as round morphology, expressing type II collagen,
aggregans and limited mitosis. Chitosan-gelatin, chitin/chitosan, and chitosan-
polyglycolic acid have been proved effective to regenerate nerves [42]. Addi-
tionally, Jio et al., have found that chitosan-PGA grafts restore long-term
delayed nerve defects (poor growth permisive environment due to the loss of
schwann cell basement membrane) in rats [42].

The antimicrobial and thrombogenic properties of chitosan have generated
considerable interest in wound-dressing applications [18]. The outer membrane
of erythrocytes and platelets are negatively charged. Thus the cationic chitosan
shows more affinity toward erythrocytes and platelets, resulting in platelet
activation and clot formation in the absence of coagulation factors [18]. Celox
is used to control the bleeding and maintain the hemostasis in animal models

(a) (b)

FIGURE 4.6 Electrospun nanofibers of (a) chitosan and (b) chitosan�gelatin.
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[4]. Wound dressings made from chitosan-gelatin has showed its antibacterial
property and reduces the wound area with minimal healing time compared to
sterile vaseline guaze [89]. Meshes coated with triclosan-loaded chitosan gel
were used to reduce bacterial count and to prevent graft infection in rats [90].
The sustained release of sulfadiazine from chitosan gel was found to be effective
against infection in wound healing [91]. Chitosan-based wound dressings
enhance the wound-healing process on multiple levels, which induce chemo-
taxis of macrophages and neutrophils, stimulate granulation tissue and reepi-
thelization, carry growth factors, limit scar formation, possess antimicrobial
activity, and enable sustained release of exogenous antimicrobial drugs to the
site of infection [91, 92].

4.12 HYDROGELS

Currently, injectable in situ chitosan hydrogel systems have received a great deal
of attention for the treatment of various cancers [94]. Subcutaneous injection
of paclitaxel-loaded azide-chitosan-lactose hydrogel beneath the tumor was
found to treat lung cancer by inhibiting tumor growth and tumor angiogenesis
[93]. The intratumoral injection of chitosan/β-glycerophosphate hydrogel loaded
with paclitaxol or doxorubicin or camptothecin were proved to be effective
against the treatment of various cancers such as breast cancer and cervical cancer
[93, 94]. An N-succinyl chitosan drug (e.g., mitomycin C) conjugates showed
antitumor properties against various tumor cell lines (L1210, P388, or B16)
in mice [68, 95]. Chitosan nanoparticles loaded with gadopentetic acid have been
used as an intratumoral injectable device for gadolinium neutron-capture
therapy [66].

4.13 CHITOSAN AS A COATING MATERIAL ON DRUGS

Chitosan coating of drugs can improve the bioadhesive property, drug payloads,
and provide a sustained release of the drug [66]. The chitosan-coated polymeric
microspheres of polyglycolic acid�polycaprolactone have been prepared to
deliver the antiproliferative agents for the treatment of restenosis (narrowing of
blood vessel due to smooth muscle cell proliferation). [66]. Similarly, chitosan
coated with alginate microspheres and PLLA microspheres also has been found
to release the drug over a period of time [66, 95].

4.14 BIOSENSOR

The exciting property of chitosan as a carrier molecule in delivery systems
has been known for many years. In recent years, chitosan-based hybrid
composites have received more attention for the development of bio-
sensors [96]. The organic�inorganic hybrid nanobiocomposites improve the
biosensor characteristics by surmounting the existing problem of aggregation
and rapid degradation of metal oxide nanoparticles [96].
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Wang et al., have developed the amperometric biosensor based on iron
oxide�chitosan composite for the determination of ferritin [97]. Zinc oxide�
chitosan nanobiocomposite has been utilized for the estimation of urea and
cholesterol [98, 99]. Kaushik et al., have fabricated the chitosan�iron oxide
(CH-Fe3O4) biosensor for glucose, urea, and ochratoxin [96, 100, 101]. Cross-
linked chitosan matrix has been used as an amperometric biosensor for the
estimation of hydrogen peroxide [102].

4.15 ANTIHYPERLIPIDEMIC EFFECT

Chitosan is also being investigated as an antihyperlipidemic agent [17]. The
underlying hypothesis is that the positively charged chitosan may bind to free
fatty acids and bile salt that disrupts lipid absorption in the gut. It has also been
proposed that higher solubility of chitosan in the stomach emulsifies fat [18].
This fat entrapped gel in the intestine prevents the intestinal absorption of fat.
Moreover, it has been found that the chitosan forms flocculus in duodenum,
which can entrap dietary oil. Chitosan supplements in a diet have been found to
reduce the cholesterol levels in rats [18]. However, the cholesterol-lowering
effect of chitosan remains contentious with later findings and needs to be
further evaluated [18].

4.16 CHALLENGES

Amazing systematic progress has been made on chitosan and its derivatives,
demonstrating its huge applications in the biomedical field. The cationic nature
of chitosan makes it a versatile material, not only for delivery applications
but also as an extracellular matrix analog in regenerative medicine and as a
versatile sensing element in biosensors. Moreover, all the applications mainly
depend upon the degree of deacetylation and the molecular weight of chitosan.
Additionally, the mucoadhesive property of chitosan appears to have potential
as an absorption enhancer supporting drug uptake across the epithelial barrier.
Extensive research has been carried out to demonstrate the safety of chitosan.
Chitosan is capable of activating wound healing and tissue repair. Experiments
are continuing on novel derivatives of chitosan to exert better biological
activities for the improvement of human life.
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5.1 INTRODUCTION

The manufacture of chemicals from brown seaweed is one of the oldest
branches of the chemical industry, dating back to 1720 when soda was first
produced from kelp in France, and soon after in Ireland, Scotland, and
Norway [1]. Toward the beginning of the nineteenth century, this was the
only source of this chemical, upon which the glass and soap industries were
developed. The kelp industry reached sizable proportions, as evidenced by the
fact that in 1820 more than 20,000 tons of kelp were produced, involving
the collection of several million tons of weed. However, by ca. 1870, this
industry was struggling for survival due to the discovery of less expensive
sources of potash and iodine. Foreseeing the end of the kelp industry, E. C. C
Stanford, chief chemist of the principal company operating in this field,
investigated that part of the seaweed that had been burnt during the previous
150 years in the hopes that it might contain further chemicals of potential value
to the industry. As a result, he discovered alginic acid in 1883, suggested a
formula for it, and found it to be a colloid not unlike cellulose in composition
and properties [1]. Stanford developed the procedure of alkali extraction of a
thick substance, algin, from the algae and later precipitated it using mineral
acid [2, 3]. In 1896, algin was isolated by Krefting, whose experimention on the
seaweeds of Norway produced a tang acid similar to Stanford’s alginic acid:
However, Krefting claimed that his preparation was nitrogen free [4�6]. It took
48 additional years before commercial production of algin began from the giant
brown seaweed Macrocystis pyrifera—known in the United States as kelp—by
the Kelco Co. in California. In addition to xanthan gum, Kelco has pioneered a
number of other biogums, chemical synthetics, and organic solvent-soluble
colloids. The first uses of the extracted material were as a boiler compound and
for can-sealing purposes. In 1934, alginate was first used in foods as an ice-
cream stabilizer. In 1944, propylene glycol alginate (PGA) was developed and
fabricated on a commercial basis. Alginate production facilities were then
founded in the United States, Europe, and Japan [7].
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5.2 SOURCES

Alginates comprise a group of naturally occurring polysaccharides extracted
from brown seaweed. They differ from agar and carrageenan, which are
extracted from red seaweed [8]. Numerous dissimilar species of brown seaweed
exist; the most widely used are Laminaria hyperborea, M. pyrifera, and
Ascophyllum nodosum. M. pyrifera comprises the main group of alginates in
the United States. It is a very large kelp found in sea beds ranging from 50 ft to
1 mile wide, several miles long, and 25�80 ft deep (Fig. 5.1). M. pyrifera affixes
itself to the rock-strewn bottom with a rootlike structure termed holdfast,
so-named because of the physically powerful ocean currents it battles. The
stipes arise from the holdfast and branch three or four times near the base.
Blades develop at irregular intervals along the stipe. The stipes are unbranched
and each blade has a gas bladder at its base [9�11].

The kelp is cut to B0.9 m below the ocean surface by mechanical means to
allow sunbeam penetration and to support development. The cropped kelp is
processed a short while later. In North America, more than a few additional
Laminaria species can be found and are used in domestic production includ-
ing: Laminaria digitata (found mostly on exposed sites on shores in the lower
littoral where it can be the dominant algae, with a growth rate of 5.5% per day
and a carrying capacity of about 40 kg wet weight per square meter—it may
reach lengths of about 4 m and its distribution is limited by salinity, wave
exposure, temperature, desiccation, and general stress [12, 13]); Laminaria
cloustoni (a rigid and erect light-brown seaweed, with a cylindrical stem that is
0.9�1.8 m long and 5 cm thick at the base. Below the stem it divides into

FIGURE 5.1 Giant kelp (Macrocystis pyrifera). (http://en.wikipedia.org/wiki/File:

Giantkelp2_300.jpg; photograph, originally from the U.S. National Oceanic and

Atmospheric Administration.)
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rootlike branches, which spread and attach the plant to the submarine rocks.
The plants grow on these rocks in the Atlantic, Pacific, and Arctic Oceans), and
Laminaria saccharina (a brown alga in the Division Heterokontophyta, also
known by the common name Sea Belt). In Europe, Laminaria species and A.
nodosum are employed for manufacture, while the Japanese harvest Eklonia
cava and the South Africans Eklonia maxima.

Alginate is found as a mixed calcium/sodium/potassium salt of alginic acid
within the intercellular spaces and cell walls. Alginate molecules offer the
strength and flexibility essential for algal growth in the ocean. The gum, which
is generally sold as sodium alginate, is water soluble and used as a viscosity
former, in addition to its gel-forming ability in the presence of calcium and/or
other polyvalent metal ions. Trials to extract alginic acid from residual algae
using the hot-water method were performed [14], but were unsuccessful since
production is strongly influenced by the sulfated polysaccharide extraction
method [14]. Pseudomonas fluorescens (an obligate aerobe that can be found in
the soil and in water—certain strains are capable of using nitrate instead of
oxygen as a final electron acceptor during cellular respiration [15]) and
Pseudomonas putida (a gram-negative rod-shaped saprotrophic soil bacterium
[16]) grown in batch cultures on glucose and fructose (as carbon sources) can
serve as a source for the synthesis of alginate-like polysaccharides [17]. Batch
alginate production by immobilized Azotobacter vinelandii has also shown
potential. The quantity of the produced alginate corresponds to B60% of that
recovered from a free-cell culture [18]. Another study dealt with the most
favorable conditions for the production of bacterial alginate by A. vinelandii
mutant NCIB 9068. The largest amount of bacterial alginate was obtained in
B110 h by a culture grown on optimal medium at 34�C and shaking at 170 rpm.
The solution of bacterial alginate was more pseudoplastic than that of algal
alginate, but no significant differences were observed among any of their other
properties [19].

5.3 STRUCTURE

Stanford proposed that alginate is a nitrogenous substance, with the formula
C76H76O22(NH2)2 [8]. However, complementary contemporary isolation tech-
niques have demonstrated that the pure product is nitrogen free. Throughout
the 1950s, alginic acid was considered a polymer of anhydro-1,4-β-D-mannuronic
acid [20], and it was only in the 1960s that L-guluronic acid was shown to be
present as well. Consequently, we now know that alginic acid (Fig. 5.2) is a
linear copolymer composed of D-mannuronic acid (M) and L-guluronic acid
(G) [21, 22] units. Regions can be made up of either one unit or the other, or
both in alternating sequence, that is, M blocks, G blocks, or heteropolymeric
MG blocks, respectively. The monomers have a tendency to stay in their most
energetically favorable structure in the polymer chain. For M-M, this is the
4C1 chair form linked by a β-(1,4) glycosidic bond. For G-G, it is the 1C4 chair
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form linked by an α-(1,4) glycosidic bond. M blocks have an extended ribbon
form, G blocks are buckled, and the MG-block regions are of intermediate
rigidity [23]. The chemical composition of alginate has been determined by
nuclear magnetic resonance (NMR) spectroscopy [23]. The behavior of a
particular alginate depends on its molecular weight and on the proportion
and arrangement of the M and G units. The composition of marketable brown
seaweed has been investigated [24]: The percentage of M units ranged from 61%
in M. pyrifera to 31% in L. hyperborea. The alternating-block region varied
from 26.8% in Laminaria to 41.7% in Macrocystis. Diverse proportions of
monomer have been found in “high M” (e.g., Macrocystis and Ascophyllum)
and “high G” (Laminaria) alginates. Molecular weights of marketable alginates
are in the range of 32,000�200,000, matching a degree of polymerization of
180�930 [25].

5.4 ALGINATE SOURCES AND PRODUCTION

5.4.1 Raw Materials

Only a small number of the abundant species of brown seaweed are suitable
for commercial production. The three mentioned seaweeds, L. hyperborea,
M. pyrifera, and A. nodosum, are harvested by coastal gathering, mechanical
harvesting, or cutting by hand. The seaweed is then towed to the processing
plant where it can be processed either wet or after drying [8].

5.4.2 Processing and Production of Propylene Glycol
Alginate (PGA)

Today’smethods ofmanufacturing PGAaremodifications of processes invented
by Green [26] and LeGloahec and Herter [27] in the 1930s, and information
regarding these processes can be located elsewhere [8, 25]. Even though proces-
sing modifications and improvements can be noted in the numerous existing
extraction plants, Stanford remains responsible for the fundamental process [25].
The extraction of calcium alginate includes size reduction of the raw material,

FIGURE 5.2 Structure of alginic acid. (http://en.wikipedia.org/wiki/File:Algins%

C3%A4ure.svg; source: NEUROtiker.)
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acid treatment, formaldehyde treatment, alkaline extraction, separation of
insoluble seaweed residue includingfloatation, filtration, precipitationof calcium
alginate, bleaching, and conversion of calcium alginate to alginic acid, dewater-
ing of the alginic acid, and conversion of alginic acid to sodium alginate. A very
comprehensive description of the process is given by McHugh [28].

Alginic acid can be treated with sodium carbonate to produce alginate salts
or reacted with propylene oxide to produce PGA. PGA was first prepared B63
years ago [29]. A better method was then published in a more informative
patent [30], and an improvement upon that method was also reported [31].
These modifications decreased the reaction time to 2 or 3 h, mostly by removing
inert gas from the reaction vessel. More recently, Noto and Pettitt [32]
described a process using liquid propylene oxide mixed with partially neutra-
lized alginic acid in a pressure vessel. Good esterification was achieved, even
with very low neutralization of the alginic acid.

As already stated, PGA is an ester of alginic acid in which some of the
carboxyl groups are esterified with propylene glycol, some are neutralized with
an appropriate alkali, and some remain free. It is used as an emulsifier,
stabilizer, and thickener in food products, with E number E405. Following
the reaction, up to 90% of the carboxyl groups are esterified, and the remaining
groups either remain free or are neutralized with sodium or calcium. Different
PGAs can be produced on demand [8].

5.4.3 Alginate-like Polymers

In addition to the recognized traditional hydrocolloid extraction from brown
seaweed, alginate-like polymers are manufactured by a number of bacteria as
an exocellular secretion. Pseudomonas aeruginosa is a gram-negative, aerobic,
rod-shaped bacterium with unipolar motility. It is a partially acetylated
secondary pathogen in patients with cystic fibrosis [33, 34], and the alginate
that it produces includes variable amounts of M and G units. A similar
polymer is produced by the soil bacterium A. vinelandii, which is a diazotroph
that can fix nitrogen under aerobic growth conditions. Additional nonpatho-
genic species can be exploited as possible producers of alginate. Enzymatic
modification with the enzyme mannuronan-C-5-epimerase from Azotobacter
yields alginates with high G content, but this technique is not yet being used
commercially. Another study described the optimal conditions of alginate
production from glucose-based media by A. vinelandii [35]. Empirical models
were used to estimate the C/N ratio (110 g-atom C per g-atom N) and
concentrations of acetate and phosphate associated with optimum alginate
yields, which ranged from 25 to 33% of the supplied glucose. More specifi-
cally, phosphate limitation (0.035 g/L) and no addition of acetate resulted in
maximum alginate production as compared to excess phosphate (3.5 g/L) and
acetate (3 g/L) [35].
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5.5 PROCEDURES FOR PREPARATION OF ALGINATE SOLUTION

Alginate has to be dispersed before dissolution can take place. High-shear
stirring and dry mixing with additional formulation components such as sugar
or starch, or dispersion in oils or glycerol, promote the separation of alginate
particles and subsequently their dissolution, provided these steps are taken
before water is added. If dispersion is not performed properly, clumps form
that are swollen on the outside, preventing contact between the water molecules
and their center. In this case, very high-shear mixing must be performed to
resolve the problem. Overheating during mixing must be avoided to eliminate
degradation of the alginate, which results in reduced viscosity or gel strength.
Soft water is suggested to avoid any undesirable crosslinking of the alginate by
calcium. A long flow property of the smooth alginate solution is achieved after
its dissolution in water. Solution viscosity can be tested by rotational visco-
meters designed for the study of non-Newtonian liquids.

A very weak gel may appear as a thick solution, making it difficult to
differentiate between thickening and gelling, the former often resulting from
limited calcium-alginate crosslinking. The flow characteristics of alginate solu-
tions are affected by chemical and physical variables, including the presence of
salts, sequestering agents, and polyvalent cations, polymer size, temperature,
shear rate, concentration of the gum in solution, and the presence of other
miscible solvents.

Solution viscosity relates to molecular weight, but it is also subject to the
level of residual calcium from the manufacturing process; moreover, the higher
the temperature, the lower the resulting viscosity of the hydrocolloid solution.
Also, at high temperatures thermal depolymerization might occur. This is
dependent on different variables, such as time, temperature, and pH. Depoly-
merization can be intentionally achieved via enzyme systems [36] for
many industrial, medicinal, and other purposes. Cooling of the gum solution
results in increased viscosity but does not result in gel formation. Frozen
alginate solution sustains its viscosity after thawing. The addition of alcohols
and glycols (water-miscible solvents) results in increased viscosity. pH
influences alginate solutions differently, depending on the type of alginate
used. Sodium-alginate solutions are not stable above pH 10, PGA is more
stable at acidic pH, and sodium-alginate precipitates at pH , 3.5.

Sequestering agents prevent the calcium, which is inherent in the alginate,
from reacting with it or prevent alginate’s reaction with polyvalent ions in the
solution. The addition of sequestering agents decreases viscosity relative to
alginate without these agents. This holds true for both M- and G-type algin-
ates. Furthermore, monovalent salts reduce the viscosity of dilute sodium
alginate. The alginate polymer contracts as the ionic strength of the solution
increases. Maximal viscosity is achieved at a salt level of 0.1 N. This effect can be
reduced by both increasing the gum concentration and keeping the calcium level
low. The effect of salt is prominent following an extended storage period and
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depends upon the alginate source, the degree of polymerization, gum concen-
tration in the solution, and the character of the monovalent salt used.

5.6 MECHANISM OF ALGINATE GELATION

A number of divalent cations react with alginate to form gels [37]. Calcium
is particularly suitable for food applications due to its nontoxicity. Borax
(Fig. 5.3), also known as sodium borate, sodium tetraborate, or disodium
tetraborate, is an important boron compound, a mineral, and a salt of boric
acid, that dissolves easily in water and has a wide variety of uses, such as the
production of alginate gels for nonfood applications [8]. Until fairly recently,
gels in general were thought to be produced by the ionic bridging of calcium
ions of two carboxyl groups on adjacent polymer chains. However, even
though these bonds are important for gelation, they are not regarded as
energetically favorable enough to be solely responsible for it [38]. In poly-L-
guluronate segments (with chain lengths of over 20 residues), enhanced binding
of calcium ions takes place and a cooperative mechanism is involved in the
gelation. Crosslinking occurs via carboxyl groups by primary valences and via
hydroxyl groups by secondary valences. Coordinate bonds extend to two
nearby hydroxyl groups of a third unit, which may be in the same molecular
chain, to retain the macromolecule’s coiled shape, or in another chain, resulting
in the formation of a huge molecule with a three-dimensional (3D) netlike
structure [25]. No such effects are observed for M blocks or alternating blocks.

FIGURE 5.3 Ball-and-stick model of a unit cell of borax (sodium tetraborate

decahydrate), Na2B4O7 � 10H2O, better described as Na2[B4O5(OH)4] � 8H2O. (http://

en.wikipedia.org/wiki/File:Borax-unit-cell-3D-balls.png; source: Ben Mills.)
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Gel formation and the resulting gel strength obtained from an alginate are
therefore very closely connected to the amount of G blocks and the average
G-block length. High G content and long G blocks produce alginates with high
calcium reactivity and the strongest gel-forming potential.

To obtain optimal gel strength, the degree of polymerization should be
.200. A mechanism whereby a cavity acts as a binding site for calcium ions
sandwiched between two diaxially linked G units is formed, producing a 3D
structure called an “egg-box” (Fig. 5.4), within which the calcium interacts with
the carboxyls and with the electronegative oxygen atoms of the hydroxyl
groups. Gelation engages in chain dimerization, followed by aggregation of the
dimers. Alginate gel is looked upon as a semisolid material, and the junction
zones in which the alginate polymers are bound represent the solid state.
Following gelation, the water molecules are actually entrapped by the alginate
matrix or network but preserve their ability to migrate. This has significant
outcomes for a range of applications. Gels with various consistencies can be
formed by reacting soluble sodium alginate with calcium. A minute amount of
calcium is sufficient to obtain a stiff texture. In fact, the stoichiometric reaction
is 0.75 mg calcium per gram of algin (depending on the viscosity grade of the
selected sodium alginate). The most favorable complexing of alginate and

FIGURE 5.4 The “egg-box” model for alginate gel formation. (Adapted in part

from A. Nussinovitch [8].)
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calcium is obtained by using B40% of the stoichiometric amount, which varies
with calcium source, the presence of other soluble solids, and pH, among other
things [39].

A mathematical model was developed to describe the kinetics of formation of
calcium alginate gels in thermally set carrier gels [40]. The Sharp�Interface
model was used to describe the crosslinking kinetics. The model presumes
diffusion of calcium ions through a preformed gel of sodium alginate and a
selected carrier, and an immediate reaction between the calcium and sodium
alginate. The model can be employed to predict processing effects on food gels
[40]. The structural changes in an alginate solution during the sol�gel transition
induced by two divalent cations, Ca21 and Cu21 , were investigated by small-
angleX-ray scattering. Purified alginates exhibited polyelectrolytic behavior [41].
Copper ions demonstrated a higher affinity for alginate than calcium ions. In the
calcium-alginate system, the derived molecular parameters were correlated with
the macroscopic properties of gelation. This correlation was not observed in the
copper-alginate system, suggesting that different gelation mechanisms occur
with calcium alginate and copper alginate [41]. Glucono-δ-lactone (GDL) E575
(Fig. 5.5) is a naturally occurring food additive used as a sequestrant, acidifier,
and curing, pickling, or leavening agent. It is a lactone (cyclic ester) of D-gluconic
acid. PureGDL is a white odorless crystalline powder that is commonly found in
honey, fruit juices, and wine. GDL is neutral but hydrolyzes in water to gluconic
acid, which is acidic, adding a tangy taste to foods, with roughly one-third of the
sourness of citric acid. The rate of GDL hydrolysis is increased by heat and high
pH [42]. The effect of gum concentration on the strength and deformability
modulus of a GDL alginate gel was characterized by a curve having a maximum
strength for a particular concentration of hydrocolloid. Increasing the gum
concentration beyond that point decreased the strength and the deformability
modulus [43]. Sodium hexametaphosphate (SHMP) is a hexamer of composition
(NaPO3)6 [44]. Commercial SHMP (Fig. 5.6) is typically a mixture of polymeric
metaphosphates, of which the hexamer is one, and is usually the compound
referred to by this name. SHMP hydrolyzes in aqueous solution, particularly
under acidic conditions, to sodium trimetaphosphate and sodium orthopho-
sphate [44]. Alginate gel set with SHMP exhibited similarmechanical behavior to

FIGURE 5.5 Glucono-δ-lactone: 2D skeletal diagram. (http://en.wikipedia.org/wiki/

Glucono_delta-lactone; source: Benjah-bmm27.)

146 CLINICAL USES OF ALGINATE

ch005 14 April 2011; 12:3:12



GDL alginate gel, quite the opposite of an alginate gel set by calcium diffusion,
which is characterized by a linear relationship between gel strength and gum
concentration [43]. The stress�relaxation properties of alginate gels have been
studied as well, in relation to their possible role in potential novel foods
[45]. A strength�time study of alginate gels demonstrated that the compressive
strength increases rapidly for B15 h, then tends to stabilize asymptotically [46].
An empirical two-parameter mathematical model was used to estimate the
asymptotic value on the basis of data obtained during the first 20 h. The common
procedure of testing gels after 24 hwas concluded to be satisfactory, and a similar
two-parameter model was concluded to enable a reasonably accurate prediction
of the gel’s final weight [46].

5.7 ALGINATE GEL PREPARATION

5.7.1 Degree of Conversion and Thixotropy

Alginate gel properties depend on the type of alginate used, the degree of
conversion to calcium alginate, the source of the calcium ions, and the method
of preparation [8]. High-G alginates are required to form strong brittle gels.
High-M alginates result in the formation of extra-elastic weaker gels that are
less prone to syneresis. The degree of calcium conversion to calcium alginate
(replacing sodium with calcium) has various effects. A small level of conversion
results in increased viscosity. Higher conversion results in the development of
gel structures. Additional conversion results in increased gel strength and
thixotropic behavior whereby the produced gel converts into a fluid upon
applying shear, and reforms when the shearing stops. Supplementary calcium
leads to the production of irreversible gels: They do not reform with subsequent
shearing [8]. Combinations of alginate and high-methoxy pectin (exhibiting
synergism) can produce a gel at low solid contents and a wide range of pHs, in
contrast to high-methoxy pectins that produce gels with high solid sugar
contents [47, 48].

FIGURE 5.6 Chemical structure of sodium hexametaphosphate (SHMP). (http://en

.wikipedia.org/wiki/File:Sodium_hexametaphosphate.png; source: Edgar181.)
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5.7.2 Diffusion Setting

Diffusion setting is another mechanism used for the manufacture of alginate
gels. Gel beads (Fig. 5.7) can be produced by merely dropping alginate solution
into a calcium chloride bath. The time needed for calcium to diffuse into the
beads is not restrictive, predominantly if its concentration is deliberately
increased. Concentrations on the order of 15% can be used for short times
(on the order of seconds). For food purposes, less bitter calcium salts—such as
calcium lactate or calcium acetate, are required. Acidic baths can be used when
a calcium salt, which is only soluble under acidic conditions (e.g., calcium
hydrogen orthophosphate), is solubilized within the alginate solution prior to
extrusion [8]. When a product that contains low-molecular-weight ingredients
(e.g., sucrose, acids) is prepared, diffusion occurs both in and out of the gel
piece. Internal setting takes place when calcium is released under controlled
conditions from within the system. The rate of calcium release is managed by
pH and the solubility of the calcium salt. To avoid too rapid a reaction between
the alginate and a crosslinking agent, a sequestering agent (such as SHMP) is
added to the system and, depending upon pH, the system’s aptitude to entrap
or free the ions is changed [8]. Therefore, it is possible to make a preparation at
a neutral pH and to change the pH suddenly to an acidic one, inducing the
appropriate sequestering agent to release its entrapped ingredient, which then
reacts with the alginate. Calcium release should be monitored using a special
ion-selective calcium ion electrode. Full knowledge of the calcium concentra-
tion at any given stage of the process allows the creation of improved structured
products [8].

FIGURE 5.7 Alginate gel beads.
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5.7.3 Establishing Dissimilarities Among Alginate Gels

Gel properties such as strength can be tested using a universal testing machine
(UTM).Gel strength is regarded as themaximal stress (i.e., force divided by area)
that breaks a gel (stress at failure). The key parameters influencing gel properties
are temperature, pH, and the presence of proteins and neutral polymers [8].
Alginate gels are thermostable. In addition, once setting occurs, gels do not melt
upon reheating. When the alginate is internally set and each of its constituents
has been blended in, the system contains all the essentials for one-step gelation.
Nevertheless, an increase in solution temperature confers additional thermal
energy to the alginate chains, allowing their alignment, and consequently
gelation is postponed. Upon cooling, associations occur. In such systems, due
to the calcium’s availability to all alginatemolecules, a smaller degree of syneresis
is detected. This is quite the opposite of systems in which gelation is induced by
diffusion: There the molecules closest to the calcium source react first, resulting
in instability, which induces greater gel shrinkage and syneresis [8]. An increase in
alginate and calcium concentrations will require a higher temperature to prevent
gelation. At 0.6% sodium alginate, and enough calcium to give 60% conversion
(a molar ratio of 0.5 is theoretically sufficient for 100% replacement of the
sodium), a temperature of 80�C is required to prevent gelation.Manufacture of a
gel made of alginic acid (without calcium ions) is potentially possible by keeping
the pH at below 3.5 (acid setting bath). Nevertheless the resultant gels are grainy
and undergo syneresis. In a calcium setting bath, reducing pH lowers the amount
of calcium required to obtain a gel. Upon inducing more acidic conditions,
protein is also capable of interacting with sodium alginate [49] by electrostatic
interaction. A decrease in pH increases this interaction’s strength. At acidic pH,
proteins are destabilized and denatured in the presence of alginate, and high-
molecular-weight complexes are also produced [8].

5.8 CLINICAL APPLICATIONS, PRECLINICAL EXPERIMENTS AND
POSSIBLE FUTURE OPTIONS FOR ALGINATE IMPLANTATION

5.8.1 Clinical Applications of Alginate in Urology

Use of Alginate for Treatment of Vesicoureteral Reflux. Normally, the
distal ureter follows an oblique course through the bladder wall. When the
urinary bladder distends, the distal ureter is compressed, thereby preventing
urine reflux from the urinary bladder into the ureter and kidneys [50].
Vesicoureteral reflux (VUR) is caused by dysfunction of this mechanism, and
the consequent retrograde flow of urine to the ureter and kidneys [51]. VUR
increases the risk of recurrent ascending bacterial infections of the kidneys
(pyelonephritis) and eventually, renal scarring and failure [50]. A grading
system (I�V) has been established for the evaluation of VUR severity.
Endoscopic injection of polytetrafluoroethylene (Fig. 5.8) into the ureterove-
sical junction for the treatment of VUR has been widely used since the 1980s
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with a high rate of success (over 85%), although long-term effects remain
unknown [52, 53]. Moreover, polytetrafluoroethylene has been found to
migrate to distant organs, such as the lungs and brain [53], and its consequences
there remain to be determined. The use of collagen for VUR treatment is of
more limited efficacy, with an up to 70 or 80% success rate [53]. Moreover, over
time, the use of collagen loses its efficacy [54]. It has been suggested that VUR
be treated with endoscopic injection of autologous chondrocytes delivered in an
alginate suspension [55]. Over time, the alginate biodegrades and is replaced
with a cartilage matrix [55]. This concept was proven in four mini-pigs with
induced VUR, in which chondrocytes were extracted from the auricle [52].
Injection of an alginate�chondrocyte�calcium sulfate solution resulted in
reversal of VUR in all animals without ureter obstruction [52].

In a clinical trial conducted at two medical centers, 29 children aged 1�15
years, with grades II�IV VUR on at least one side, were included [53]. Cartilage
was initially grafted from the ear concha, and chondrocytes were later extracted
from the tissue. The chondrocytes were grown for 6 weeks, and then mixed with
alginate. In the operating room, themixture was further mixed with a solution of
calcium chloride and calcium sulfate in order to obtain a thickened solution. The
authors did not provide the concentration of calcium salts, but it is conceivable
that they were related to a low level of conversion. The mixture was injected into
the ureterovesical junction. The patients were followed for 3 months: 45% of the
patients required a second injection of the alginate�chondrocyte mixture,
resulting in an overall 83% success rate [53]. The adverse outcome rates were
similar to those reported in other endoscopic therapies [53]. A 1-year follow-up
of the study group found successful repair in 70% of the ureters, corresponding
to 65% of the patients [54]. These percentages were comparable to the results
following collagen injections. To improve the outcome, the authors reformu-
lated the matrix for injection, increasing its viscosity and volume. However, no
information is provided on the type of alginate used or the means used to
increase viscosity [54]. Shifting of the injected material from the ureterovesical
junction is the main cause of treatment failure. It is not yet known whether the
use of chondrocytes or alginate or both is responsible for successful VUR
treatment [54].

A phase III clinical trial is now being conducted to test prevention of surgery
or antibiotic therapy after endoscopic implantation of a chondrocyte�alginate
gel suspension (clinicaltrials.gov Identifier NCT00004487).

FIGURE 5.8 Polytetrafluoroethylene (PTFE), a synthetic fluoropolymer of tetrafluoro-

ethylene. (http://en.wikipedia.org/wiki/Polytetrafluoroethylene.)
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Alginate for Treatment of Intrinsic Urethral Sphincter Deficiency. Intrinsic
urethral sphincter deficiency (ISD) may be congenital or acquired (e.g., following
pelvic surgeries and treatment of prostate-related diseases) [56, 57]. It usually
results in disabling stress urinary incontinence. Treatment may be surgical,
although transplantation of periurethral bulking agents is an acceptable
alternative [56]. Use of collagen as a bulking agent loses its efficacy in 3�19
months due to collagen biodegradation in some reports [56]. Nevertheless, it is an
approved and widely used procedure in the United States [57]. Due to undesirable
collagen degradation, an alternative was investigated: Chondrocytes (harvested
from the ear pinna) were formulated into a hydrogel suspension consisting of an
alginate�chondrocytemixture. The alginate�chondrocyte suspensionwas added
to a calcium solution to form an injectable gel, which was transplanted
(transurethrally or periurethrally) in 32 patients with ISD. No information on
the concentrations of either alginate or calciumwas provided. One year following
the procedure, it resulted in 50% full continence and an additional 31.3%
improvement of incontinence [56]. The results were superior to those with
commercial collagen implants (20�25% competency, and an overall 75%
improvement) [56]. Adverse effects of injecting a chondrocyte�alginate matrix
were minimal, except in patients that developed the inability to empty their
bladder normally and required self-catheterization for 1 month [56]. In general, it
can be concluded that alginate and autologous chondrocytes may be an efficient
alternative to collagen for the treatment of VUR and ISD. Moreover, an
alginate�chondrocyte mixture may have advantages over collagen in terms of
providing longer-lasting relief. As it is inert, biodegradable, and does not spread
systemically, alginate is suitable for these indications.

5.8.2 Clinical Applications of Alginate in Cardiology

Heart diseases are a common cause of morbidity and mortality. Coronary
vascular diseases are estimated to cause 39% of deaths in the United Kingdom
[58]. Myocardial infarction (MI) is caused by the sudden occlusion of a
coronary artery or one of its branches. It is estimated that in the United States
alone, 1 million patients develop MI annually [59]. Heart failure may result
from various congenital or acquired causes [60], but MI remains the most
common one, with a universal increase in prevalence in the last decade [60].
Heart failure is defined as the heart’s inability to deliver blood supply to meet
the body’s demands [60]. Cases of heart failure may be divided into two types:
systolic dysfunction due to contractile failure, and diastolic dysfunction caused
by abnormal relaxation of the myocardium. The prognosis of symptomatically
decompensated heart failure is very poor. It is frequently compared to the poor
prognosis that accompanies malignant disorders [61]. The treatment usually
includes inhibitors of angiotensin-converting enzyme (ACE), sympatholytic
agents, diuretics, Na1/K1 -ATPase pump inhibitors, aldosterone antagonists,
and other pharmaceutical agents [60]. Nevertheless, treatment of advanced
disease may require surgical implantation of a ventricular-assist device or heart
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transplantation [58, 60]. Remodeling of the heart following initial damage is a
complex process that involves mechanical, hormonal, and possibly genetic
factors [61]. Remodeling may occur following MI and is characterized by
cardiomyocyte hypertrophy, cellular loss, and increased fibrosis [61]. Over time,
the infarcted area becomes thin, undergoes expansion, and loses its contractile
abilities (being hypokinetic or dyskinetic) [59]. Eventually, the remodeling
process causes a change in the normal myocardial geometry and myocardial
failure [61]. Moreover, cardiac remodeling is associated with increased risk of
early death. Reversal of the remodeling process may be induced in some
patients following the use of ACE inhibitors or beta blockers [61]. It has been
proposed that the process of remodeling and heart failure progression follow-
ing MI is, in part, caused by damage to the extracellular matrix (ECM) during
the early inflammatory phase [62, 63]. During that phase, monocytes and
leukocytes infiltrate the affected tissue and secrete enzymes that damage the
ECM [63]. For instance, matrix metalloproteases (MMPs) have been found to
be secreted in the infarcted area and are believed to mediate some of the
damage to ECM components [59]. The first 7 days following infarction are
characterized by an acute-phase early inflammatory process, and early mani-
pulations of the myocardium might be associated with increased risk for
ventricular rupture. Therefore, treatments that attempt to prevent remodeling
and improve contractile function following MI are usually initiated 7 days post
infarction [59].

Alginate Injection for a Damaged Myocardium. Alginate, in the form of a
crosslinked hydrogel, might present mechanical properties similar to those of
the myocardial ECM [62]. Therefore, the use of alginate hydrogel as a
substitute for the damaged ECM has been attempted in both recent and older
MIs to reduce or reverse the remodeling. In one study, a calcium-crosslinked
alginate solution was prepared from an aqueous solution of 30�50 kDa sodium
alginate (1% w/v) by mixing it with a calcium gluconate solution (0.3% w/v)
using homogenization to distribute the calcium ions throughout the solution.
Calcium-crosslinked alginate (100�150 μL) of low viscosity (10�50 cP) or 150
μL of saline solution (as a control) was injected into the myocardium of 117
Sprague-Dawley rats: 67 of the rats had a recently induced MI (by intramural
sewing up of the proximal left coronary artery) and 40 rats had a fully evolved
MI, 2 months after induction [62]; 73 of the rats survived the MI induction and
were evaluated. Results were compared among the alginate-injected group, the
saline-injected control group, and a third group that was injected with 106 rat
neonatal cardiomyocytes. Echocardiography was used for functional and
dimensional evaluation. Eight weeks after the injections, the hearts were
reevaluated. Biotin-labeled alginate was detected by using avidin-peroxidase
immunostaining. It was demonstrated that 1 h post alginate injection, alginate
was evident in 45±4% of the infarcted scarred area. These levels decreased
dramatically during the course of a few weeks, to 6±1% at 6 weeks following
injection. As time elapsed, the injected alginate was slowly replaced with
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connective tissue and myofibroblasts [15]. The alginate injection was shown to
significantly increase scar thickness and anterior wall thickness compared to
saline or cardiomyocyte injection [62]. Both alginate and cardiomyocyte
injections decreased the remodeling process in rats with recently induced MI
[62]. Furthermore, the use of a low-viscosity alginate solution did not increase
wall rigidity and did not cause diastolic dysfunction [62]. Interestingly, injection
of alginate into the older infarcted area resulted in improvement of diastolic
functions, via an unknown mechanism [62]. It is suspected that injection of
alginate into the myocardial scar replaces the damaged ECM, provides
mechanical support, and reduces wall stress [62]. The physical and functional
similarities between alginate and ECM, and the potential use of alginate as a
synthetic ECM have been reported [64]. Moreover, dyskinesis of the infarcted
tissue decreases, along with a decrease in ventricular systolic dilatation [63].
This fact may be of clinical significance since the extent of systolic dilatation
following MI is associated with bad prognoses [63]. The injected alginate was
shown to undergo degradation over time, disappear from the myocardium, and
be excreted by the kidneys [62]. Compared to injection of cardiomyocytes,
alginate was superior in the prevention of remodeling [62].

In another study, a mixture of fibrinogen, fibronectin, factor XIII, and
plasminogen was dissolved in an aprotinin solution to which gelatin-grafted
alginate had been added. The mixture was injected intramyocardially with
thrombin and 40 mM calcium chloride solution. After injection, a fibrinalginate
composite formed within the myocardium, and this composite was tested for its
possible effects onMI evolution in eight mature Yorkshire pigs, 7 days after MI
induction [59]. Factor XIII is a coagulation factor that crosslinks fibrin
molecules and is important for clot stabilization. Aprotinin is a protein that
slows fibrinolysis. Thrombin is a coagulation protein that is important in the
activation of several other coagulation factors and fibrin formation. Results
were compared to those of nine pigs treated with saline. Injection of the
fibrin�alginate mixture was associated with lower infarct expansion [59]. In
the fibrin�alginate treatment group, the same infarction area was associated
with a lower end-diastolic volume [59]. Moreover, injection of fibrin�alginate
was found to be associated with a lesser degree of increase in MMP-2 in the
infarcted area [59].

Other studies have supported the beneficial findings of alginate implantation
in the aneurismal myocardial wall as a means of decreasing wall stress and
myocardial dilatation [65]. Both fibrin and alginate induced an increase in
ventricular function and restoration ofmyocardial geometry in rats with 5-week-
old infarcts [65]. However, unlike in rats injected with fibrin glue, the alginate
group showed persistent improvement in contractile function. Moreover, 5
weeks following transplantation, alginate was histologically evident, while fibrin
was not [65]. Another study evaluated the effect of modified alginate, to which
cell adhesion peptides containing the amino acid sequences arginine�
glycine�asparagine (RGD) and tyrosine�isoleucine�glycine�serine�arginine
(YIGSR) had been covalently attached, on an MI rat model [63]. The peptides
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GGGGRGDY,GGGGRGEY, and YIGSRYIGSRYwere covalently attached
to alginate polysaccharides (30�50 kDa) via carbodiimide chemistry to yield a
0.2% rate of modification of uronic acid monomers by the peptide sequences.
The peptide-modified alginate product was purified by dialysis and then
lyophilized until dry. Solutions of calcium-crosslinked alginate (peptide-mod-
ified or unmodified) were prepared by thoroughly mixing an aqueous solution
of 1% (w/v) polysaccharide with a solution (0.3% w/v) of D-gluconic acid/
hemicalcium salt [63]. Both RGD and YIGSR peptides are frequently found in
ECM proteins such as collagen fibronectin and laminin, respectively. They serve
as cell recognition sites for some adhesive proteins found in the ECM. It was
speculated that alginatemodifiedwith ECMproteins would improvemyocardial
healing and facilitate fibroblast recruitment: 29 rats survived the experiment and
developed sufficiently large infarctions for testing. They were injected with
different solutions 7 days after MI induction and were reevaluated 8 weeks
later [63]. The following treatments were compared: unmodified alginate, RGD/
YIGSR-modified alginate, RGE-modified alginate (a nonspecific peptide,
arginine�glycine�glutamic acid, which has no role in the ECM), and saline
solution. Injection of unmodified alginate was associated with preserved scar
thickness on an echocardiograph, while both RGD/YIGSR- andRGE-modified
alginates were associated with scar thinning, similar to saline controls [63].
Moreover, unmodified alginate injection was associated with an increase in
contractile indexes and prevention of remodeling. In contrast, both RGD/
YIGSR- andRGE-modified alginate injections were associated with remodeling
and myocardial failure, similar to that observed in the saline-injected control
group [63]. Compared to controls, microscopic observation of the tissue
showed that the unmodified alginate group had thicker scars and decreased
ventricular expansion [63]. Histologically, thicker scars and smaller expansion
compared to controls was observed in the RGD/YIGSR-modified but not
the RGE-modified alginate groups. The discrepancy between scar evolution in
the RGD/YIGSR-modified alginate group as observed by echocardiograph
and morphologically was explained to be a result of the different methods
employed [63]. Moreover, histologically, in both modified and unmodified
alginate groups there were cardiac cells in the infarcted area, compared to
no cells in the saline-injected hearts. Overall, it was concluded that the use
of unmodified alginate is superior to modified alginate in treating rats with
induced MI and in preventing myocardial remodeling [63]. The disadvantages
of the modified alginate may involve its enhanced viscosity (by four- to
sevenfold) and decreased spread in the infarcted area [63]. Therefore, the effect
of the modified alginate may be restricted to the small area of injection, and
multiple injections might be required to enhance alginate distribution in the
myocardial wall.

Use of Alginate as a Scaffold and Myocardial Implantation. Unmodified
or RGD-modified alginate was used as a scaffold, in which human umbilical
vein endothelial cells (HUVECs) were embedded [66]. The HUVECs were more
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viable in RGD-modified alginate, suggesting that RGD supports cell prolifera-
tion better than unmodified alginate [66]. Integrin-mediated association to cell
adhesion peptides, such as RGD, produces intercellular signal transduction,
which may in turn produce, in some instances, cellular proliferation [67]. Both
types of alginate and bovine serum albumin (BSA) in phosphate-buffered saline
(PBS) as a control were compared for effectiveness following injection in rats with
5-week-oldMIs.At 5weeks following transplantation, both alginate preparations
were associated with higher fractional shortening and other contractile indexes, a
thicker ventricular wall, and less ventricular dilatation compared with controls
[66]. It is probable that alginate injection alters mechanical stress on the
myocardial wall and thereby reduces remodeling and prevents contractile
dysfunction. Moreover, its mechanical properties prevent scar thinning and
mechanical weakness of the scar tissue and thereby prevent paradoxical outward
bulging of the scar during ventricular contraction (i.e., dyskinesis), which is
associated with ineffective contraction. The finding of thicker scars following
injection of unmodified alginate into infarcted areas is in line with previous
publications [62, 63].

The myocardium has limited regeneration ability since cardiomyocytes are
unable to divide. Moreover, there are limited pharmacological treatment
options for advanced heart failure. In addition, the limited availability of heart
donors is making heart transplantation a less feasible option for patients with
established heart failure [68]. Therefore, the engineering of contractile tissue
designed for implantation was attempted, based on an alginate scaffold [68, 69].
In one demonstrative study [68], scaffolds based on sodium alginate and
calcium gluconate were freeze-dried. Then (after freeze-dehydration), neonatal
rat cardiomyocytes were implanted at a concentration of 33 105 cells/scaffold
(6 mm diameter3 1.0 mm height). The grafts were transplanted 7 days after MI
induction in six rats, and compared to six sham-transplanted rats (in which the
scar was stitched once, without any graft implantation) serving as controls.
Alginate can be used to make hydrophilic porous 3D scaffold structures with
relatively large pores (50�150 μm in diameter), enabling large-scale transplan-
tation of cardiomyocytes [68, 69]. Cells were found to remain viable and
preserve their contractile abilities in the alginate scaffold [68]. Moreover, the
graft integrated into the scar tissue and neovascularization was demonstrated in
the implanted scaffold [68]. Nevertheless, it has yet to be determined whether it
is the alginate alone or a combination of the neonatal rat cardiomyocytes and
alginate that encourages neovascularization [58], although the implantation of
an unseeded scaffold was associated with significantly less neovascularization
than with the seeded graft [68]. It is also possible that the designed 3D porous
matrix facilitates neovascularization. A few weeks after implantation, the
alginate scaffold was absorbed and replaced by cell-driven ECM [68, 69].
Furthermore, the alginate scaffold prevented remodeling following MI and
preserved contractile function [68]. In another study, implantation of human
embryonic stem cells (hESCs) on an alginate scaffold made no significant
contribution to myocardial regeneration [58]. The use of centrifical force
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during cell implantation on the alginate scaffold resulted in a 3D structure with
high cell density [69].

Alginate and Restoration of Myocardial Blood Supply. Ischemia is
defined as restricted blood supply to an organ or its parts. Although ischemia
resides in the pathogenesis of MI evolution, and most cases of heart failure are
induced by ischemia, not all patients with cardiovascular heart disease are
candidates for revascularization, by either percutaneous coronary intervention
(PCI) or coronary artery bypass graft surgery (CABG) [70]. Moreover, up to
37% of the patients that undergo CABG will not obtain complete revascular-
ization [71]. Therefore, novel techniques to improve myocardial blood supply
have been sought. As mentioned above, an implanted alginate scaffold provides
new vascular distribution [68]. Promising approaches, including gene therapy
[70] and transmyocardial revascularization with laser [72], are being investi-
gated. Other studies have found that alginate may promote angiogenesis,
possibly via a proinflammatory response [65]. RGD-modified alginate (see
section on alginate injection for a damaged myocardium) promotes angiogen-
esis more strongly than unmodified alginate (via integrin�ligand interactions
and an effect on intercellular signaling pathways). Both regimens promote
neovascularization more strongly than control PBS injection [66]. In contrast, it
has also been reported that unmodified alginate injection into MI borders is not
superior to saline injection in the induction of angiogenesis [73]. Therefore, the
role of alginate in angiogenesis remains controversial. Bearing in mind that MI
is the consequence of vascular insufficiency and ischemia, many strategies have
attempted to induce angiogenesis by administration of growth factors, proteins,
and genes to the myocardium [73]. Nevertheless, both systemic absorption and
technical issues have limited the use of these approaches. Several growth factors
are potentially capable of inducing vascular formation in ischemic tissue [70].
The use of alginate as an injectable carrier for vascular endothelial growth
factor (VEGF) and platelet-derived growth factor BB (PDGF-BB) was
successful [73]. VEGF may induce angiogenesis, while PDGF-BB assists in
recruiting smooth muscle cells to the forming vessel [73]. A solution (100 μL)
containing alginate, 3 μL VEGF or 3 μL PDGF-BB, or both, was injected into
the border of the infarcted area 7 days after MI induction in rats. Alginate with
VEGF or both VEGF and PDGF-BB induced more angiogenesis than alginate
alone [73]. In that study, injection of alginate alone did not alter vascular
density compared with saline injection [73]. Furthermore, it was found that
proangiogenic therapy improves the systolic velocity�time integral but not
ejection function [73]. The conflicting results were explained by the different
measurement methodologies used for these indexes [73].

Basic fibroblast growth factor (bFGF) is another promising peptide that
was evaluated for its ability to induce angiogenesis [70]. bFGF enables
mesenchymal cell proliferation, angiogenesis, and growth of fibrous connec-
tive tissue [74]. Sterilized heparin sepharose beads were mixed with filter-
sterilized sodium alginate. The mixture was dropped into a solution of CaCl2
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(1.5% w/v) and heparin�alginate beads formed instantaneously [71]. First, it
was demonstrated that implantation of bFGF carried in heparin�alginate
beads in a swine model of MI results in significant angiogenesis [71]. Prompted
by these results, a phase I randomized double-blind placebo-controlled trial
was conducted in 16 CABG patients to examine the proangiogenic effect
of epicardial transplantation of heparin�alginate beads containing bFGF
(10 or 100 μg). Technically, the beads were transplanted in the epicardial fat
adjacent to an ischemic area that could not undergo revascularization with a
bypass graft. Results were compared to a control group consisting of eight
patients in which heparin�alginate beads with no bFGF were transplanted.
Implantation of high-dose bFGF�alginate beads during CABG was asso-
ciated with symptomatic improvement and improved perfusion in thallium
scans. On the other hand, a low dose of bFGF showed no major change in
the perfusion scan results, while 50% of the control group had deteriorated
perfusion results [71]. Polypyrrole (PPy), a conductive polymer, was mixed
with alginate and injected into 1-week-old infarctions in a rat model. The
alginate�PPy mixture was found to be superior to alginate alone and to PBS
in the induction of angiogenesis [75]. The role of alginate alone in the
induction of angiogenesis remains to be established. Further research is also
required to evaluate the connection between alginate-associated angiogenesis
and systolic function.

Conclusions. Alginate may have several future clinical applications in
cardiology in the prevention of myocardial remodeling, treatment of recent
or old MIs, use as a cellular vehicle in the engineering of 3D myocardial tissues,
as a means of delivering drugs or growth factors to the myocardium, and in the
induction of angiogenesis. Moreover, there is at least one encouraging phase I
study in humans that may promote the use of alginate in conjugation with
other materials for the treatment of myocardial ischemia. Today, cardiac
catheterization is performed on a routine basis and the myocardium is easily
accessible. Therefore, transplantation of cells and biologically compatible
compounds such as alginate directly into the myocardium is feasible [76], and
may become clinically routine based on accumulated experimental evidence.

5.8.3 Clinical Applications of Alginate in Treating Diabetes Mellitus

Diabetes mellitus (DM) is a disease associated with major morbidity that is
becoming increasingly common worldwide. Type 1 DM (DM1), also known as
insulin-dependent DM, is caused by autoimmune destruction of the insulin-
secreting ß cells in the pancreas. DM type 2 (DM2) is a metabolic disease that is
far more common than DM1 [77]. It was formerly known as non-insulin-
dependent DM and is caused by increased insulin resistance and a decreased
effect of circulating insulin. In DM1, insulin is the preferred initial treatment.
In contrast, the initial therapies in DM2 include lifestyle modifications, drugs
that decrease the liver’s production of glucose, and drugs that increase the
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secretion of insulin from the pancreas due to hyperglycemia. Nevertheless,
insulin treatment can eventually be required in DM2. Several long-term
complications may be encountered in patients with DM: retinopathy that
may progress to visual loss, nephropathy that may be complicated by end-stage
renal disease, and neuropathy that may cause neuropathic pain [77, 78]. In
addition, diabetic foot may lead to amputation. Moreover, DM accelerates
atherosclerosis and is associated with increased risk of MI and stroke: 70% of
patients with DM2 die from cardiovascular complications [77]. Other morbid
conditions associated with DM2 include increased risk for fractures, depres-
sion, and cognitive deterioration [78].

Since the 1970s, treatment of diabetes with pancreatic islet cell transplanta-
tion has been attempted in animal models [79]. Some of these attempts have
been successful. Islet transplantation has an advantage over pancreas trans-
plantation in that it requires a less extensive operation and less immunosup-
pression [80]. Lim and Sun [81] were the first investigators to propose the use of
encapsulated cells for transplantation. They demonstrated that microencapsu-
lated cells are functional for almost 3 weeks in a rat model of diabetes,
compared to 6�8 days for nonencapsulated cells [81]. During the 1990s, human
trials of islet transplantation resulted in a roughly 6% success rate [82]. Not
surprisingly, it was suggested that implantation success depends on cell quality
and immunosuppression [82]. Nevertheless, the need for chronic immunosup-
pression poses a major disadvantage for transplantation [83]. A lack of
sufficient organ donors [80, 82, 83] is another problem that is not easily solved.
Moreover, transplantation of a partial pancreas segment from a living donor
may be complicated by a 25% chance of the donor developing diabetes or by
pancreatitis and pancreatic pseudocysts, which may be life-threatening [80].
The use of alginate for encapsulation of xenograft islet cells has the potential
of overcoming both obstacles since it may prevent immune reaction against
the graft [83, 84], and it enables the use of nonhuman tissue, which is far
more available.

The use of alginate with a high-M content for islet encapsulation resulted
in unstable beads. Therefore high-G alginate was used for islet encapsulation
by Soon-Shiong et al. [84]. Encapsulated islets were transplanted on two
different occasions in a 38-year-old patient with DM1. This patient received
low-dose immunosuppressants (i.e., cyclosporin and azathiopine) following
kidney transplantation that was required due to diabetes-associated end-stage
renal disease. During the 9 months of reported follow-up, the patient
developed no side effects and required lower doses of insulin supplements
until he could withdraw from the use of exogenous insulin altogether [84].
The functionality of the transplanted islets was confirmed by an elevation in
C-peptide (a by-product of insulin synthesis) [84]. Moreover, during the
follow-up, the patient reported less neuropathic pain and showed improved
axonal nerve function by electromyography, more rapid healing of diabetic
ulcers, and stable renal function. Furthermore, the patient reported an
improvement in quality of life [84].
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Elliott et al. [85] reported the case of a 41-year-old male with DM1 who had
undergone chronic insulin treatment for 9 years and who underwent trans-
plantation of fetal pig pancreatic islets embedded in alginate-poly-L-lysine
(PLL)�alginate beads. This involves a polyanion-polycation reaction. The
patient was not treated with immunosuppressant. In total, he was implanted
with 1.3 million islet equivalents. The beads were laparoscopically injected into
the peritoneal cavity. Following transplantation, the insulin required to
maintain normal glucose levels in the serum was reduced by up to 30% for
14 months [85]. At 4 months following transplantation, urine levels of porcine
C-peptide reached a maximum of 9.5 ng/mL in a 24-h collection. Nevertheless,
14 months after transplantation, the patient required the same insulin doses
used prior to transplantation; 9.5 years following transplantation, the patient
underwent a second laparotomy, during which nonfibrotic nodules were
apparent on the mesenterium. Histological examination revealed undamaged
capsules that contained viable porcine cells, most of which were glucagon-
secreting cells and a few were insulin-secreting cells (Fig. 5.9) [85]. This report
demonstrated that alginate may be a safe and efficient carrier for animal tissue
transplantation, and may provide long-term survival for some of the implanted
cells. It is possible that a different capsule design might enable long-term
survival of more transplanted cells, enabling the implant to provide insulin
support for longer periods of time.

A standardized procedure for the encapsulation of pancreatic islets for
clinical use was suggested by Calafiore et al. [83]: The islets (at least 400,000
islet equivalents with at least 80% purity) are placed in 1.6% alginate solution
and are dripped into 1.2% CaCl2 solution. The ratio of islet to alginate should
result in one islet per bead and up to 5% empty alginate beads [83]. A
subsequent covering with poly-L-ornithine (PLO) and additional alginate
coating eventually produces alginate�PLO�alginate beads. The beads should
be incubated for 24 h and then diluted in 100 mL saline solution, and injected
into the peritoneal cavity [83].

Subsequently, Calafiore et al. [86] published some encouraging results of
encapsulated-islet transplantation in two DM1 patients who were followed
up for 6�12 months and showed a decreased need for external insulin. A
phase I clinical study is now underway (www.ClinicalTrials.gov identifier
NCT00790257) to test the immune reaction toward, and the insulin secretion
of, subcutaneously implanted allogeneic human pancreatic islets embedded in
an alginate-based matrix.

Immunoprotective Properties of Alginate Beads. Alginate beads form a
semipermeable matrix that protects grafted cells from the recipient’s immune
system. The matrix prevents antibodies, as well as cytotoxic cells, from reaching
the entrapped cells [87], especially those in alginate�PLL�alginate beads [88].
Alginate has a negative charge and therefore cells that have negatively charged
membranes are repelled by it [87]. Use of a positively charged PLL coating has
the opposite effect, accelerating macrophage and fibroblast adhesion to the
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beads [88]. Moreover, it is suggested that PLL can cause toxic damage to
encapsulated islets (the strongest effect encountered in alginate with high-G
content and PLL coating) [88]. In addition to the immune response that may be
mediated by macrophages, the attached cells are competing for nutrients and
thus may hamper the function of the transplanted cells [88].

High-M content of alginate may cause stimulation of monocytes via CD14,
and toll-like receptor (TLR) 4 and 2 [87]. TLRs are membranous receptors
which play an important role in the functions of the innate immune system.
High-M content has been shown to stimulate the secretion of interleukin-1
(IL-1), IL-6, and TNFα [89], all of which are proinflammatory cytokines [90].
Moreover, cytokine excretion may cause dysfunction of the insulin-secreting
cells [88]. In addition, hypoxia should be avoided since it may cause excretion of

(a) (b)

(c) (d)

FIGURE 5.9 (a) Laparoscopic view of encapsulated neonatal porcine islets at time of

implantation. (b) Laparoscopic view at time of biopsy showing the omentum embedded

with nodules of previously implanted capsules. Arrow points to a nodule. Positive

immunohistochemical staining for (c) insulin or (d) glucagon in porcine islets retrieved

from the peritoneum 9.5 years after implantation. (Adapted from Elliott et al. [85].)
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stress proteins, facilitating the host immune response [88]. Finally, antibodies
against the M component have been detected in mice [87]. Both immune
reactions can be avoided by washing the beads before transplantation, thereby
removing some of the non-crosslinked M component [87]. Nonpure alginate
contains endotoxins that cause an immune reaction. Therefore, the use of
ultrapure alginate (,100 EU/g endotoxin) is recommended for clinical appli-
cations [87].

Capsule design poses a challenge since the encapsulated cells should not be
in contact with the beads’ external surface, and one needs to allow for the free
diffusion of glucose, oxygen, and nutrients into and out of the beads and
proteins. It has been suggested that xenotransplantation be performed in a less
porous alginate matrix in order to prevent diffusion of foreign antigens out of
the beads because they may cause an exaggerated immune reaction [88].

Conclusions. The use of alginate encapsulation for transplanted pancreas
islets was first suggested about 30 years ago. Nevertheless, to date, experi-
ments have included only a small number of patients and have yielded
inconsistent results. Different types of alginate, different microcapsule sizes,
and different purification levels have been suggested as the cause of these
inconsistencies [91]. Moreover, some studies used barium and not calcium for
crosslinking (since barium�alginate gels provide higher mechanical strength
than calcium�alginate gels) and others used PLL coatings [91]. Although
transplantation has resulted in prolonged improvement of quality of life,
decreased dependence on insulin, and lower occurrence of hypoglycemia, no
complete lifetime cure has yet been achieved. This obstacle may be resolved by
improvements in alginate matrix design or by the use of repeat transplanta-
tions. Further research is also required to support the long-term survival of
functional beads.

5.8.4 Clinical Applications in Neurology

The human central nervous system (CNS) is a very complex structure. It is
vulnerable to various insults, such as trauma, infections, degenerative diseases,
and autoimmune mechanisms, to name a few. All may result in major chronic
disability and decreased quality of life. Moreover, with age, axonal growth
potential decreases and consequently there is a decrease in the CNS’s capacity
for self-rehabilitation [92]. There are several explanations for the CNS’s limited
ability to correct neural damage. First, secretion of neurotrophic factors (which
facilitate neural growth and survival of neurons) decreases. Second, there is
increased expression of inhibitory factors that limit axonal growth [92].
Therefore, the medical world is striving for new therapeutic approaches to
CNS-directed treatments.

Treatment of Spinal Cord Dissection. Spinal injury may be associated with
severe disability, such as paralysis [93, 94]. Annually, 10,000 individuals are

5.8 CLINICAL APPLICATIONS, PRECLINICAL EXPERIMENTS 161

ch005 14 April 2011; 12:3:20



affected in the United States alone, most of whom are young adults [93].
Overall, there are about 250,000 people in the United States with spinal injuries
[95]. Following spinal injury, the transected axon undergoes Wallerian degen-
eration [95]. Despite encouraging results in rats, restoration of dissected spinal
cord function is currently impossible in humans [94]. In rats and mice, implanta-
tion of intercostal nerves, mouse embryonic stem cells (ESCs), or embryonic or
fetal spinal cord segments have resulted in restitution of neural functions [94].
Different approaches to neural regeneration have been attempted, most of which
have focused on cell therapy [93]. Several cells have been investigated for
implantation: peripheral nerve cells, ependymal cells derived from the choroid
plexus, olfactory ensheathing cells, hESCs, and Schwann cells [96 ,97]. Never-
theless, to date, these methods have shown inadequate efficacy and are also
limited by a lack of available cell sources and a possible immunological reaction
against the implant [96]. Moreover, transfer of disease remains a great concern
[98]. In some of these methods, axonal elongation was found to be insufficient
[97]. In addition, glial scar tissue formation and associated proteoglycans,
oligodendrocytes, and myelin-derived growth-inhibitory proteins all decrease
axonal regeneration [95, 97, 98]. Other therapeutic strategies for the induction of
neural regeneration have been attempted with the use of neurotrophic factors,
degradation of chondroitin sulfate proteoglycan (which is inhibitory to neural
growth, using MMP-2), or the use of genetically modified fibroblasts [99, 100].
Implantation of genetically modified Schwann cells with enhanced release of
neurotrophic factors has also been considered as a possible therapy for neural
damage [100]. Both synthetic and natural polymers were evaluated with variable
results [101]. The use of collagen for spinal cord regeneration yielded disappoint-
ing results [101]. Therefore, alginate, as a natural extracted polymer, was
evaluated. In one study, freeze-dried alginate gel was used in 30 rats as a
neural-gap filler following resection of two 2-mm gaps in the spinal cord [102].
After 45 days, the sensorimotor brain cortex was stimulated and motor-evoked
potentials (MEPs) were recorded. In addition, somatosensory-evoked potentials
(SEPs) were recorded following distal stimulation. The presence of both MEPs
and SEPs indicated bidirectional neural bridging of the spinal gaps [102].
Histological examination of the transplanted area revealed residual alginate,
replaced by connective tissue and a large number ofmyelinated axons, Schwann-
like cells, some perineural-like structures, and blood vessels [102]. Moreover,
another study reported that 6 weeks following alginate implantation in trans-
ected spinal cord, recorded SEPs were similar to those prior to spinal transaction
[98] (Fig. 5.10), suggesting that alginate enabled the formation of a synaptic
interface [98]. Restoration of motor function was poor in experiments following
complete spinal cord resection, but gain of coordination was reported following
treatment of partial resection [50].

In another experiment following a similar methodology, a 3-mm gap was
induced in the T9�10 spinal cord segment of 50 rats and was filled with alginate
sponges [96]. After 21 weeks, the gap was replaced with areas of myelinated and
nonmyelinated axons, as well as mast cells [96]. Labeling of the corticospinal
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tract neurons with B-subunit-conjugated horseradish peroxidase demonstrated
extension of axons through the alginate-filled gap and up to 200�300 μm
caudal to the gap [96]. Moreover, the neurons grew 1�1.5 cm rostral to the
lesion [96]. Nevertheless, it was apparent that the ascending neurons possessed
a more significant proportion of regenerative neural tissue [96]. Electrophysio-
logical evaluation confirmed that the outgrown tissue was functional and hence
had developed synapses with distant nerves [96]. Dissection of a spinal cord
section without implantation of alginate or other biomaterial was associated
with the formation of a scar composed of connective tissue [97]. Therefore,
alginate transplantation prevents scar formation and thus enables axonal
regeneration and elongation of astrocytic processes [97]. In addition, alginate
offers an alternative to other attempted methods of controlling scar formation,
including irradiation and enzymatic digestion of chondroitin sulfate [97]. How
elongation of the astrocyte processes, enhanced astrocye migration, and
reduced gliosis occur in alginate implants, is unknown [98]. Nevertheless, all
of these processes promote axonal regeneration. Alginate was superior to
collagen in terms of number of regenerated axons and axonal penetration into
the implant [97]. Moreover, the collagen implant facilitated undesirable
connective tissue invasion [97]. It was suggested this connective tissue invasion
(which does not occur with alginate implantation) impedes the extension of
regenerating axons from the spinal cord [97].

Alginate was observed to enable axonal growth, which was limited and
disorganized [93, 96]. In an attempt to support organized axonal growth, a

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

FIGURE 5.10 Recorded SEPs 6 weeks following alginate implantation in transected

spinal cord were similar to those prior to spinal transaction. Evoked electromyogram (a)

before surgery, (b) 24 h after surgery (the same waveform in rats in both groups), (c) 6

weeks after surgery in a rat with implanted alginate, and (d) 6 weeks after surgery in a rat

in the control group. SEP (e) before surgery, (f) 24 h after surgery (the same waveform in

rats in both groups), (g) 6 weeks after surgery, and (h) 6 weeks after surgery in a rat in

the control group. (Adapted from Kataoka et al. [98].)
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structured alginate anisotropic parallel capillary gel with approximately 27-μm-
wide capillaries was constructed [93]. The rationale for this ultra-3D structure
was the need to guide the transected axon growth caudally toward its original
continuation in the distal stump. Organized neural structures were demon-
strated both in vitro (using rat dentate gyrus of the hippocampus) and in vivo
(spinal cord implantation following dorsal column transection in rats) [45].
Moreover, the engineered alginate scaffold survived in the rat’s CNS for more
than 6 weeks and, therefore, potentially supports slow neural growth [93].
Nevertheless, further research is needed to evaluate the consequent restoration
of neural function. Such an alginate-based scaffold could also be used to deliver
regenerative cells to the neural system with 3D orientation.

Treatment for Peripheral Nerve Regeneration. Peripheral nerve injuries
are far more common than spinal cord transactions [103]. In cases of
traumatically transected peripheral nerve, the use of autologous nerve implan-
tation has a better clinical outcome than suturing the two stumps with applied
tension [103]. Nevertheless, the implantation method has several disadvantages,
namely, limited sources of nerves for grafting and the limited length of those
nerves. Moreover, harvesting a healthy nerve can result in iatrogenically
induced sensory loss and skin scarring [74, 103]. It is generally accepted that
the use of an implant is required in cases of peripheral nerve defects of more
than 20 mm [104].

The use of several synthetic materials as neural bridges has been attempted
(i.e., silicone, polyglactin, polyglycolic acid, collagen), but these were found to
support up to only 30 mm of neural growth [104, 105]. Implantation of ECM-
driven gap filler may encourage fibroblast growth as well [105], and ECM
substances are produced from animals that may carry a risk of disease transfer
(e.g., prion infections) when transplanted into humans [105].

Therefore, an implantable biomaterial may produce an alternative method
for the treatment of peripheral nerve damage. Alginate preparations with
ethylenediamine and water-soluble carbodiimide were freeze-dried, and then
later transplanted in rats with a surgically induced 1-cm gap in the right sciatic
nerve [106]. Four weeks after transplantation, the distal parts of the alginate
implant underwent degradation and were replaced by straight axonal regenera-
tion [106]. Moreover, both fibroblast and Schwann cells were found in the
lesion, as well as a few macrophages. This is an important observation as
Schwann cells enhance axonal regeneration [100], and mast cells may also
contribute to nerve regeneration [106]. Electrophysiologically, stimulation
proximal to the stump resulted in action potentials that were of smaller
amplitude and longer latency compared with normal action potentials [106].
It was suggested that alginate degradation supports the axonal elongation
process [106]. Another study described a similar composite of alginate and both
ethylenediamine and carbodiimide, which was freeze-dried and coated with
polyglycolic acid mesh. This was then implanted in 10 cats with a 50-mm gap in
the right sciatic nerve [105]. Compound muscle action potentials (CMAPs) and
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SEPs were recoded 3 and 13 weeks after implantation. The conduction’s latency
of peak amplitude in the implanted cats was 89±11% that of the contralateral
nerve, which served as a control [105]. A near-normal SEP suggested near-
normal conduction of sensory nerves following transplantation [105]. Seven
months after transplantation, the alginate had been entirely absorbed. Regen-
erated axons, some of which were myelinated, were arranged in a fascicular
structure and were smaller than normal axons [105].

In another study, two implantation methods were applied in 12 cats with a
5-mm gap of the right sciatic nerve: a tubular method in which the coated
alginate was implanted and connected to the nerves by sutures, and a
nontubular method in which alginate was merely positioned in the gap. In
both groups, 3 months after implantation, there was electrophysiological
activity with near-normal amplitude and latency [104]. Eight months after
surgery, the alginate had been absorbed and replaced with myelinated nerves,
although the regenerated nerves appeared smaller and with less myelin tissue.
The study showed that nontubular implantation of alginate may be an
important development in the treatment of nerve dissection [104]. Traumatic
injury to the 7th cranial nerve (i.e., the facial nerve) may be caused by blunt or
penetrating trauma or may be secondary to surgery. Among other functions,
the facial nerve is responsible for facial expressions. Any injury to this nerve is
associated with an asymmetrical face, hemifacial paralysis, eating difficulties,
and inability to close the eye on the affected side. Direct suturing is applied
when possible. Otherwise, the use of autologous or synthetic implants is usually
advised [107]. In one experiment, five cats underwent facial nerve dissection,
which was treated with alginate implants [107]. In that study, ethylenediamine
and carbodiimide were also dissolved in alginate to form a gel and later freeze-
dried. The alginate sponge was transplanted into the 5-mm gap of the facial
nerve without any suturing. Twelve weeks later, eyelid blinking had been
recovered and there was normalization of electrophysiological parameters
[107]. Histologically, there were no traces of alginate, and it had been replaced
by a high density of small axons [107]. Use of alginate for facial nerve injury
provides a sutureless alternative, especially in cases of distorted anatomy and
difficulties in reconnecting fine neural branches.

ECM proteins such as fibronectin can influence neural regeneration and can
induce Schwann cell proliferation [52]. A mixture of Schwann cells or 0.05%
fibronectin supplement or both was added to a formed alginate matrix.
Gelatinization was achieved by immersion in 0.1 M CaCl2 solution. The matrix
was tested for its neural regeneration abilities in sciatic nerve gaps [100]. In
vitro, the alginate�fibronectin mixture enhanced Schwann cell proliferation.
Moreover, implantation of Schwann cells was associated with axonal regenera-
tion, especially when fibronectin was added to the alginate matrix [100]. It has
been suggested that it is the porous structure of alginate that makes it suitable
for axonal growth [104]. Moreover, alginate may enable the diffusion of
neurotrophic factors from the distal stump to the proximal regenerating nerve
and thereby both enhance growth, and guide the direction of growth in
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regenerating neurons [107]. Nevertheless, the mechanism by which alginate
enables neural regeneration remains to be determined [104, 105].

Surgical Uses of Alginate. Peripheral nerve disorders are a common medical
condition. Carpal tunnel syndrome (CTS) is caused by pressure on the median
nerve of the wrist. Severe CTS has an estimated prevalence of 4% in the general
population [108]. Surgical treatment of CTS may be unsuccessful in 3% of
surgeries, mainly due to fibrosis and adhesions [108]. These complications are
not easily treated and may require additional surgical decompression due to the
formation of scar tissue [108]. Therefore, it was speculated that injection of
alginate into the surgical bed may efficiently reduce postoperative scarring and
adhesions. Forty rats were experimentally operated on: The right sciatic nerve
was exposed and dissected, followed by local injection of 500 μL of 1�5%
alginate solution [108]. The left sciatic nerve served as a control. Six weeks later,
alginate treatment was associated with the presence of loose connective tissue
and recovery of the perineurium, compared to thick granulation tissue
surrounding the sciatic nerve in the untreated group [108].

Use for the Delivery of Neurotrophic Factors. Neurotrophic factors can
facilitate neural regeneration and growth, even in mature neural tissue [92].
There are several known neurotrophic factors that may play a role in enhancing
neural rehabilitation: brain-derived neurotrophic factor (BDNF), neurotro-
phin-3 (NT-3), neurotrophin-4 (NT-4), ciliary-derived neurotrophic factor
(CNTF), and others [92]. The use of an alginate vehicle for bFGF transfer
was attempted for the purpose of neural regeneration. bFGF enhances growth
of neural extensions and recruitment of astrocytes, oligodendrocytes, and
Schwann cells [74]. Because bFGF is vulnerable to photolytic degradation,
alginate may provide a stable slow-release matrix [74]. Ethylenediamine was
used for crosslinking of alginate and heparin in order to produce a matrix
compatible with the slow release of a total 0.05 μg bFGF. Later it was freeze-
dried and implanted in a 1-cm gap induced in the right sciatic nerve of rats [74].
Results of bFGF release were compared with a group that was implanted with
bFGF-free matrix. Axonal regeneration was found to be accelerated in the
alginate-containing bFGF group, although angiogenesis was found to be
decelerated [74].

Alginate as a Scaffold for Cell Implantation. Various cells can be used for
implantation into the CNS: Stem cells are potentially capable of replacing
damaged neural tissue, while genetically modified cells may be capable of
secreting neurotrophins and thereby encourage neural regeneration. Alginate
has several advantages under these circumstances because it can provide a
structural support for the implanted cells, as well as dampen the immune
response against the implanted cells [109]. BDNF is a neurotrophin capable of
regenerating axons and preventing neural atrophy [99]. However, implantation
of BDNF-producing fibroblasts (by using retroviral vector for cell transfection)
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requires the use of chronic immunosuppression. The use of an alginate coating
as a substitute for immunosuppression therapy was tested. BDNF-producing
fibroblast cells (Fb/BDNF) were added to low-viscosity alginate solution,
which was dropped into a CaCl2 solution in order to form beads. Thirty-six
rats underwent subtotal hemisection of the spinal cord and received beads
containing Fb/BDNF cells, alginate beads without cells, or Fb/BDNF without
alginate encapsulation (with and without immunosuppression with cyclospor-
ine). Alginate-encapsulated Fb/BDNF cells remained viable and functional for
2 months in vitro [99]. Moreover, transplantation of the encapsulated cells into
the damaged spinal cord eliminated the need for immunosuppressants, induced
axon growth, and showed a marked improvement in motor functions compared
to other groups [99]. In addition, cells that were not encapsulated and without
administration of immunosuppressants were lost and consequently there was
no effect on neural regrowth [99]. In that particular experiment, alginate beads
that contained no cells did not induce axonal growth [99]. However, in that
experiment, and in contrast to earlier studies [98, 102], alginate was not freeze-
dried and was delivered in the form of beads and not scaffolding.

Alginate was also used as a delivery system for recombinant human colony-
stimulating factor 1 (hCSF-1) delivery. CSF-1 is hematopoietic growth factor
that is also produced by astrocytes in the CNS. Proliferation and survival of
microglial cells (immune cells in the CNS with phagocytic ability) are mediated
by CSF-1. CSF-1 has also been found to promote the survival of ischemic
neural tissue [110]. LM-10 is a fibroblast-like cell that produces CSF-1. LM-10
cells were incorporated into chitosan�alginate beads. These beads were
transplanted into the exposed brain tissue of osteopetrotic mice following
induction of cortical ischemia [110]. Ultimately, implantation of LM-10-
containing beads resulted in a 2.2-fold increase in neural survival relative to
nontransplanted mice [110]. Such a delivery system for long-term release holds
a great advantage because CSF-1 is easily degraded.

An alginate scaffold enables survival of neural progenitor cells (NPCs) [93].
NPCs may replace nonfunctional neural tissue and therefore may be used to
treat stroke, Parkinson’s disease, spinal cord injuries, amyotrophic lateral
sclerosis, and other diseases [109]. NPC implantation has also been proposed
to cause the recipient’s own neural regeneration (via the secretion of neuro-
trophins and enzymes that degrade proteins that are inhibitory to neural
regeneration) [109]. The neurotrophins found to be secreted by NPCs include
nerve growth factor (NGF), glial-derived neurotrophic factor (GDNF),
BDNF, and MMP-2. Integration of NPC in beads of several composi-
tions—alginate with high-G content (68%) and alginate with high-M content
(54%)—was tested. Both a PLL coating layer and noncoated matrices were
evaluated [109]. PLL provided mechanical stability to the alginate beads, as
well as additional immunoprotection by blocking IgG penetration [88, 109].
Moreover, PLL altered the porosity of the matrix [88]. Release of NGF,
BDNF, and GDNF from the beads was evaluated. High-G content alginate
beads with no PLL covering were the only beads that allowed release of all
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three factors. The PLL-coated high-M alginate beads were mechanically
unstable [109]. Both high-G and high-M alginate beads with no PLL covering
allowed NPC proliferation [109].

Alginate was also used as a scaffold for spinal implantation of fetal neural
cells, constructed into neurospheres [111]. First, alginate was implanted into a
1-mm-thick dissected spinal cord section. Later, the neurospheres were slowly
injected into the alginate-filled lesion. Four weeks after neural cell transplanta-
tion, a proportion of the fetal neural cells had migrated to the animal’s neural
tissue [111]. Without the use of alginate as a carrier, almost no transplanted
neural cells survived beyond 2 weeks of transplantation [111].

Treatment of Pain. Neuropathic pain may be resistant to available analgesic
therapies [112]. Adrenal chromaffin cells are capable of releasing catechola-
mines and met-enkephalin, which may have an analgesic effect [112]. Moreover,
adrenal chromaffin cells release neurotrophic factors that may reduce neural
degeneration [112]. Xenogenic cell transplantation may provide a source for
chromaffin cells. Nevertheless, the immune response limits such an approach
and immunosuppressants are required to mask the transplant from the immune
system. Therefore, bovine adrenal medullary tissue was added to a 1.4%
sodium alginate solution and later dropped into CaCl2 to form beads with
dimensions of 100�300 μm, which were then covered with PLL [112]. The
sciatic nerve was tightened slightly to cause neural edema and chronic pain.
Fifteen rats were transplanted with beads containing chromaffin cells (into the
lumbar subarachnoid space). This group was compared to 15 other rats
transplanted with cell-free alginate beads [112]. With time, implantation of
chromaffin cells was associated with higher levels of catecholamines and met-
enkephalin in the cerebrospinal fluid, and rats suffered less from neuropathic
pain [112].

Due to a concern of prion-associated diseases (e.g., Jacob�Creutzfeldt
disease) that may be caused by the use of bovine chromaffin cells, other studies
tested porcine adrenal chromaffin cells [113]. In vitro experiments demon-
strated that porcine chromaffin cells produce larger amounts of analgesic
substances than bovine chromaffin cells [113]. Alginate beads consisting of
porcine or bovine chromaffin cells were produced [113] in a technique that was
similar to that in an earlier described study [112]. Beads were implanted in the
subarachnoid space as well. Pain reduction (evaluated by a mechanical
allodynia test) was superior in the porcine-driven cell group [113].

Although an alginate scaffold was not used in human subjects, the use of
pain relief in two cancer patients by injecting donor medullary cells into the
lumbar cerebrospinal fluid was reported [114]. The injected medullary cells
induced 1 year of sustained pain control and increased cerebrospinal levels of
met-enkephalin [114]. Experiments with chromaffin cells implanted into the
subarachnoid space were performed at two medical centers, with further
promising results [115].
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Treatment of Parkinson’s Disease. Parkinson’s disease (PD) is a degen-
erative neural disorder characterized by loss of dopamine-producing cells in the
substantia nigra and concomitant reduction of dopamine release in the corpus
striatum [116]. Clinically, patients with PD exhibit uncontrolled tremors,
rigidity, slowness of movement, and a shuffling gait [117, 118]. The disease is
progressive by nature and is associated with substantial disability and
decreased quality of life [118]. Current treatment of PD focuses on exogenous
supplementation of dopamine or its precursor with systemic absorption, along
with systemic side effects. Moreover, the desirable effects of levodopa (L-dopa)
decrease with time [117]. In addition, current treatment modalities do not
prevent further loss of dopaminergic cells: They merely provide symptomatic
treatment. Other therapeutic approaches have focused on restoration of
dopamine release through the use of cell therapy. Retinal pigment epithelial
(RPE) cells are capable of dopamine release as well as secretion of neurotrophic
factors such as BDNF and GDNF [116]. In one particular experiment, porcine
RPE cells were suspended in a 2.4% alginate solution and then entrapped in
beads following dripping of the mixture into a CaCl2 solution. The beads were
covered with PLL and were then transferred to a 0.24% alginate solution for a
few hours. Subsequently, the beads were treated with a sodium citrate solution
(producing alginate�PLL�alginate beads). It is important to note that
embedding the RPE cells in alginate beads did not affect dopamine secretion
[116]. The 200- to 300-μm beads were implanted in the right corpus striatum of
nine rats with PD [116]. Results were compared to a PD group implanted with
empty alginate beads and another PD group treated with saline injection.
Response to treatment was evaluated by apomorphine-induced rotation (AIR).
The group treated with saline showed no alteration in AIR [68]. The cell-free
alginate beads caused a brief decrease, of less than 2 weeks, in AIR. Of the nine
rats treated with encapsulated RPE cells, three sustained a lasting reduction in
AIR, while six showed no beneficial effect [116]. Survival of the beads was
found to be consistent with improved symptoms, while mechanical disruption
of the beads was found in some nonresponsive rats [116].

Glial-derived neurotropic factor has been shown to improve survival of
dopamine-producing cells [117]. Nevertheless, there is some controversy
regarding its potential use for the treatment of PD in light of both encouraging
and discouraging results in clinical trials that included human subjects [117].
It was speculated that the lack of beneficial effect in some trials was due
to the short life of GDNF in the CNS in the absence of a slow-release
sustained matrix. Therefore, continuous release of GDNF from transfected
rat fibroblasts embedded in alginate�PLL�alginate beads was investigated
for the treatment of PD in a rat model following implantation into the
striatum [117]. Transplantation resulted in a continuous decrease in AIR
over 24 weeks [117].

The successful use of autologous medullary chromaffin cells in the cau-
date nucleus has been reported [119]. Nevertheless, autotransplantation of
chromaffin cells may carry high surgical risk despite its effectiveness in
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some patients [119]. Therefore, alternative sources for chromaffin cells were
evaluated. Alginate was proposed for decreasing rejection risks in the implan-
tation of animal tissue.

Implantation of bovine chromaffin cells was tested in a methylphenyltetra-
hydropyridine (MPTP)-induced PD model in monkeys. The embedding of
chromaffin cells in alginate�PLL�alginate beads was compared to cell-free
beads and implantation of chromaffin cells without encapsulation [120]. The
monkeys that were treated with empty beads showed no improvement in AIR.
In contrast, unencapsulated chromaffin cells induced a 1-month-long decrease
in AIR, while encapsulated chromaffin cells were associated with a 9-month
decrease in AIR [72]. Therefore, alginate encapsulation of chromaffin cells may
produce sustained improvement of PD in primates and possibly, in the future,
in humans.

The tobacco alkaloid nicotine may have a beneficial effect in PD [118]. To
prolong nicotine release from the alginate beads beyond 2 weeks, a bead
composition of alginate�hydroxyethylcellulose was investigated in vitro [118].
However, review of the medical literature revealed no in vivo attempts to
investigate a CNS-implanted slow-release nicotine system, most probably due
to the long experience with skin patches and nicotine gums, which do not
require complicated surgical procedures. Nevertheless, currently used methods
of nicotine supplementation involve systemic distribution of nicotine, which
may cause nausea and gastrointestinal side effects in some patients, potentially
resulting in low compliance [121].

Conclusions. Alginate’s bioabsorptive properties make it a good candidate
for neural regeneration [104]. It may have different potential applications in
neurological disorders, including use as a scaffold and as a vehicle for the
release of bioactive substances. The use of alginate for the treatment of
neurological diseases is currently in the preclinical stages. The use of alginate
as a carrier for chromaffin cells for pain management in cancer patients and for
the treatment of PD seems especially promising. We believe that the con-
comitant use of alginate as a scaffold with 3D orientation, which favors neural
regeneration, and as a matrix for the slow release of neurotrophins, holds
promise for the treatment of various heretofore permanent neural injuries.

5.8.5 Uses of Alginate in Dental Care

Emdogain is a commercial product composed of an enamel matrix protein
derivative (EMD) and PGA [122]. It is used as an adjunct to periodontal
surgery and is applied to the exposed surface of the tooth’s root. Inflamma-
tory periodontal disease may cause instability of the tooth [123]. The EMD
component in Emdogain enhances periodontal regeneration and has been
found efficient for the treatment of intrabony defects due to moderate
or severe periodontitis [124]. The EMD is the biologically active comp-
onent, while PGA is used as a carrier matrix. A randomized controlled trial
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(clinicaltrials.gov Identifier NCT00757159) is ongoing to evaluate the treatment
of periodontal defects with Emdogain or synthetic hydroxyapatite.

5.8.6 Uses of Alginate in Oncology

Cancer is a leading cause of morbidity and mortality in the western world.
Major advances have been made in antineoplastic therapy in recent years.
Targeted therapy is now available, as are potent drugs that prevent tumor
spread. These drugs are generally delivered systemically. However, systemic
treatment is commonly complicated by adverse effects and toxicity. An
alginate-based local chemotherapeutics-release technique has been proposed
[125, 126], as has the use of alginate for chemoembolization with mitomycin-C
[127]. Local administration of chemotherapeutics is advantageous due to high
systemic toxicity. In addition, alginate may be used for the local delivery of
peptides that induce apoptosis, thereby providing additional local antineoplas-
tic therapy [128].

Moreover, alginate gels can contain radiation-emitting substances, thereby
enabling localized radiotherapy [129]. Tumors are usually very vascular due to
neovascularization induced by malignant cells. Inhibition of angiogenesis is a
different therapeutic approach to cancer therapy. Angiostatin, an antiangio-
genic material, can be produced by genetically engineered cells. Alginate was
found useful, with successful proof of concept, in a rat model for prolonged cell
survival following transplantation [130]. Endostatin is another antiangiogenic
agent whose release from an alginate matrix has shown promising results in
vitro [131].

In addition, alginate can be used for entrapment and support of retroviral
vector-producing cells, which may be used for the local delivery of suicide genes
into malignant cells [132]. In vivo experimentation on mice has demonstrated
improved survival in the treatment group [132].

In conclusion, alginate may be used for the localized delivery of different
antitumor treatments with enhanced local effect. This has especially high
therapeutic potential in cases of confined tumors without metastasis.

5.8.7 Uses of Alginate in Artificial Liver Techniques

The liver is a vital organ that supports metabolism. It produces bioactive
proteins and peptides and plays an important role in glucose homeostasis as
well as bile production, and in the detoxification of toxins and drugs. Acute
hepatic failure is a life-threatening condition that is associated with encephalo-
pathy [133]. End-stage liver disease or acute hepatic failure may require liver
transplantation. In one experiment, a model of acute liver failure was
introduced in pigs. Plasmapheresis was then conducted with an extracorporeal
bioartificial liver composed of alginate beads containing hepatocytes. The
treatment reduced encephalopathy and intracranial pressure [133] and pro-
longed survival [134]. These results were further supported by other studies
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[135]. Moreover, transplantation of alginate-encapsulated hepatocytes from
various sources may be useful in the restoration of hepatic functions [136]. In
addition, alginate may be used as a scaffold for de novo engineering of liver
tissue [137, 138].

Liver regeneration following partial hepatectomy was found to be accelerated
following intraperitoneal transplantation of bone marrow stem cells encapsu-
lated in alginate beads in a rat model [139]. Moreover, survival was increased in
90% of hepatectomized rats following transplantation. This beneficial effect was
presumably caused by the secretion of factors that stimulate liver regeneration
by the bone marrow stem cells [139]. In conclusion, due to a dearth of organ
donors, alginate may be used for liver replacement therapy, either in the
transplantation of foreign encapsulated cells or as part of an extracorporeal
bioartificial liver.

5.8.8 Alginate Applications for Cartilage Substitution Therapy

The cartilage is a dense connective tissue that contains chondrocytes. It is found
throughout the body, either on articular surfaces or as a structural support for
the airways, nose, and external ear. An alginate�chondrocyte mixture was
investigated for its possible use as injectable cartilage, which can maintain
different shapes created by external molding. This technique has been suggested
for use in facial plastic surgeries [140, 141]. Moreover, alginate may be used for
3D tissue engineering and reconstruction of neocartilage prior to transplanta-
tion [142�144]. Chondrocytes embedded in alginate survive for long periods
(Fig. 5.11) and preserve their ability to secrete connective tissue products
(proteoglycan, glycosaminoglycan, and collagen type II).

5.8.9 Alginate Applications for Local Drug Release

Localized drug administration has important advantages: It enables a higher
concentration of the drug where its effect is required, prevents undesirable
rapid drug degradation, enables sustained release, and decreases systemic side
effects. Alginate has been suggested as a vehicle for the delivery of different
types of antibiotics in the treatment of local infections [145�149]. VEGF
enhances neovascularization, and therefore local administration of VEGF to
ischemic tissue has been proposed. Alginate is a suggested carrier for the local
release of VEGF to treat peripheral vascular disease [150]. Moreover, as
already noted, in an animal trial, alginate-based local intramyocardial delivery
of VEGF following MI had beneficial effects [73]. In addition, alginate may be
used for the delivery of proangiogenic drugs such as bFGF [151] or other
proangiogenic approaches [152, 153]. Embolization is a common treatment for
vascular lesions (i.e., arteriovenous malformations, vascular aneurysms, highly
vascularized tumors, and vascular hemorrhages). Alginate has been suggested
for use in this approach [154, 155]. Moreover, renal artery embolization with
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alginate beads for the treatment of renal malignancy is possible, with or
without embedded chemotherapeutics [156, 157]. Alginate may be used as a
matrix for enzyme delivery [158�160]. Anticoagulants such as heparin and low-
molecular-weight heparin have a short half-life following administration. The
use of alginate�chitosan�polyethylene glycol capsules has been suggested for
their slow release [161]. In conclusion, alginate matrix can be used safely and
effectively for local delivery of various drugs, proteins, and enzymes, although
experience in human subjects is currently limited.

5.8.10 Alginate Applications for Local Gene Therapy

Gene therapy may provide future treatment options for various diseases in
which expression of a particular protein(s) is lacking. In addition, local delivery
of gene therapy may be required in cases of disease limited to an organ or
tissue. Moreover, the use of local gene therapy via viral vectors in alginate
carriers can potentially be applied [162]. As described above, encapsulated

(a) (b)

(c) (d)

FIGURE 5.11 Scanning electron micrograph of chondrocyte cells grown on alginate

scaffolds for 1 week (a), 2 weeks (b), 3 weeks (c) and 4 weeks (d). White asterisks indicate

alginate; white arrows indicate chondrocyte cells and clusters; black arrows indicate

fibroblast-like chondrocyte cells. (Adapted from Lin et al. [143].)
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retroviral vector-producing cells may be locally implanted to deliver suicide
genes into malignant cells [132]. The use of alginate for virus delivery decreases
the host immune response against the virus itself and enables viral protein
expression [163].
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6.1 DEXTRAN

6.1.1 Introduction

Dextran is a polysaccharide of microbial origin made up of glucose units. The
most common source of dextran is Leuconostoc mesenteroides. There are many
clones of L. mesenteroides to produce various grades of dextran differing in
their molecular weight distribution and degree of branching. Dextran used for
clinical applications should be free from pathogens and other contaminations.

6.1.2 Chemistry of Dextran

Dextran is chemically a homopolymer ofα-D-glucose. The backbone linear chain
contains the glucose units attached with each other by an α-D-1,6-glycosidic
linkage, while the branches beginwith anα-D-1,3 linkage at the attachment to the
backbone, as opposed to an α-D-1,4 linkage of backbone and α-(1,6) linkage at
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the branching as in starch (Fig. 6.1). Branches aremostly one to two glucose units
long. The branches in dextran can also be attached in anα-1,4 andα-1,2 fashion.
The structure, molecular weight distribution, and degree of branching of an
individual dextran vary with the strain of microorganism and the environmental
growth conditions. Dextran is soluble in water because of its abundant hydroxyl
groups but insoluble in ethanol. The CAS (Chemical Abstract Service) registry
number of dextran is 9004-54-0. The molecular weight of dextran ranges from
10 to 150 kDa. Generally, the average molecular weight is suffixed to the name,
say dextran 1, dextran 40, dextran 70, and so forth where the number denotes the
average molecular weight distribution in kilodaltons [1]. Dextran is also pro-
duced by certain strains of Streptococcus, Acetobacter species, and Lactobacillus
brevis. It is a major component of dental plaques.

6.1.3 Dextran Derivatives

Natural dextran is modified chemically to give special properties to the
modified polymer for specific applications.

Dextran Sulfate. It is a polysulfated product of dextran. The free hydroxyl
groups at 2, 3, and 4 positions are sulfated and generally exist as sodium
salt. The sulfate groups confer a polyanionic property to the otherwise non-
charged dextran. On average 2.3 sulfate groups present per glucose residue
[Fig. 6.2(a)]. Dextran sulfate is used to artificially induce colitis in experimental
animals.

Diethylaminoethyl�Dextran (DEAE�Dextran). It is produced by reacting
dextran with diethylaminoethyl chloride, and the degree of substitution corre-
sponds to approximately one DEAE group per three glucose units. The DEAE
group confers a polycationic property to the molecule [Fig. 6.2(b)]. DEAE
dextran is usedas anadjuvant in vaccine productionandas a transfectionagent to
deliver nucleic acids and proteins.

Iron Dextran. Iron is complexed with dextran and used as an intravenous iron
supplement in treating iron deficiency anemia. Some popular brands of
iron�dextran are Dexferrum (American Regent Labs, NY) and InFed (Watson
Pharma, AZ).

6.1.4 Synthesis of Dextran

Dextran is a polysaccharide from a natural source and is biosynthesized by
Leuconostoc and Streptococcus species from sucrose by the enzyme dextransu-
crase, which utilizes the glucose part of sucrose to build the dextran polymer
and liberates free fructose as a by-product. Acetobacter species convert dextrin
to dextran by converting the α-1,4 linkages to α-1,6 linkages.
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6.1.5 Production of Dextran

Dextran is produced by a fermentation process from various bacterial strains of
L. mesenteroides (B512, FT 045 B, Lcc4, etc.). Many strains of this organism,
including artificiallymutated strains, have been studied to optimize the substrate,
yield, molecular weight distribution, and degree of branching, and numerous
patents have been granted for different manufacturing processes. A typical
bioprocess of clinical dextran comprises a two-stage fermentation process. In
the first stage, dextransucrase is produced fromL.mesenteroides at a pHof 6.7 for
24 h. In the second stage the cell-free broth containing enzyme and sucrose are
input into a continuous fermentation process at a pH of 5.2 for dextran synthesis
[2]. Sugarcanemolasses and corn steep liquor can be used as carbon and nitrogen
sources, respectively, on an industrial scale [3]. Themolecular weight distribution
of native dextran is so wide and not suitable for clinical use. In order to get a
specific molecular weight range 40�70 kDa, which is most frequently used
clinically, a two-stage fermentation process is used. The native high-molecular-
weight dextran product from the first stage is fermented with Lipomyces starkeyi,
which produces dextranase, an enzyme that cleaves dextran into smaller frag-
ments [4, 5]. Finally, the desired molecular weight fraction of dextran is obtained
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by removing the larger and smaller fragments by membrane filtration or size-
exclusion continuous chromatography [6] and precipitated with organic solvents
such as ethanol. Amixed-culture fermentationmethod employingL. starkeyi and
L. mesenteroides, using sucrose and starch to produce dextrans of selected size
was, also reported [7]. A new separation method to control the molecular weight
distribution and improved quality of dextran using a direct-current (dc) potential
duringmembraneultrafiltration coupledwith solvent crystallizationwas reported
by Chen et al. [8]. Sucrose content of media affects the molecular weight and
degree of branching of the dextran produced. Kim et al. has reported that high
sucrose content decreases the yield of high-molecular-weight dextran and
increases the yield of low-molecular-weight dextran and increases the degree of
branching [9]. Temperature has very little effect on the size of dextran but has a
significant effect on the degree of branching as high temperature favors more
branching. Neither molecular weight nor degree of branching is affected by pH
between 4.5 and6.0 (Table 6.1). Emergence of recombinant deoxyribonucleic acid
(rDNA) technology has enabled the production of dextran using recombinant
dextransucrase enzyme expressed in non-Leuconostoc hosts [10].
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Besides natural sources of dextran, a few chemical syntheses have been
reported. A cationic ring-opening polymerization of 1,6-anhydro-2,3,4-tri-O-
allyl-α-D-glucopyranose was carried out using BF3-OEt2 at 0.5�C for 140 h
followed by isomerization using tris(triphenylphosphine)-chlororhodium cata-
lyst and then deprotection by hydrochloric acid in acetone to give dextran, a
(1-6)-α-D-glucopyranan [11, 12] (Fig. 6.3).

6.1.6 Clinical Uses of Dextran

Dextran has been used in clinical practice for more than a half century. It is
biocompatible [13] and biodegradable [14]. This makes it useful in in vivo

TABLE 6.1 Effect of Sucrose Concentrations, pH, and Temperature on Molecular

Weight Distribution of Dextrans Synthesized by L. mesenteroides B-12FMCM

Dextransucrase

Percent dextran

Sucrosea (M) 103�104 104�105 105�106 . 106

MWb

I II III IV

0.1 0.12 0 0.8 99.8

0.3 1.27 0.73 0 98.0

1.0 5.8 18.6 17.9 57.7

1.5 8.7 30.9 3.8 56.6

2.0 61.5 0 0 38.5

3.0 68.4 0 0 31.6

4.0 69.9 0 0 30.1

pHc

4.5 13.2 1.2 26.8 58.8

5.0 1.6 1.1 10.4 86.9

5.2 1.3 0 10.1 88.6

5.5 0.5 0 4.5 95.0

6.0 0.3 0 0 99.7

�Cd

4 0 0.4 16.4 83.2

15 4.2 0 20.6 75.2

23 6.1 0 9.1 84.8

28 2.3 7.8 15.4 74.5

37 1.3 0 33.4 65.3

45 0 0 15.9 84.1

aReactions conducted at pH 5.5 and 28�C and different sucrose concentrations.
bMolecular weights divided into four divisions.
cReactions conducted at 1.5 M sucrose and 28�C and different pH values.
dReactions conducted at 1.5 M sucrose and pH 5.5 and different temperatures.

Source: Kim et al., Carbohydr. Res. 2003;338:1183�1189.
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applications. A molecular weight (MW) range of 40,000�70,000 is most
frequently used for clinical applications. A few commercial brands of dextran
for clinical uses are Macrodex (MW 70,000) and Rheomacrodex (MW 40,000).
A brief account on the past and present investigations and applications of
dextran is highlighted below.

Dextran as Lymph Node Imaging Agent. Dextran can be used as an imaging
agent in diagnostic procedures after labeling with a radionuclide. In an animal
experiment using rabbits, dextran labeled with technetium (99mTc) when given
intradermally preferentially accumulated at the lymph nodes while the blood
radioactivity levels were reported as too low [15]. Thus, the lymphatic system can
be visualized by scintigraphy using 99mTc�dextran as a radioimaging agent (Fig.
6.4). Identification of sentinel lymph node (SLN), a hypothetical lymph node
where ametastatic cancer canpossibly reach first beforemigrating toother lymph
nodes, can improve the assessment of the pathological condition of tumor cancer
spread and to plan the treatment strategy. A preclinical study using pigs had
analyzed the SLN mapping of the prostate using [99mTc]diethylenetetramine
pentaacetic acid�mannosyl-dextran (Lymphoseek, Neoprobe Corporation)
to determine the SLN [16]. Lymphoseek is now in a phase III clinical trial.
Other imaging agents, such as superparamagnetic iron oxide nanoparticles or
gadolinium-based nanoparticles are coated with dextran sulfate to confer
biocompatibility and monodispersity in water [17] (Fig. 6.5).

(a)

1 min 5 min 15 min 10 min 40 min 60 min

60 min 90 min 120 min 90 min 120 min 125 min

(b)

FIGURE 6.4 Scintigraphic imaging of lymph nodes by 99mTc�dextran. (a) Scinti-

graphic anterior images at times indicated after ID injection of 400 μCi (0.05 mL)
99mTc�dextran in both hind legs of a rabbit: The injection sites, the bilateral lymph

channels extending up to popliteal lymph nodes are all visible. (b) The upper region

showing the popliteal lymph nodes and the channels extending up to external iliac lymph

nodes (arrow) later obscured by the urinary bladder. The image at 125 min taken from

the abdomen shows the accumulation in liver, kidneys and urinary bladder. (Source:

Ercan et al., Eur. J. Nucl. Med. 1985;11:80�84.)
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Dextran in Surgical Procedures. Spinal anaesthesia is achieved by injecting
a local anaesthetic agent by an epidural puncture. But sometimes this causes a
headache after the surgical procedure. Hence a safe material is needed for
epidural patches. In an animal experiment dextran injected in rats intrathecally
was reported to cause no neurotoxicity and hence may be suitable for epidural
patches [18].

Blood-Related Applications of Dextran. Dextran sulfate was reported to
inhibit coagulation and complement activation. In clinical islet transplanta-
tion, contact of human pancreatic islets with blood triggers an instant blood-
mediated inflammatory reaction (IBMIR) and leads to tissue loss. Admini-
stration of a low-molecular-weight dextran sulfate (MW 5000) shows a
dose-dependent inhibition of IBMIR with inhibition of coagulation and com-
plement activation [19]. It is reported that dextran 70 shows a dose-dependent C3
activation and terminal complement complex formation when incubated with
fresh serum in vitro [20]. Dextran has been used as a plasma volume expander.
When blood is lost in an accident or surgery, the primary measure is to stop
the bleeding and secondly to replace the lost volume with a suitable blood
substitute such that the remaining red blood cells (RBCs) can still oxygenate the
body tissue until a blood transfusion can restore the lost RBCs. Plasma volume
expanders do expand and maintain the volume of blood and facilitate the heart
to keep pumping without any shortage of volume.Dextran is a plasma expander,
and, because of its highmolecular weight, it does not pass out of the vessels and is
a potent osmotic agent, biocompatible, and biodegradable. But it is also a
potential anticoagulant, which raises the question of its usage in surgical

50 nm 50 nm

10 nm

FIGURE 6.5 TEM images of GdPO4 particles without (left) and with (right, PGP/

dextran-K01) the dextran coating. The arrow in the right picture indicates the dextran

coating material (Source: Hifumi et al., J. Am. Chem. Soc. 2006;128:15090�15091.)
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procedures as a volume expander. In a study conducted to establish the clinical
significance of any increased intraoperative blood loss associated with the use of
dextran 70 during transurethral resection of the prostate (TURP) 500�1000 mL
of 6% dextran 70 was administered. The regression analysis found no indication
that dextran 70 given within the recommended dose range increases the blood
loss during TURP [21]. Hemodilution facilitates free flow of blood through
vessels and has beneficiary effect in ischemic stroke. A combination of venesec-
tion, a surgical procedure to remove excess of blood from the circulation, and
hemodilution by dextran 40 administration was reported as a clinically safe
therapeutic regimen in the treatment of acute cerebral infarction that could
improve long-term clinical outcome [22]. In treating congenital heart disease by
open-heart surgery especially in children, the extracorporeal blood circulation
induces lung injury. Dextran sulfate was reported to prevent this injury by
blocking leukocyte-endothelial cell adhesion. Dextran sulfate was given 60 mg/
kg by intravenous (IV) infusion just before the cardiopulmonary bypass.
Respiratory index was preserved and granulocyte elastase was significantly
lower in the dextran sulfate group, indicating amelioration of postperfusion
lung damage by dextran sulfate [23]. Incidences of surgical adhesion of organs
after surgery are of major concern in clinical practice. Intraperitoneally
administered 32% high-molecular-weight dextran 70 was reported to reduce
the incidence of surgical adhesions [24]. In reconstructive hip surgery dextran
40 was given to patients pre- and postoperatively and it effectively prevented
thrombus formation and was a safe and efficacious means of deep venous
thromboprophylaxis [25].

Dextran in Anemic Treatment. Iron�dextran is a complex of ferric oxyhydr-
oxide with dextrans of molecular weights from 5000�7000 Da containing
about 50 mg/mL of iron as a viscous solution. It is administered as a
parenteral IV infusion and is used as a hematinic in the treatment of anemia.
Iron�dextran is given to patients who are intolerant to oral iron supplementa-
tion treatment. Typically, the calculated dose is given in divided doses. Total
dose infusion (TDI) of iron�dextran is commonly not used because of possible
side effects such as anaphylactic reactions. The most frequent side effects of
TDI are nausea, headache, vomiting, chills, and backache. However, recently
Reddy et al. have reported that anaphylactic reactions were not observed with
TDI of iron�dextran, and so it is reported as a safe and efficacious treatment
in iron deficiency anemia [26]. Arthralgia-myalgia syndrome observed in some
patients can be treated effectively with methylprednisolone [27]. (For a review
on iron�dextran toxicity see Burns and Pomposelli [28]). Iron�sucrose was
proposed as a safer iron supplement than iron�dextran; but a recent report
found no difference between these two [29].

Dextran as an Antimucus Agent. Cystic fibrosis (CF) is a hereditary disease
characterized by a thick mucus production in the lung and other complications.
The thick mucus affects the rheology and ciliary transportability of sputum and
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facilitates adhesion and infection by airway pathogens such as Pseudomonas
aeruginosa. An in vitro experiment in which the sputum was treated with
dextran 4000 (4�40 mg/mL) and the viscoelastic properties of sputum was
studied and compared with control. Dextran 4000 treatment is reported to
reduce viscoelasticity and increase mucociliary and cough clearability, suggest-
ing potential application of dextran 4000 to reduce crosslink density and
cohesiveness of mucus in CF treatment [30].

Dextran in Organ Preservation. In organ transplantations, the grafts are
preserved in preservation solutions such as the University of Wisconsin (UW)
solution from the time of organ collection until surgery to preserve the function.
UW solution contains hydroxyethylstarch colloid as a key component. A
dextran-40-based preservation solution was compared with UW solution and
reported to be comparable with that of UW solution in preserving kidneys [31].
Similarly graft preservation using a low-potassium dextran preserving solution
leads to immediate and intermediate graft function and long-term survival was
reported for lung transplantation [32].

Dextran Conjugates as Drug Delivery Systems. Dextran is a biocompa-
tible polymer and biodegradable under physiological conditions. These proper-
ties make it a potential candidate as a carrier for many drugs, proteins, nucleic
acids, and the like. Many drug conjugates of dextran have been prepared and
reported as drug delivery systems. Nystatin was conjugated with oxidized
dextran through a Schiff linkage, and the resultant conjugate was highly water
soluble and more effective than the parent drug [33]. Another report shows a
12-fold increase in the solubility of acyclovir, an antiviral drug that is active
against the hepatitis B virus, after conjugating to dextran. Free drug was
released from the conjugate in vitro at pH 7.4, and the pharmacokinetic studies
in mice after IV administration showed higher distribution of the drug in liver
with acyclovir�dextran conjugate compared to acyclovir alone [34].

A preclinical study of a conjugate of the camptothecin analog with carbox-
ymethyldextran polyalcohol linked by a peptide spacer showed a long retention
of high blood levels of conjugate, preferential accumulation in the tumor, and
sustained release of the drug and the drug linker in the tumor tissue, leading to
enhanced antitumor efficacy with a high therapeutic index by a single dose
[35]. Choosing the right linker that can be cleaved only by certain conditions
will enhance the drug release specific to a particular tissue. A dextran�
peptide�methotrexate conjugate was reported for tumor-targeted delivery of
the drug mediated via matrix metalloproteinase II (MMP-2) and metalloprotei-
nase IX (MMP-9), the tumor-associated enzymes that are overexpressed in
many tumors such as prostate, colon, ovary, bladder, and gastric car-
cinoma. The anticancer drug was linked to the polymer via a short peptide of
Pro�Val�Gly�Leu�Ile�Gly, the sequence that can be cleaved by the target
MMP enzymes (Fig. 6.6). In the presence of the target enzymes the linker was
cleaved and methotrexate�peptide is released in the cancer cells alone, while the
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drug in the conjugate remains unreleased in the blood, making the tumor-
targeting capability of drug conjugates possible [36].

Drug targeting to a particular tissue can be done by conjugating a ligand for
the targeted tissue. A norfloxacin�dextran�mannose conjugate was reported
that used mannose as a homing device to direct the drug into macrophages,
where the tuberculosis bacteria live, to achieve antimycobacterial activity in
vivo in mice [37]. Similarly, a liver-selective prodrug of lamivudine, an antiviral
drug used in the treatment of hepatitis B and HIV (human immunod-
eficiency virus) infection, was reported. Lamivudine was conjugated with
dextran through a succinate linker, and the in vitro and in vivo studies of
conjugate were shown to decrease the clearance and volume of distribution
of the drug, with a 50-fold increase in the accumulation of the drug conjugate in
the liver and the gradual release of free drug [38] (Fig. 6.7). Another dextran
conjugate of ketorolac was shown to have reduced the ulcerogenic nature of the
parent drug [39].

Dextran Hydrogels as Drug Delivery Systems. Hydrogels are crosslinked
three-dimensional networks of polymer chains that are not soluble in water but
are capable of swelling by absorbing water into the network. If the hydrogel is
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formed in the presence of the drug, the latter is entrapped in the network and
will be released upon swelling by absorbing water, providing a means of
delivering the drug in a controlled fashion. Doxorubicin was incorporated into
dextranmethacrylate hydrogel byphotopolymerization, and the loadedhydrogel
released the drug following a simple Fickian diffusion at an early stage of
release [40]. A pH-sensitive drug delivery matrix was reported based on
dextran�methacrylate hydrogel, which was further functionalized with acidic
residue by phthalic anhydride to confer a pH-sensitive swelling behavior. The
incorporated ibuprofen was retained in the stomach pH and released in
the intestinal pH in a sustained manner dependent on the degree of methacrylic
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group derivatization. Also in vivo studies in rats were reported to protect them
from the ulcerogenic effect of ibuprofen [41]. A hydrogel based on oxidized
dextran and gelatin loaded with dopamine was reported to release the drug when
implanted unilaterally in the lesioned striatum of a hemiparkinsonian rat model
and abolished the apomorphine-induced contralateral rotational behavior. This
technology canbe an alternativemethod for treatingParkinson’s disease andalso
reducing the oral dose of drugs that show severe adverse effects and develop
tolerance [42].

Dextran Protein Conjugates. The advantages of dextran�drug conjugates
can be extended to proteins as well. Aprotinin is a protein that is used to reduce
bleeding during complex surgical procedures. In order to prolong the in vivo
lifetime of aprotinin and to target the liver, it was conjugated with clinical
dextran and used galactose residues for specific cellular uptake by the liver. The
conjugate showed a decreased elimination rate and effective liver targeting [43].
Similarly, a conjugate of a mouse epidermal growth factor with dextran by a
reductive amination of free amino end group of proteins with an aldehyde
group on the reductive end of dextran was reported for specific binding to the
epidermal growth factor receptor [44].

Dextran in Gene Delivery. Diethylaminoethyl�dextran (DEAE�dextran) is a
polycationic derivative of dextran. The polycationic nature confers its ability to
bindwithDNAand facilitates its transfer into the cell, thusmaking it a transfection
agent useful in gene delivery. An enhancement of adenovirus-mediated gene
transfer to the airways by sodium caprate pretreatment when the adenovirus is
complexed with DEAE�dextran by 45-fold over the virus alone was reported [45].
Stabilizing the nonviral vectors during lyophilization is important to maintain the
transfection rate and physical characters upon reconstitution. Sucrose can protect
nonviral vectors during freeze-drying despite the osmotic incompatibility with
subcutaneous or intramuscular injection. Dextran 3000 was shown to be offering
similar protection as that of sucrose, with 40% reduced osmolality compared to
sucrose [46].

Anti-HIV Activity of Dextran Sulfate. Dextran was one of the candidates
tested for HIV treatment in the late 1980s. Attachment of a viral particle to the
target T lymphocyte receptor, the CD4 antigen is the first step in HIV-1
infection. Dextran sulfate, molecular weight 8000, was found to block the
binding of virus to T lymphocytes and showed inhibitory effect against HIV-1
in vitro at concentrations clinically attainable in humans. Also dextran sulfate
was reported to have suppressed replication of HIV-2 in vitro [47]. A clinical
trial for tolerance and safety of oral dextran sulfate in treating HIV patients
with the acquired immunodeficiency syndrome (AIDS) reported that the drug
was well tolerated, but there was no appreciable change in CD4 lymphocyte
numbers and no decline in beta-2 microglobulin level [48]. Pharmacokinetic
analysis of dextran sulfate in rats was studied with radiolabeled dextran sulfate,
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molecular weight 8000, given IV and the initial plasma half-life was found
to be 30 min, a minor breakdown of the molecules. On oral administration
the apparent bioavailability was found to be 6.8%, but it is absorbed after
breakdown into smaller fragments of MW , 200, while in vitro testing revea-
led that dextran sulfate MW , 2300 had no anti-HIV effect, suggesting that
oral administration of dextran sulfate was unlikely to produce anti-HIV effect
in vivo [49]. Also it was reported that the anti-HIV effect of dextran sulfate is
strain dependent such that two clinical isolates of HIV-1 (TM and SP) were
less susceptible to dextran sulfate compared to two cloned isolate (HIV-1
WMF and HIV-2 ROD) and a prototype lab strain (HIV-1 IIIB). Also high-
molecular-weight dextran sulfate (500,000) was antagonistic (in HIV-1 TM and
SP isolates) while low-molecular-weight dextran (8000) was synergistic (in all
five HIV isolates) when dextran sulfate is given in combination with dideox-
ynucleosides [50]. Sulfated polysaccharides including dextran sulfate and
pentosan polysulfate were reported to inhibit transmission of HIV-1 from
lymphocyte to epithelial cells in vitro, suggesting a possible vaginal formulation
that could inhibit HIV-1 transmission [51] (Fig. 6.8).

Antitumor Activity of Dextran Sulfate. In a preclinical study, dextran
sulfate at a dose of 300 mg/kg intraperitoneally (IP) given to rats prior to
the IV injection of radiolabeled lung carcinoma cells significantly decreased the
pulmonary metastasis compared to a control group, suggesting dextran sulfate
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can be used for inhibiting the metastasis of carcinoma [52]. Bone marrow
transplantation is one of the surgical procedures to treat tumor patients. The
bone marrow should be processed to remove the RBCs and to enrich the
hematopoietic progenitor cells (HPC) in vitro. A method that uses dextran 110
for bone marrow processing was reported. Blood was treated with dextran in
transfer bags for 30 min to allow sedimentation followed by flow cytometry to
assay the recovery of CD341 cells. There was no difference in mean RBC count
in postdextran sedimentation bone marrow (BM) allografts and ficoll-treated
BM allografts, suggesting dextran sedimentation as an efficient method of
depleting red cells in major ABO-incompatible bone marrow allografts with-
out significant loss of HPC [53]. Intraperitoneal dextran sulfate 500,000 showed
antiadherent therapy against metastasis of carcinoma, and toxicity studies
in mice and rabbits have shown that the IP dextran sulfate is safe as an
antiadherent treatment against peritoneal carcinomatosis [54]. Magnetic
nanoparticles could heat in an alternating magnetic field, causing magnetic
fluid hyperthermia that can inhibit tumor growth in vivo. A toxicity study of
dextran-coated magnetic fluid given subcutaneously (SC) was reported in mice.
At a dose of 30 mg/0.3 mL dextran�magnetic-fluid-activated glutamicoxala-
cetictransaminase and glutamicpyruvictransaminase no change in cell number
of blood was noted, suggesting that dextran�magnetic fluid was safe, biocom-
patible, and tolerable in SC tumor therapy [55].

Dextran in Hyperlipidemia Treatment. Apheresis systems have been used in
patients with hyperlipidemia to reduce the low-density lipoproteins (LDL)
levels. While many apheresis systems are very complicated and expensive
treatments, a new LDL apheresis system based on dextran sulfate was develo-
ped at a lower cost [56]. Fifty patients with hyperlipidemia were treated with
the new apheresis system. Typically, 600 mL of plasma was collected by
apheresis, treated with dextran sulfate and calcium chloride solutions that
serve as LDL absorber and catalyzer, respectively. Dextran sulfate selectively
bound LDL cholesterol under catalysis by calcium ion, and this LDL�dextran
sulfate complex was removed by centrifugation, and the excess calcium was
removed by cation exchange column and the treated plasma was transfused
back into the patients. After treatment an acute mean reduction of LDL
cholesterol was found to be 97%, and a corresponding total cholesterol and
total triglyceride reduction were found to be 55.2 and 69.5%, respectively. No
significant reduction in high-density lipoprotein cholesterol and albumin,
suggesting this new dextran-sulfate-based apheresis system is a safe, effective,
and inexpensive means for treating patients with hyperlipidemia.

6.1.7 Safety of Dextran

While the clinical applications of dextrans are growing, the safety concern of
dextrans used in a particular application needs to be addressed. Use of 32%
dextran 70 to prevent postsurgical pelvic adhesion has been suggested as an
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adjuvant therapy. In a studyof 234womenwho received an antiadhesion regimen
of intraperitoneal 32% dextran 70, no anaphylactic reactions, peritonitis, or
wound infection were experienced by any woman, suggesting intraperitoneal
dextran 70 as a safe, well-tolerated antiadhesion adjuvant for gynecological
operations [57]. High-molecular-weight dextrans induce generation of ant-
idextran antibodies, leading to anaphylactoid reactions in some patients.
These antibodies can be counteracted with monovalent haptens such as dextran
1. Dextran 1 is well tolerated in humans. A pharmacokinetic study of dextran 1
was reported [58]. No symptoms of anaphylactoid reactions were observed after
dextran 1 injection in volunteers with dextran antibodies, suggesting an IV
preinjection of dextran 1 can prevent antibody-mediated side effects after
infusions with clinical dextrans. Studies on the effects of hapten inhibition with
dextran 1, which is used for the prevention of severe dextran-induced anaphy-
lactic reactions (DIAR) caused by the immune system revealed that the incidence
of severe DIAR (grades III�V) to clinical dextran after prophylactic use of
hapten inhibition was approximately one in 200,000 patients receiving dextran 1.
Side effects of dextran 1 were mostly mild and were not antibody mediated,
suggesting that dextran with hapten inhibition is possibly the safest plasma
substitute in clinical practice [59]. In vitro studies on mitogenic lymphocytes
from normal volunteers showed no transformations in response to the presence
of dextran sulfate at concentrations of 0.8�8000 μg/mL, suggesting clinical
dextrans of average molecular weight 40,000�150,000 are not B- or T-cell
mitogens [60].

Patients with liver cirrhosis and tense ascites showed better mobilization of
ascitic fluid when treated with large volume paracentesis (LVP) and infusion of
low-molecular-weight dextran in one week compared to the minimal mobiliza-
tion of ascitic fluid in patients receiving diuretics aldactone and furosemide. No
hypovolumia after complete mobilization of ascites was noted in patients
treated with LVP and dextran, suggesting dextran infusion is safe, low-cost,
and effective replacement therapy for cirrhotic ascites treatment by LVP [61].
Low-molecular-weight dextran is used commonly in clinical microsurgery.
A study in rabbits that underwent bilateral 2-mm arterial inversion graft
construction in femoral arteries infused with IV dextran 40 at 2.1 mL/h showed
85% of dextran grafts were patent at one week compared to only 48% of
control grafts that received no infusion. Scanning electron micrographs
revealed a decrease in platelet and fibrin deposition in patent dextran graft
showing marked diminution in microvascular thrombosis supporting the IV
dextran 40 usage in clinical microsurgery [62]. The National Kidney Founda-
tion has published guidelines stating that intravenous iron therapy when used
regularly will prevent iron deficiency and promote erythropoiesis better than
oral iron therapy in end stage renal disease (ESRD) patients who are under-
going hemodialysis despite some incidences of adverse events associated with
this mode of iron supplementation. In a 6-month study of 62 patients with
ESRD, only one patient experienced adverse events of hypotension and chest
pain. No patient developed anaphylactoid reaction, suggesting safety of IV

6.1 DEXTRAN 201

ch006 14 April 2011; 12:7:14



iron�dextran during hemodialysis in patient with ESRD [63]. In another study
on iron�dextran safety, 20 per 100,000 doses caused the suspected adverse drug
events including dyspnea, hypotension, and neurological symptoms as common
major adverse drug events. Also these adverse drug events were 8.1-fold more
common among patients who received Dexferrum compared with those who
received InFed, suggesting serious adverse reactions to IV iron�dextran are
rare in clinical practice and are formulation dependent [64].

6.1.8 Toxicity of Dextran

The polycationic derivative of dextran, diethylaminoethyl�dextran (DEAE�
dextran) is used as a transfection agent in gene delivery. In order to exploit
its potential in gene therapy, its toxicity should be studied. High doses of
(500 mg) of DEAE�dextran were reported to induce acute renal failure both
morphologically and functionally in rats [65]. High blood urea levels and
severe epithelial cell necrosis of proximal tubules was found 48 h postinjec-
tion, which is absent in animals injected with equal doses of neutral dextran.
Renal mitochondrial respiration rate declined in state 3, state 4, and 2,4-
Dinitrophenol (DNP)-uncoupled respiration in DEAE�dextran rats com-
pared to the rate of sham control rats, while an identical dose of neutral
dextran showed no effect on mitochondrial respiratory parameters compared
to controls. The same results were also found in in vitro studies with isolated
mitochondria, suggesting cationic charge implicated the renal and mitochon-
drial toxicities of DEAE�dextran.

Clinical use of dextran as a plasma expander to improve blood flow and as
thromboprophylaxis is also associated with untoward side effects because of
immune responses. Prophylactic treatment with dextran 1 before infusion of
dextran 70 has reduced the incidence of dextran-induced anaphylactic reac-
tions. But still it was reported that in spite of prophylactic pretreatment with
dextran 1 before caesarean section, there was a mild reaction and the child was
born with serious brain damage, suggesting dextran 70 should not be given
during pregnancy and during caesarean section before delivery of the child [66].
Another case of a death from myocardial infarction with a high titre of dextran-
reactive antibodies was also reported in the same study [66]. Dextran�drug
conjugates improve drug solubility, life span of drug in vivo by controlled
release, and thus increasing the efficacy of treatment. While long-term reten-
tion of adriamycin when administered as adriamycin�dextran conjugate
was reported to induce acute hepatotoxicity in rats, the free drug was, altho-
ugh cardiotoxic, not hepatotoxic itself. The hepatotoxicity of the conjugate
was attributed to the long-term retention of the drug [67]. Iron�dextran that is
used as an IV iron supplement was reported to induce exacerbation of
synovitis, along with an increase in lipid peroxidation products in synovial
fluid but to a small extent in serum. Iron�dextran in vitro stimulated lipid
peroxidation, but dextran alone had no effect, suggesting iron�dextran
worsens synovial inflammation by promoting lipid peroxidation [68].
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6.2 PENTOSAN POLYSULFATE

6.2.1 Introduction

Pentosan polysulfate (PPS) or simply pentosan sulfate is a polysaccharide made
up of a sulfated pentose sugar, predominantly xylose. This polymer of β-D-
(1,4)-xylopyranose contains a 4-methylglucopyranosyluronic acid linked to the
2 position of the main chain at every tenth xylopyranose unit on average [69]. It
contains approximately 15�17% sulfur in the form of approximately 1.5�1.9
covalently bound sulfate groups per sugar unit. PPS structurally and chemically
resembles glycosaminoglycans. It is generally used as a sodium or calcium salt
(Fig. 6.9). It is also called SP54. The molecular weight range is approximately
1500�6000.

6.2.2 Characterization of PPS

A method using a capillary zone electrophoresis (CZE) to characterize the
different PPS sodium was reported that can give the fingerprint profiles of each
batch of products capable of indicating heterogeneous mixtures probably
containing other polysaccharides as well [69]. To characterize and estimate
PPS, a sensitive assay was reported in which PPS was coupled with methylated
bovine serum albumin (MBSA) and injected in rabbits to generate anti-PPS
antibodies. Anti-MBSA antibodies were removed by passing the sera through
MBSA-sepharose immunoadsorbent. With the enzyme-linked immunosorbent
assay (ELISA) test, at least 50 ng/mL of PPS can be detected, with a minimal
cross reactivity by heparin, which can be eliminated by sample pretreatment
with heparinase without affecting PPS [70].

6.2.3 Production of Pentosan Polysulfate

PPS is derived semisynthetically from plant material (beechwood hemicellu-
lose) followed by sulfation of free hydroxyl groups at the 2 and 3 positions in
the pentose units. Bene-Arzneimittel GmbH, Germany, remains the world’s
sole manufacturer of Food and Drug Administration (FDA) approved clinical-
grade pentosan polysulfate sodium.

6.2.4 Pharmacokinetics of PPS

Studies on pentosan polysulfate degradation in human vascular endothelial
cells using a radiolabeled drug showed that it was associated with the cellular
fraction and incorporated into the subendothelial matrix. Major catabolic
products are high-molecular-weight desulfated carbohydrate chains, and it was
not degraded further, suggesting the desulfation is the major catabolic step in
the catabolism of pentosan polysulfate [71]. Pharmacokinetics of pentosan
polysulfate after oral and IV administration of 3H-pentosan polysulfate in rats
showed that after IV administration the drug accumulates in connective tissue,
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while bone and cartilage showed low levels. High radioactivity is found in urine
and the preferential localization of the drug in the pelvis, ureter, and bladder. A
similar but lower distribution was found after oral administration [72].

6.2.5 Clinical Applications of PPS

PPS is structurally and chemically similar to glycosaminoglycans. Hence it
mimics some of the pharmacological activities of glycosaminoglycans such as
heparin sulfate, and condroitin sulfate such as anticoagulant or fibrinolytic
action. Popular brand names of pentosan polysulfates are Elmiron (IVAX
Research Inc) in human and Cartrophen (Arthropharm) in veterinary uses.

PPS in Prion Disease. Prion diseases, also called transmissible spongiform
encephalopathies, or simply “Scrapie,” are a group of progressive conditions
that affect the brain and nervous system of animals. It is caused when a normal
prion protein PrPC is defectively misfolded into an abnormal conformer PrPSc,
also called scrapie protein. The mental and physical abilities deteriorate and
tiny holes appear in the brain cortex, causing it to appear like a sponge under a
microscope. Pentosan polysulfate given IP was found to prolong the incubation
period of the disease in hamsters infected with the 263K strain of scrapie by the
intraperitoneal or the intracerebral route [73]. Later it was found that PPS
inhibited the association of protease-resistant scrapie protein (PrPres) with
sulfated glycosaminoglycans or proteoglycan such as heparin sulfate, which is
observed in amyloid plaques of scrapie-infected brain tissue [74]. PPS was
found to stimulate endocytosis of the cellular isoform of the prion protein,
PrPC, from the cell surface, causing redistribution of the protein from the
plasma membrane to the cell interior and change in ultrastructural localization
of PrPC, suggesting sulfated glycans inhibit prion production by altering
cellular localization of the PrPC precursor and metabolism of PrPC and
PrPSc, the scrapie isoform [75] (Fig. 6.10). A recent study in mice showed
that treatment with pentosan polysulfate, despite its initial toxic mortality in
some mice, had no detectable PrPres in the spleen and increased the lifetime of
the treated mice by 185 days than controls [76]. However, the study has
suggested that more in vivo animal studies are needed before initiating human
trials in treating the disease. (For a review on prion disease see Liberski [77].)

PPS in Amyloid Disease. PPS was reported to be effective in attenuating the
neurotoxicity ofβ-amyloid, fragment 10�40and fragment 25�35, indicating that
the glycosaminoglycan interaction is occurring also with the 25�35 fragment,
suggesting an interaction of the sulfated compounds with the β-sheet structure of
the amyloid protein [78].

PPS in Cartilage Protection and Osteoarthritis. In an animal study using
rabbit, pentosan polysulfate given intraarticular combined with hydrocortisone
was found to prevent the hydrocortisone-induced loss of hyaluronic acid and
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proteoglycans from the cartilage of rabbit joints and also prevented the
elevation of keratin sulfate in serum to control levels, suggesting the cartilage-
protecting effect of pentosan polysulfate [79]. Aggrecan is a proteoglycan and a
major structural component of articular cartilage. Its excessive degradation by
proteases called aggrecanases is leading to osteoarthritis, a degenerative joint
disease. In an experiment using 35S-labeled aggrecan in bovine articular
cartilage explant culture, pentosan polysulfate calcium was shown to inhibit
the reduction in tissue level of aggrecan stimulated by retinoic acid and
recombinant human interleukin-1α, comparable to that of heparin and heparin

(a) (b)

(c)

50

PS (�g/mL)

Cont. PS

PS (�g/mL)0 0 1001 10 100

35

50

35

FIGURE 6.10 Pentosan sulfate (PS) reduces the amount of PrP released and amount of

cell surface PrP protein. (a) A26 cells were incubated in Opti-MEM containing the

indicated concentrations of PS for 12 h. Cells were then treatedwith phosphatidylinositol-

specific phospholipase C (PIPLC) for 2 h at 4�C to cleave cell surface PrP. Proteins were

methanol precipitated from the PIPLC incubation medium, and immunoblotted using

anti-chPrP antibodies. (b) Untransfected N2a cells were incubated in Opti-MEM in the

presence or absence of 100 μg/mL PS for 12 h. Cells were then surface iodinated at 4�C
using lactoperoxidase and mouse PrP immunoprecipitated from cell lysates and analyzed

by SDS-PAGE. (c) A26 cells were incubated for 12 h at 37�C in Opti-MEM with (PS) or

without (Cont.) 0.1 mg/mLpentosan sulfate. They were then rinsed in PBS, incubated with

anti-chPrP antibodies at 4�C for 2 h, and fixed for 5min inmethanol at 220�C.Fluorescein
isothiocyanate-conjugated secondary antibodies were then applied, and the cells were

viewedbyfluorescencemicroscopy. Scale bar 5 30μm. (Source:Shyng et al.,J.Biol. Chem.

1995;270:30221�30229.)
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sulfate. Also PPS calcium inhibited the degradation of aggrecan by soluble
aggrecanase activity and did not adversely affect the chondrocyte metabolism,
suggesting potential influence of sulfated glycosaminoglycan on aggrecan cata-
bolism [80]. Another recent study showed that pentosan polysulfate calcium
interacts with the noncatalytic spacer domain of ADAMTS-4 and the cysteine-
rich domain of ADAMTS-5, the two enzymes responsible for aggrecan break-
down, and blocking the proteolytic activity on their natural substrate aggrecan
with an IC50 (half maximal inhibitory concentration) value of 10�40 nMbut only
weakly inhibiting the nonglycosylated recombinant aggrecan. Furthermore, it was
shown that the PPS calcium increased the cartilage level of tissue inhibitor of
metallo-proteinases-3 (anendogenous inhibitor ofADAMTS-4and -5), suggesting
the potential of calcium pentosan polysulfate as a prototypic disease-modifying
agent for osteoarthritis [81]. (For a review on aggrecanases see Fosang et al. [82].)

PPS in Interstitial Cystitis. Interstitial cystitis is a urinary bladder disease of
unknown cause characterized by urinary frequency, urgency, pressure, and
pain in the bladder and pelvis. Pentosan sulfate sodium (Elmiron) at a dose of
100 mg three times a day for 4 months in a total of 62 patients was reported to
show better improvement in pain, urgency, frequency, and nocturia [83]. PPS
inhibited histamine secretion from bladder mast cells in a dose-dependent
manner and decreased the intracellular calcium levels, suggesting this mechan-
ism for the protective effect of PPS in interstitial cystitis [84]. PPS modified by
the attachment with lactose moiety showed better binding with the bladder
epithelium than the unmodified PPS, mediated by the interaction of endogen-
ous bladder galactins and nonreducing galactose terminals in the lactose,
suggesting an improved adherence of PPS and retention in the bladder for
the improved treatment of interstitial cystitis [85]. (For reviews on interstitial
cystitis and its treatment with PPS see Bhavanandan et al. [86] and Anderson
and Perry [81].)

Anti-HIV Activities of PPS. Pentosan polysulfate was shown to inhibit the
reverse transcriptase activity of several retroviruses in vitro, except the bovine
leukosis virus that was insensitive, suggesting PPS as one of the most active in
vitro inhibitors of retrovirus-specific reverse transcriptases [88]. Furthermore,
PPS was reported to be the most potent inhibitor of HIV-1 in vitro with a ED50

(effective dose 50%) of 0.19 μg/mL in MT-4 cells, and in HUT-78 cells it
inhibited HIV-1 antigen expression with a ED50 of 0.02 μg/mL, while showing
no toxicity to MT-4 cells upto 2500 μg/mL, suggesting its potent anti-HIV
activity in vitro [89] (Table 6.2). Further research showed that PPS and dextran
sulfate inhibit the HIV-1 infectivity by blocking the binding of virions to various
target CD41 T lymphocytes and inhibit syncytia formation, suggesting PPS and
dextran sulfate as prototype anti-HIV drugs [90]. But later it was found that PPS
was not interacting with CD41 at all and hence must inhibit HIV infection by a
totally CD4-independent mechanism [91]. Further research suggested that the
antiviral activity of pentosan sulfate and other sulfated polyanions toward HIV
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infection of lymphocyte might be by disruption of the CD4-gp120 interaction,
while their inability to do so in monocytes as a reason for the unaffected
HIV infection and gp120 binding by virions in monocytes [92]. Although PPS
was seen as a promising candidate for HIV treatment, its further development
was superseded by nucleoside-based antiretroviral agents such as zidovudine.

Antiviral Activities of PPS. Concurrent to research on PPS and other sulfated
polyanions as anti-HIV drugs, their effect on other viruses was also studied.
PPS was shown to inhibit adsorption of African swine fever virus to Vero cells
in vitro [93] and to inhibit human cytomegalovirus to human embryonic lung
cell in vitro [94]. PPS was also reported to show inhibition of the herpes
simplex virus in vitro [95], the sandfly fever Sicilian virus (Phlebovirus) replica-
tion in vitro [96], and Chlamydia trachomatis infectivity in human epithelial cells
in vitro, although it lacked protective efficacy in an in vivo murine model of
chlamydial genital tract infection [97]. A recent study showed that PPS inhibited
the infectivity of the dengue virus and the encephalitic flavivirus in vitro [98], and
active research on PPS for development of possible antiviral agent is evident.

Effect of PPS on Immune System. PPS was reported to have reduced lymph
node entry of lymphocytes and increased their blood level in the mouse in vivo,
indicatingPPS slowed down the circulation of lymphocytes through themarginal
zone and red pulp of the spleen, suggesting their role in controlling lymphocyte
traffic [99]. Klegeris et al. [100] reported that PPS inhibited complement
activation in vitro in a concentration range of 1�1000 μg/mL.

TABLE 6.2 Anti-HIV-1 Activity and Anticoagulant Activity of Polysaccharides

Compound ED50
a CD50

b Anticoagulant activity

(μg/mL) (μg/mL) (U/mg)

Pentosan polysulfate (MW 3100) 0.19±0.12 .2500 14.4

Fucoidan 1.4±0.43 1060±210 2.6

Dextran sulfate (MW 5000) 0.30±0.10 .2500 14.7

Dextran (MW 90000) .625 .2500 , 0.01

Heparin (MW 11000) 0.58±0.14 .2500 177

N-desulfated heparin(MW 8800) .625 .2500 0.6

Dermatan sulfate .625 .2500 ,0.01

Chondroitin sulfate 230±14 .2500 0.5

ι-Carrageenan 12±1.0 .625 3.2

κ-Carrageenan 2.5±0.30 .625 2.9

λ-Carrageenan 0.54±0.02 .625 4.2

a 50%Antiviral effective dose, based on the inhibition of HIV-1 induced cytopathogenicity in MT-4

cells. Data represent mean values with standard deviations for three separate experiments.
b 50% Cytotoxic dose, based on the reduction of the viability of mock-infected MT-4 cells. Data

represent mean values with standard deviations for three separate experiments.

Source: Baba et al., Antiviral Res. 1988;9:335�343.
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PPS in Cancer. PPS was found to inhibit the proliferation of rabbit aortic
smooth muscle cell in vitro. The inhibitory effects of PPS persisted even after
removal, suggesting that it exerts the antiproliferative effect by binding to the
cell surface and not by interacting with growth factors [101]. Its antitumor
activity was evaluated in several animal models and human tumor cell lines
owing to the inhibition of basic fibroblast growth factor (bFGF) binding to cell
surface receptors and bFGF-stimulated angiogenesis. But a phase I study of
PPS sodium in patients with advanced stage metastatic cancers did not show
any evidence of objective response [102].

6.2.6 Toxicity of PPS

PPS was reported to induce thrombocytopenia and thrombosis in two patients
during treatment with PPS, marked by platelet aggregation and serotonin
release, suggesting platelet counts should be monitored periodically during PPS
treatment [103].
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7.1 INTRODUCTION

Polysaccharides are the most abundant natural products produced by plants.
Polysaccharide materials have been used for various purposes since time
immemorial: wood for housing and fire, vegetables, fruits, and seeds for food,
fibers for clothing, paper production, and for curing various diseases. Earlier, the
low-molecular-weight plant compounds were used in pharmacy and medicine. It
was also believed that only substances exhibiting biological activity are able to
cure diseases. Polysaccharides are recognized as food; the fibrous polysaccharides
were particularly appreciated by modern society in our diet. They reduce blood
cholesterol level and regulate the blood flow through the body. They reduce the
glucose uptake from the intestines and also reduce the uptake of mutagens from
the food we eat. Other parts of plants are rich in polysaccharides and provide
different types of pharmaceutical usages over the years and still do.

Some of them are used as:

� Thickeners and stabilizers of solutions

� Filling material, adhesives, and swelling agents in tablet production

� Lubricants in cough mixtures

Polysaccharide-based therapeutics were used to control various disorders,
including cancer, viral infections, and immune dysfunctions. Long-chain poly-
saccharides have been used to cure different diseases. Various herb plants were
used in traditional medicine in different parts of the world. One such natural
plant-derived polysaccharide exhibiting potent biological activity is the arabi-
nogalactan [1].

Clinically used high-grade larch arabinogalactan is composed of 98%
arabinogalactan. It is a dry, free-flowing powder, with a slight pinelike odor
and sweetish in taste. It is 100% water soluble and produces low-viscosity
solutions. Since it is soluble in water and having a mild taste, It’s powder mites
readily in water and juices for any administration. A naturopathic physician,
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Peter D’Adamo was the first to introduce larch arabinogalactan into clinical
practice.

Some common important features of arabinogalactan type I and II are:

� They have a high degree branching backbone.

� They have highly branched side chains.

These features help to make the molecules of the backbone reasonably hard
with side chains giving an overall shape and a surface for the receptors involved
in the biological systems studied so far. More than one binding site is necessary
for the activity as well as when immunoglobulins are involved. Few poly-
saccharides have been studied in detail with regard to the important structural
features responsible for their biological activity. More energy and involvement
should be put into polysaccharide research. Research in various polysacchar-
ides could lead to new carbohydrate-based drugs with few side effects [1].

7.1.1 Occurrence

Arabinogalactans (AG) is a long densely branched polysaccharide. In nature it
is found in different plants such as leek seeds, carrots, radish, black gram beans,
pear, maize, wheat, red wine, Italian ryegrass, tomatoes, ragweed, sorghum,
bamboo grass, coconut meat and milk, and several microbial systems especially
acid-fast mycobacteria. Arabinogalactans are a class of polysaccharides
found in a wide range of plants. They are abundantly found in plants of the
genus Larix [2]. Biological activity, immune-enhancing properties, peculiar
solution properties of this unique dietary fiber received increasing attention as
a clinically useful nutraceutical agent. Although the larch arabinogalactan
is extracted from either western larch or mongolian larch, their primary source
is the larch tree (Larix sp.). Commercially available arabinogalactan is
produced from the western larch.

Biologically active arabinogalactan was first isolated from the roots of
Angelica acutiloba [3]. This was called AGIIa, which activates the complement
system. Later various plants (Coix lacryma-jobi var. Ma-yuen, Viscum album,
Calendula officinalis, Malva verticillata, Arnica montana, Plantago major, and
Atractylodes lancea) showed the presence of biologically active arabinogalac-
tans [4, 5]. Many edible and inedible plants are rich sources of arabinogalactan
that occur in the form of glycoconjugates�glycoproteins and proteoglycans,
the arabinogalactan proteins (AGPs).

7.1.2 Strucure

Arabinogalactans are in the class of branchedpolysaccharides that havemolecular
weights ranging from 10,000 to 120,000 [6]. Based on their structure, arabinoga-
lactans fall into two groups, namely arabinogalactan type I and type II. The
important structural difference between these two types of arabinogalactans is the
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galactose units, which are (1-4) linked in type I and (1-3) and (1-6) linked in
type II. Most of the arabinogalactans involved in biological activity belong to the
arabinogalactan type II [1].

One of the methods used to distinguish between these two types of
arabinogalactans is their precipitation in the Yariv reagent. Only AGII form
a red precipitate with the Yariv reagent. Yariv reagent is frequently used to
confirm the presence of AGII in bioactive polymers and also used for the
quantitative estimation of such polymers (Fig. 7.1).

7.1.3 Biochemistry

In nature, arabinogalactans are found in several microbial systems, especially
acid-fast mycobacteria, where it is complexed between peptidoglycans and
mycolic acids as a component of the cell wall and influences monocyte�
macrophage immuno reactivity of tubercular antigen [7]. Edible and nonedible
oil plants are the rich sources of arabinogalactans, in glycoprotein form, bound
to a protein spine of either threonine, proline, or serine. These plants include leek
seeds, carrots, radish, black gram beans, pear, maize, wheat, red wine, Italian
ryegrass, tomatoes, ragweed, sorghum, bamboo grass, and coconut meat and
milk. Herbs such as Echinacea purpurea, Baptisia tinctoria, Thuja occidentalis
[8], Angelica acutiloba [9], and Curcuma longa [10] also contain significant
amounts of arabinogalactans with well-established immune-enhancing proper-
ties (Table 7.1).

� Galactose

� Arabinose

FIGURE 7.1 Model arabinogalactan II chain. (From [1].)
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7.1.4 Chemical Nature

Arabinogalactans isolated from Larix species are readily water soluble. They
are nitrogen-free polysaccharides of the 3,6-β-D-galactan types. Experimental
analysis show they are highly branched molecules with a 3,6-galactan back-
bone. Side chains consist of combinations of single galactose sugars, and longer
side chains comprised of 3-, 4-, 6-; 2-, 3-, 6-; 3-, 6-; 3-, 4-; and 3-linked
β-galactose and β-arabinose residues. The galactose and arabinose units
(consisting of β-galactopyranose, β-arabinofuranose, and β-arabinopyranose)
are in a molar ratio of approximately 6 : 1 and comprise more than 99% of the
total glycosyl content. A trace amount of glucuronic acid is also found with
them [2, 11].

7.1.5 Pharmacokinetics

Pharmacokinetics of oral arabinogalactan has not been well elaborated in
humans. The absolute concentration of orally absorbed arabinogalactan is
unclear; however, nonabsorbed arabinogalactan is fermented vigorously by
gastrointestinal microflora [12]. Injected arabinogalactan in animal models is
cleared with a half-life of 3.8 min from blood. After 90 min of injection, the
concentrations found in liver is highest (52.5%) and in urine (30%), with a

TABLE 7.1 Properties of Arabinogalactan Computed from

Structure

Molecular weight 500.49144 (g/mol)

Molecular formula C20H36O14

XlogP3AA 2 4.2

H bond donor 7

H bond accepter 14

Rotatable bond count 8

Exact mass 500.210506

Monoisotopic mass 500.210506

Topological polar surface area 206

Heavy atom count 34

Formal charge 0

Complexity 626

Isotope atom count 0

Defined atom stereocenter count 0

Undefined atom stereocenter count 14

Defined bond stereocenter count 0

Undefined bond stereocenter count 0

Covalently bonded unit count 1

Source: NCBI PUBCHEM.
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hepatic clearance following first-order kinetics with a half-life of 3.42 days [11].
Arabinogalactans from western larch extracted bind in vitro and in vivo with
liver asialoglycoprotein receptors. On reaching to the liver via portal circulation
arabinogalactan is rapid and specifically internalized within hepatocytes by
receptor-mediated endocytosis. A higher percentage of arabinogalactan in liver
suggested an ideal carrier for drug delivery to the liver [11].

7.2 NATURAL KILLER (NK) CYTOTOXICITY

Human NK cytotoxicity is “the ability of spontaneous cytotoxicity against a
variety of tumor cells and virus-infected cells without prior sensitization by
antigen and restriction by products of the major histocompatibility gene
complex” [6]. Several new adjuvant approaches to cancer treatment include
the use of biological response modifiers to modulate immune function. The
most promising approach to immune modulation is the utilization of biother-
apeutic agents for natural killer cell cytotoxicity.

In general, NK cell activity is an exceptional functional marker of health.
The literature reports indicate that decreased NK cell activity is related to the
variety of chronic diseases including cancer [13], chronic fatigue syndrome
(CFS) [14], autoimmune diseases such as multiple sclerosis [15], and viral
hepatitis [16]. In CFS NK cell activity restoration is associated with clinical
recovery [17], whereas in multiple sclerosis a relationship between NK cell
activity reductions and the development of active lesions has been reported [15].
In prostate cancer, changes in NK activity were associated with both the
metastasis and tumor response to therapy. In fact, it was reliable as the specific
tumor markers reflect prostate cancer [18]. Some plant origin oligo- or
polysaccharide NK cell activity inducers enhance human NK cytotoxicity
against cancer cells. The rhamnogalacturonan from mistletoe (V. album) is an
example of a plant saccharide with known NK cytotoxicity-enhancing proper-
ties [19, 20]. Arabinogalactans that stimulate the NK cell cytotoxicity against
K562 tumor cells in cell cultures have been investigated. Under experimental
conditions, human peripheral blood mononuclear cell cultures, preseparated,
peripheral nonadherent cell cultures, and monocytes showed the enhancement
of natural killer cytotoxicity against K562 tumor cells on pretreatment with
arabinogalactan for 2�3 days. Arabinogalactan-mediated NK cytotoxicity is
not directly initiated but the cytokine network governed it.

Generally, arabinogalactan increased the release of interferon gamma (IFN-γ),
tumor necrosis factor alpha (TNF-α), interleukin-1 beta (IL-1-β), and interleukin-
6 (IL-6) before treatment. However, the increase in IFN-γ is responsible for the
enhancement of NK cytotoxicity [6]. Initial observations showed that the arabi-
nogalactan interacted with the same receptor for an NK-cytotoxicity-enhancing
oligosaccharide from V. album. No synergism in the NK-cytotoxicity-stimulating
activity was found with V. album oligosaccharide and arabinogalactan in
combination. Both promote NK cytotoxicity; however, neither component added
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a significant effect on NK cytotoxicity induced by the other compound. As
compared to the other oligosaccharides, arabinogalactan consistently demon-
strated a greater ability to induce IFN-γ. A cell culture studywas also conducted on
healthy individuals. Although all the individuals did not respond to NK cytotoxi-
city stimulation by arabinogalactan, 63%of responded, out of which 33% showed
a high response, that is, double the NK cytotoxicity after pretreatment with
arabinogalactan [21].

Spontaneous cytotoxicity of donors prior to the treatment was unpredict-
able. However, the arabinogalactan pretreatment response was also variable.
More predictable response might be obtained if the studies had consisted of
individuals with a variety of chronic diseases. In general, one would expect
these individuals to have a lower initial NK cytotoxicity.

7.3 ARABINOGALACTAN PROTEINS (AGPS)

Arabinogalactan proteins (AGPs) are highly glycosylated hydroxyproline-rich
glycoprotiens (HRGPs) analogous to animal proteoglycans. They are widely
distributed in each cell of every plant. These proteoglycans are mainly present at
cell surfaces and play an important role in plant growth and development. AGPs
can be detected in different plant organs by staining with the synthetic phenyl-
glycoside known as Yariv reagent, which binds to and precipitate AGPs [22, 23].

AGPs are highly heterogeneous in their size range and reactivity with anti-
AGP monoclonal antibodies. Each organ and cell is associated with a specific
subset of AGPs. The AGP molecule is enclosed in 95% by weight of carbohy-
drate such as galactopyranose and arabinofurinose residues. The sugar groups
are O-linked to hydroxy amino acids in the core protein, which is usually rich in
Ser, Ala, Gly, and Hyp residues [24]. AGPs are mainly divided into two classes
depending on their core protein: classical and nonclassical AGPs. Classical
AGPs are core proteins containing Hyp, Ala, Ser, Thr, and Gly as the major
amino acid constituents, whereas nonclassical AGPs have carbohydratemoieties
attached to the core proteins, for example, Hyp-poor AGPs, Cys-richAGPs, and
Asn-rich AGPs [23].

7.3.1 Molecular Shape and Aggregation of AGPs

The transmission electron microscopic (TEM) image of AGPs suggests some
AGPs are globular whereas others are rod shaped. Two models for AGP
structure are recognized on the basis of their shapes. One is the “wattle blossom”
model and the other is the “twisted hairy rope” model. In the wattle blossom
model, the polysaccharide chains are folded into globular units to decorate the
core proteins in a spheroidal shape, whereas in the twisted hairy rope model,
the polysaccharide chains and oligoarabinosides wrap around the rodlike core
protein. These wattle blossom and twisted having rare models, may prove the
different molecular shapes of AGP’s. Hyp-poor carrot AGP and transmitting
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tissue specific proline rich proteins (TTS proteins) appeared spheroidal, whereas
gum arabic AGP appeared rodlike.Moreover these models will also modify. For
example, oligoarabinoside chains may exist along with polysaccharide chains,
as predicted by the Hyp-contiguity hypothesis, within the general content of
the wattle blossom model. AGPs generally aggregate in vitro and sometime
in vivo as well. Such aggregations were observed in Hyp-poor carrot AGP and
TTS proteins through electron microscopy. These self-associations are consis-
tent with the adhesive behavior of AGPs, related to its crosslinking [24].

7.3.2 Commercial Applications of AGPs

In addition to the several functions of AGPs in plants, they have a commercial
importance also. AGPs are significant components of plant gums or exudates
and confer special properties of the plant products. For example, gum arabic
has been harvested from wounded Acacia senegal trees, which represents one of
the most commercially important gums. The gum arabic ability is used to
suspend flavorings and colorings with low viscosity to make it a valuable
additive in the food industry. Moreover, gum arabic is also used in the candy
industry to lower the hardening process in the manufacture of hard candy and
as an adhesive in the stamp industry. A major question, which still remains
unsolved, is the extent to which AGPs in arabic gum are responsible for these
remarkable properties. AGPs and type II arabinogalactans may be used in
medicine. Both of these molecules reportedly stimulate animal immune
systems, in some cases by activating the complement system and by enhancing
the cytotoxic activity of natural killer cells (Table 7.2) [24].

7.4 MEDICINAL APPLICATIONS

Some of the important medicinal applications of arabinogalactan are discussed
in the following sections.

7.4.1 Arbinogalactan: A Potential MRI Agent

In clinical medicine, magnetic resonance imaging (MRI) is used as a diagnostic
technique. This technique allows researchers and doctors to image the body in a
noninvasive manner [25]. Administration of contrast agents enhances the image
quality by decreasing the relaxation time of the tissuewater. Thus, it ismuchmore
conspicuous than the surrounding tissues. At present, more than 35% of all MRI
examinations are accompanied by the administration of contrast agents [26].
Until now, four kinds of gadolinium complexes (gadolinium diethylenetriamine-
pentaacetic acid (Gd-DTPA), gadolinium diethylenetriaminepentaacetic acid
bismethylamide (Gd-DTPA-BMA), gadolinium-1, 4, 7, 10-tetraazacyclododecane-
1, 4, 7, 10-tetraacetic acid (Gd-DOTA), and 1, 4, 7-tris[carboxymethyl]-10-
[20hydroxypropyl]-1,4,7,10-tetraazacyclododecane (Gd-HP-DO3A)) have been
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used worldwide for intravenous administration. These small molecules enhance
the imaging of the brain and the central nervous system. However, these small
hydrophilic complexes are nonspecific extracellular contrast agents that are excre-
ted quickly via the kidneys. It may restrict their use in other parts of the body.
Hence, there is a need to investigate certain agents that target the specific organs,
regions of the body, or diseased tissue to gain the greatest diagnostic value [27�29].
Recently, liver-specific contrasting agents with high relaxivities and kinetic stabi-
lity have been developed [30, 31]. Some of them enter to hepatocytes through
hepatic asialoglycoprotein receptor (ASGP-R), an organ-specific lectin [32].

Polysaccharides and their derivatives have been known as carriers to deliver
drugs to hepatocytes via this receptor [33]. Plant polysaccharide arabinogalac-
tan is specifically absorbed by hepatocytes via the ASGP-R. Numerous
terminal galactose residues and a high degree of branching of arabinogalactan
are responsible for its bindings to the ASGP-R. A spin-labeled arabinogalactan
and arabinogalactan-stabilized small paramagnetic iron oxide (AG-USPIO)
are reported as liver-specific agents for MRI by targeting hepatocyte ASGP-R
(Fig. 7.2) [34].

Overall, the synthesis and characterization of new macromolecular con-
jugates consisting of arabinogalactan and Gd-DTPA with higher T1 relaxivity
as MRI contrast agents has been demonstrated. MR imaging showed that
signal intensities from the livers of healthy rats injected with lower doses of
Gd-DTPA-CMAG-A2 were remarkably enhanced for a longer period. An in
vivo and in vitro study has suggested that Gd-DTPA-CMAG-A2 could be a
potential liver-specific MRI contrast agent [34].
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experiments). (From [34].)
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7.4.2 Arabinogalactan Protein Carrier in Drug Formulations

In the past few years, life-threatening mycotic infections have increased in
humans caused by various fungi, mainly in immuno-compromised hosts, such
as cancer and AIDS patients who have undergone surgery [35]. Chemotherapy
is a common strategy for them. A large number of antifungal drugs are also
used to control the fungal infections. Azoles and their derivatives are found to
be most effective and predominant [36, 37]. However, the fungal infection
represents a major therapeutic challenge owing to the increasing prevalence of
organisms resistant to commonly used azoles [38, 39]. Moreover, the high cost
of azoles and their derivatives restrict their use. Novel drugs development and/
or treatment strategies to fight against these infections are critical and have led
to the development of azoles with enlarged spectra and to the discovery of other
novel, broad-spectrum fungicidal drugs. Among the nonazole drugs amphoter-
icin B (AmB) and its derivatives is the drug of choice for the treatment of
mycotic infection caused by a wide range of fungi. In contrast, amphotericin B
(AmB) is inexpensive, highly fungicidal against most pathogenic fungi, and
found to be free of clinically meaningful resistance so far [40]. However, the use
of AmB has decreased due to its dose-related toxicity, mainly to the kidneys,
central nervous system, and liver, the frequency of which may be very high [41],
and its side effects, such as nausea, fever, and shivering. One of the approaches
for improving drug performance and reducing toxicity is conjugation to a
polymeric carrier. In the recent past, the arabinogalactans have generated
highly water-soluble conjugates that were found to be much safer and effective
than the commonly used AmB-DOC formulation. The glycoconjugates, mainly
the polysaccharides and polysaccharide�protein complexes, could be a suitable
alternative due to their high water solubility.

Arabinogalactan proteins are plant-derived glycoconjugates with an estab-
lished history of pharmaceutical and other industrial applications, such as
emulsifiers [42]. AGPs from various crop and medicinal plants have been
isolated and their structures were elucidated [43, 44]. Both AGP and its purified
fraction are highly water soluble, posses a high degree of biocompatibility,
and are used in several pharmaceutical and neutraceutical preparations.
Water-soluble injectable conjugate of amphoptericin B�arabinogalactan
(AmB�AG) was used as a commercial preparation of AmB and AG [33].
This conjugate increases the solubility and stability of AmB in aqueous solution
and significantly reduces its toxicity [45, 46].

The two-step Schiff base method has been used for the conjugation of AmB
with arabinogalactan. A water-soluble injectable AGP�AmB conjugate has
been prepared without affecting its antifungal activity. A reduction of aggrega-
tion by complexation with AGP explains the lesser cytotoxicity of AGP�AmB
as compared with AmB. Thus, it is clear that the AGP conjugation with AmB
significantly reduces its toxicity and does not have any adverse effect on its
antifungal activity. Therefore, AGP could serve as novel potent carrier for
AmB drug formulation. Since the AGPs from various sources found to have
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immunostimulatory activity and the fungal infections are more common in
immunocompromised host, it is speculated that the conjugation of AmB to
AGP could be advantageous by having both antifungal as well as immuno-
stimulatory properties. However, this is merely a speculation, unless AmB is
conjugated to AGP and the conjugate tested for antifungal and immunosti-
mulatory activity [47].

7.4.3 Antiulcer Activity of Arbinogalactan

Industrial soybean oil extractions by products are protein and polysaccharides
rich in proteins and polysaccharides. Some of their structures were partly
elucidated during the 1960s. The major component of the hot-water extraction
in this study was an arabinogalactan. The soybean arabionogalactan is derived
as type I. Plant polysaccharides have been reported to have antiviral, anti-
tumor, immunostimulating, antiinflammatry, anticomplementary, anticoagu-
lant, hypoglycemic, and antiulcer activities [48]. The last has been attributed to
pectic polysaccharides from Panax ginseng and Bupleurum falcatum, which
have a high galacturonic acid content, acidic heteroxylans from Maytenus
ilicifolia and Phyllanthus niruri [49], and type II arabinogalactans from
Cochlospermum tinctorium and M. ilicifolia [50]. Although arabinogalactans
have an antiulcer protective effect, the isolation and characterization of the
type I arabinogalactan of soybean (AG) has been done and its protective
antiulcer activity evaluated.

Studies showed the type II arabinogalactans also possesses antiulcer
protective effects [48, 50], but this property has not yet been described for
type I arabinsogalactans. To determine the AG antiulcer activity, 10, 30, and
100 mg/kg AG was administered orally to female Wistar rats. EtOH-induced
gastric lesions were reduced by 33, 48, and 71%, respectively, with ED50 of 35
mg/kg. Omeprazole (40 mg/kg) control showed a 47% reduction of the lesions
(Fig. 7.3). Results indicate the potential activity of AG to act as a direct
cytoprotective agent. Possible mechanisms for antiulcer effects of polysacchar-
ides involved its ability to (1) bind the mucosal surface to work as a protective
coating, (2) reduce secretory activities of acid and pepsin, and (3) protect the
mucosa by increasing mucus synthesis and/or scavenging radicals.

Overall, the highly purified type I arabinogalactan from soybean inhibits
ethanol-induced gastric lesions, indicating that it could be an effective gastro-
protective agent [51].

7.4.4 Antioxidant Activity of Carotenoid�Arbinogalactan Complexes

Carotenoid is a class of naturally occurring pigments. These essential nutrients are
synthesized by plants andmicroorganisms, hence abundantly found in vegetables,
fruits, and fish. Polyene chain and various terminal substituents present in
carotenoid molecules determine their redox properties and the location inside
the lipid layers in biological media. In photosynthesis processes, their role is
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related to energy and electron transfer. Recently, more attention has been focused
on the reactions between carotenoids and free radicals [52�54] to prevent the
development of diseases caused by toxic free radicals. At the same time, wide
applications of carotenoids as antioxidants are substantially hampered by their
hydrophobic properties, instability in the presence of oxygen, and high photo-
sensitivity. Artificial solar cell application of carotenoids is restricted by their
instability toward reactive oxygen species and metal ions, especially in the
presence of water. Amajority of carotenoids are lipophilic in nature. Carotenoids
used in pharmaceutical application require a chemical delivery system to
overcome the problems of parenteral administration of a highly lipophilic,
low-molecular-weight compound. To avoid these disadvantages, a search for
complexing agents is being continued. The increased aqueous solubility of such
a carotenoid complex can be introduced into mammalian cell culture systems
that depend on liposomes or toxic organic solvents [55].

The complex formation between carotenoids and natural polysaccharide
arabinogalactan has been described. Arabinogalactan has potential therapeutic
benefits as an immune-stimulating agent and cancer protocol adjunct. The study
describe an AG that increases the production of the short-chain fatty acids
butyrate and propionate. These small fatty acids are essential for the health of the
colon.AGalso acts as a food supply for “friendly” bacteria, such as bifidobacteria
and lactobacillus, while eliminating “bad” bacteria. AG has a beneficial effect
upon the immune system as it increases the activity of natural killer cells and other
immune system components, helping the body to fight against infection. Com-
plexes of carotenoids II and III with AG prepared mechanochemically in
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FIGURE 7.3 Protective effect of AG (10, 30, and 100 mg/kg, p.o.) against ethanol-

induced gastric lesions (CL: control, water 0.1 mL/100 g, p.o.; OM: omeprazole 40 mg/

kg, p.o.). The results are expressed as means±SEM (n 5 6), with *p, 0.05 when

compared to control group. (From [51].)
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stoichiometric proportion 1 : 1 is 5 mM in a water solution. The carote-
noid�arabinogalactan complexes maintain their original color and show sig-
nificant changes in the absorption spectra. The Ultraviolet�Visible (UV�Vis)
spectrum of aqueous solutions of a canthaxanthin�AG complex has the same
maximum absorption as the spectrum of a canthaxanthin solution in 30%
ethanol. However, the preparation of a concentrated solution of this complex
using traditional methods was not successful. An important result of this study is
the increase in yield and stability of the radical cation of canthaxanthin in a solid-
state complex of AG. An increased stability of the carotenoid radical cation
imbedded into a polysaccharide host opens many possibilities for the application
of these complexes in the designing of artificial light harvesting, photoredox, and
catalytic devices [56].

7.4.5 Larch Arabinogalactan for the Treatment of Corneal Lesions

Corneal abrasions occur because of cutting, scratching, or abrading the thin,
protective, clear coat of the anterior ocular epithelium portion. These injuries
cause pain, tearing, photophobia, foreign body sensation, and a gritty feeling
[57]. Abrasions may be caused by several factors including toxic and mechani-
cal and by altering the physiologic functions. Contact lenses are a specific and
uncommon source of corneal abrasions. Approximately, 100 million people
wear contact lenses worldwide. Thus, the risk should not be underestimated.
Hence, the number of corneal lesions is speedily increasing [58, 59], Tissue
repairing involves cell attachment and adhesion to specific extracellular matrix
substrates, through recognized specific membrane receptors called integrins.
Since integrin recognition is affected by natural or synthetic polysaccharides.
Both polysaccharides and glycosaminoglycans influence the cell adhesion and
wound-healing process [60]. Continuous search for compounds favoring cell
adhesion and promoting ocular wound healing prompted the investigation of a
natural polysaccharide. The U.S. Food and Drug Administration (FDA) has
already approved larch arabinogalactan as a dietary fiber source. Its benefits
are therapeutic as an immune-stimulating agent [61]. The test was carried out
on eye tolerance of AG and its protective action against experimentally induced
dry-eye conditions and corneal abrasions.

The preliminary results showed AG produces Newtonian, nonviscous solu-
tions, possessing mucoadhesive properties used in the retention of eye surface. A
dry-eye model exerted a protective effect against the appearance of dry spots on
the corneal epithelium, and significantly increased the healing rate of corneal
wounds, with respect to other polymers, commonly used as adjuvants in
ophthalmic vehicles of AG formulations. These findings suggest the potential of
AG in dry-eye conditions, and for the prevention and treatment of corneal
wounds. AG solutions also benefit contact lens wearers because of their
tolerability, prolonged permanence, and noninterference with vision owing to
low viscosity. Further research for verification of AG compatibility with contact
lens and microscopy studies, aimed at a thorough survey of its involvement at
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tissue level, is in progress. Finally, clinical trials will definitely need to verify the
transferability of these results to humans (Table 7.3) [62].

7.4.6 Arabinogalactan in Tuberculosis

Mycobacterium tuberculosis, is the slow growing bacterium that causes tuber-
culosis (TB). It is a respiratory transmitted disease affecting approximately
32% of the world’s population. Among infected individuals, about 2 million
people die each year from this disease. Every year 95% of TB cases are found in
developing countries [63]. About 1 million young women are victimized every
year by this disease. The spread of this disease is linked to dense population,
poor nutrition, and poor sanitation [64, 65]. India, with 2% of the world’s land
area and 15% of the its population, thus has 30% of the TB burden. In India,
TB kills 14 times more people than all tropical diseases. Approximately 50% of
India’s population is reported to be tuberculin test positive [66] and one person
dies from TB every minute [67]. TB was rare until the second half of the
nineteenth century. Concomitant with the growing population density caused
by industrialization, the incidence of TB has increased progressively since then
[68, 69].

Arabinogalactan in Mycobacterial Cell Wall. Arabinogalactan is one of the
cell wall components in mycobacteria. It forms a complex with peptidoglycan and
mycolic acids for the appearance of the cell wall mycolyl�arabinogalactan�
peptidoglycan complex (MAPc).

The basic structure of the mycobacterial cell wall core is shown in Figure 7.2.
The core consists of a highly impermeable outer mycolic acid layer of
(C70�C90 lipids) and an inner peptidoglycan layer. These two layers are
linked through polysachharide arabinogalactan. The major mycobacterium cell
wall is made up of a branched AG chain with the arabinose AG attached to the
muramic acid via a phosphodiester linkage. The polymer is unique in its
elemental sugar comprised of a few distinct structural motifs. The galactan
polymer is linked to the sixth position of the peptidoglycan muramic acid
residues α-L-Rhap-(1-3)-α-D-GlcNAc-(1-P) “linker region.” The galactan itself

TABLE 7.3 Composition and Properties of Formulations for in Vivo Studies
a

Formulation Polymer (% w/w) Mannitol (% w/w) pH Viscosity (η, mPa U s)

AG-Sol 5.00 4.4 6.5 1.21

TSP 0.50 5.0 6.4 9.16

HA 0.2% 0.20 5.0 6.5 24.40

TSP 0.04% 0.04 5.0 6.0 1.22

HA 0.00144% 0.00144 5.0 6.6 1.26

Abbreviations: AG, arabinogalactan; TSP, tamarind seed polysaccharide; HA, hyaluronic acid.

Source: From [62].
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is linear, consisting of about 30 alternating 5- and 6-linked β-D-Galf residues.
The arabinan chains are attached to the fifth carbon of some of the 6-linked
Galf residues to reduce the end of the polymer.

However, some galactan polymers are not arabinosylated, forming a large
unbranched galactan chain. The arabinan chains are mainly composed of
5-linked α-D-Araf with branching introduced by 3,5-α-D-Araf residues. Non-
reducing termini of the arabinan have a [β-D-Araf-(1-2) α-D-araf]2 �3,5-α-D
Araf-(1-5)-α-D-Araf motif and mycolic acids (long-chain α-alkyl β-hydroxyl
fatty acids) are located in clusters of four on two-thirds of the terminal
arabinofuranosides (Fig. 7.4) [70].

Arabinogalactan Biosynthesis in Mycobateria Tuberculosis. The bio-
synthesis process of arabinogalactan peptidoglycan complex in Mycobacterium
takes place in three steps. Synthesis of polyprenyl phosphate, peptidoglycan,
and arabinogalactan.

Synthesis of arabinogalactan in M. tuberculosis begins with the transfer of a
GlcNAc-1-phosphate to prenyl phosphate followed by an addition of rham-
nose (Rha) from dTDP-Rha. It form the linker region of the AG. RmlA,
RmlB, RmlC, and RmlD are responsible for the synthesis of dTDP from
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FIGURE 7.4 Mycobacteria cell wall structure. (From [70].)
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glucose-1-phosphate encoding an α-D-glucose-1 phosphate thymidylyl trans-
ferase, dTDP-D-glucose 4,6-dehydratase, dTDP-4-keto-6deoxy D-glucose 3,5
epimerase, and dTDP rhamnose synthetase, respectively. Rhamnosyl transfer-
ase encoded by reading frame Rv3265c adds Rha to the prenyl diphosphoryl
GlcNAc.

UDP-galactofuranose (UDP-uridinediphosphategalactofuranose) is the donor
of galactofuranose residues of the galactan. The first reaction in the synthe-
sis of UDP-Galf is the conversion of UDP-glucose to UDP-galactopyranose
(UDP-Galp) catalyzed by UDP-galactopyranose epimerase. The enzyme en-
coded by glf then convertsUDP-Galp toUDP-galf, which is the donor of the galf
residues of the galactan inM. tuberculosis. Subsequently, in the formation of the
linker region, the Galf and Araf residues are added to form the mature lipid
linked AG. It further transferred to peptidoglycan en block by a ligase, which
releases decaprenyl phosphate. Enzyme Galf transferase catalyse for the forma-
tion of 1-5 and 1-6 linkages [70].

7.4.7 Larch Arabinogalactan as a Dietary Fiber

The U.S. FDA approved arabinogalactan as an excellent source of dietary
fiber. The production of short-chain fatty acids (SCFAs) is increased with a
decrease in the generation and absorption of ammonia [71]. Human consump-
tion of arabinogalactan has a significant effect on enhancing gut microflora,
specifically increasing anaerobes such as Bifidobacteria and Lactobacillus,
while decreasing Clostridia [72]. Carbohydrate fermentation into SCFAs by
intestinal microflora is important for the large bowel function and help in
hepatic as well as peripheral tissue metabolism [71]. Butyrate plays an
important role in colon health. It is the suitable substrate for energy generation
by colonic epithelial cells [73]. It protects the mucosa against a variety of
intestinal diseases and protects these cells against cancer-promoting agents
[74]. The ability of arabinogalactan to increase concentrations of butyrate
suggests some significant health benefits subsequent to oral administration of
this polysaccharide.

Arabinogalactan fermented strongly by gastrointestinal microflora results in
the production of SCFAs. High production of SCFA suggests that complete
fermentation takes place by gut microflora of any nonabsorbed arabinogalac-
tan. Intestinal bacteria used an in vitro fecal incubation system to study the
metabolism of complex carbohydrates. Arabinogalactan increased the yield of
SCFAs and acetate in all substrates at all times. Fecal homogenates incubated
with cellulose showed no large SCFA production than in the controls. Back-
bone and side-chain sugars of arabinogalactan were co-utilized as fermentation
substrates; however, the sugars were broken down more slowly than starch or
pectin. Although starch was the most effective polysaccharide in generating high
butyrate concentrations, arabinogalactan had significantly more butyrate-gen-
erating activity than pectin or xylan [71]. Arabinogalactan found to have clinical
value in the treatment of portosystemic encephalopathy because of its ability to
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lower the generation and subsequent absorption of ammonia. Arabinogalactan
promotes the increase in bifidobacteria, particularly B. longum, which more
specifically ferment the arabinogalactan [75]. A controlled study of larch
arabinogalactan in human volunteers has demonstrated its ability to promote
an increase of bifidobacteria, as well as other anaerobes such asLactobacillus [72].

7.4.8 Reticuloendothelial and Complement Activation

Low- to middle-molecular-weight (5000�50,000) arabinogalactan polysacchar-
ides showed the strong immuno-stimulating properties, including the ability to
activate phagocytosis and potentiate reticuloendothelial system action. The
number of arabinogalactans also showed the anticomplement activity [76, 77],
although arabinogalactan was not utilized in these studies. In fact, recent
findings demonstrated arabinogalactan ingested by human volunteers had a
significant dose-dependent in vivo effect. It enhances the function of the
mononuclear portion of the immune system [78].

7.4.9 Larch Arabinogalactan and Pediatric Otitis Media

Otitis media is a common pediatric problem. Children suffering from chronic
otitis media need a powerful immune system along with reestablishing gut
microflora balance. This is a reasonable therapeutic goal. Decrease in frequency
and severity of pediatric otitis media with arabinogalactan was clinically proved
and reported. The combination of known immune-enhancing properties and
effects on gut microflora might indeed produce good clinical outcomes. High
solubility of arabinogalactan in fluids such as water or juice and the long-term
administration of this substance to pediatric patients might be accomplished with
a great deal less difficulty than other available immune-modulating herbal or
nutritional substances [21].

7.4.10 Arabinogalactan and Cancer

Arabinogalactan possesses several interesting properties; thus it is used as an
ideal adjunctive supplement in cancer protocols. Experimental studies indicate
that arabinogalactan stimulates natural killer cell cytotoxicity, enhances the
immune system, and inhibits the metastasis of tumor cells to the liver. All of
these activities have significant utility as strategies to support conventional
cancer treatment [21].

Antimetastatic Activity. Metastatic diseases are commonly spread to the
liver, in comparison of other organ sites. This results because of the reaction
between the galactose-based glycoconjugate on the metastatic cells and a
hepatic-specific lectin receptor (e.g., the D-galactose-specific hepatic binding
protein) found in liver parenchyma. Several compelling studies showed that
arabinogalactan inhibits this reaction. Modified citrus pectin (MCP) has been
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also found to be a possible antimetastatic agent in cancer [79]. However,
arabinogalactan showed the same antimetastatic mechanism of action as MCP.
It also offers immune-modulating activity, which is not offered by other natural
substances. In a study, the effects of arabinogalactan were investigated in a
syngeneic tumor�host system of one animal. The study includes the systemic
treatment with D-galactose and arabinogalactan as well as cell pretreatment
with arabinogalactan and two other glycoconjugates. Although all the test
animals finally succumbed to liver metastasis, treatment with arabinogalactan
significantly reduced the amount of liver metastasis and prolonged the survival
times of the animals. This was to be an arabinogalactan blockade effect of
potential liver receptors, covering galactose-specific binding sites [80]. In
another study, pretreatment and regular application of arabinogalactan as a
receptor-blocking agent completely prevented the settling of sarcoma L-1
tumor cells in the liver of experimental animals. Other galactans, dextrans,
and phosphate-buffered saline showed no effect. The results showed that as
lectinlike liver receptors are blocked with the competitive polysaccharide-like
arabinogalactan, tumor metastasis may be prevented [81]. An other study also
demonstrated that arabinogalactan significantly reduced the colonization
process of highly metastatic Esb lymphoma cells [82].

7.5 SIDE EFFECTS AND TOXICITY

Arabinogalactan is FDA approved for use in food applications. Toxicity tests
on rats indicate arabinogalactan is less toxic than methylcellulose. In acute
toxicity studies, mice and rats showed no signs or symptoms of toxicity at a
dose of 5000 mg/kg, while in prolonged toxicity studies, doses of 500 mg/kg for
90 days resulted in no toxicity. Clinical feedback suggests an occasional
reaction of bloating and flatulence in less than 3% of individuals. This side
effect might be secondary to the effect of arabinogalactan, beneficially altering
gut microflora [21].

7.6 CONCLUSIONS

Outcome studies on novel polysaccharide clinical applications have not been
conducted to date. Physiological properties of polysaccharides imply a broad
range of potential therapeutic applications. As a dietary fiber, larch arabino-
galactan possesses several beneficial properties, including promoting the
growth of friendly bacteria, increasing the production of SCFAs, and decreas-
ing the generation of ammonia. As most of the diets are deficient in dietary
fiber, arabinogalactan enhance the immune activity.

Larch arabinogalactans also offer substantial promise as a biological
response modifier. Documented effects on NK cytotoxicity, along with effects
on mononuclear portion of the immune system, have been studied. An array of
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clinical uses was suggested both in preventive medicine and in clinical medicine,
as a therapeutic agent to decrease NK activity. As a therapeutic agent, larch
arabinogalactans reduced NK activity and chronic viral infections, such as CFS
and viral hepatitis. The greatest potential of this polysaccharide is to support
conventional cancer treatments as a biological response modifier. Combination
of its immune-enhancing properties along with antimetastatic activity fulfills
two therapeutically desirable goals. Modified citrus pectin has received con-
siderable attention in both conventional and alternative medical journals for its
antimetastatic activity. Larch arabinogalactan works in the same manner, by
inhibiting the attachment of metastatic cells to liver parenchyma via compe-
titive binding to liver hepatic galactose receptors. Larch arabinogalactan,
however, offers the additional advantage of enhancing immune function. Larch
arabinogalactan not only offers antimetastatic activity but also shows positive
effects on gut microflora and SCFAs, which was not found with V. album.
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8.1 INTRODUCTION

The concept of biocompatibility has evolved on par with the continuing
development of materials used in medical devices. Biocompatibility can be
defined as the quality of not having toxic or injurious effects on biological
systems. A biomaterial is regarded as a material intended to interface with
biological systems to evaluate, treat, augment, or replace any tissue, organ, or
function of the body [1]. Biomaterials also have to be easily processable,
sterilizable, and capable of controlled stability or degradation in response to
biological conditions. The biocompatibility of a medical implant will be
influenced by a number of factors, including the toxicity of the material used,
form and design of the implant, technique of inserting the device, in situ
dynamics, and movement of the implant based on the surrounding matrix (e.g.,
soft or hard tissue, cardiovascular system, etc.).

Among various well-known biomaterials, polyhydroxyalkanoate (PHA) has
been attracting much attention with regard to its unique properties that enables
it to be processed as biodegradable biomaterials. PHA are naturally occurring
carbon and energy storage compounds found in various bacteria, and their
formation is known to be induced by unfavorable growth conditions [2, 3]. To
date, approximately 150 different constituents of PHA have been identified
as either homopolymers or copolymers [4]. However, only several polymers
are available in sufficient quantities for application research. They include
homopolymers of poly(3-hydroxybutyrate) [P(3HB)], poly(4-hydroxybuty-
rate) [P(4HB)], and poly(3-hydroxyoctanoate) [P(3HO)]; and copolymers
of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) [P(3HB-co-3HV)], poly(3-
hydroxybutyrate-co-3-hydroxyhexanoate) [P(3HB-co-3HHx)], and poly(3-
hydroxybutyrate-co-4-hydroxybutyrate) [P(3HB-co-4HB)].

After years of research and development, PHA and its composites have been
tailored as suitable biomaterials, which are currently being evaluated in various
pharmaceutical and medical applications. Their applications will be discussed in
the following sections of this chapter. Processes involved in the production of PHA
have been well documented. Bacterial and plant production systems have been
established and evaluated for the production of different types of PHA polymers.
The types of polymer produced depend on the host organism and carbon
substrates. This is due to different substrate specificity of the genes involved
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in PHA biosynthesis. The mechanical properties, biocompatibility and rate of
degradation, can be controlled by changing the composition of PHA polymers.
PHAs are renewable by nature as they can be produced from renewable resources.

This chapter will discuss current applications of PHA in the medical field.
Results from recent in vitro and in vivo efficacy studies are highlighted, and
potential applications of PHA in medical sciences are discussed. Insights on
toxicity and biocompatibility of PHA polymers are revealed. Well-established
PHA productions systems alongside characterization of the resulting polymers
have been demonstrated.

8.2 POLYHYDROXYALKANOATE

PHA was first discovered and characterized in the 1920s [5]. Initially recognized
as inclusion bodies/granules in the cytoplasm, PHA was later identified to be an
intracellular reserve for carbon and energy [6]. These granules can be stained
specifically with Sudan black or light fluorescent stains such as Nile blue and
Nile red [7�10]. P(3HB) was the very first constituent of PHA to be identified.
Since then, PHA has been thoroughly investigated. More than 90 genera of
archea and eubacteria (both gram positive and gram negative) have been
identified as PHA producers [11]. The following are some of the well-known
PHA producers: Cupriavidus necator (formerly known as Wautersia eutropha,
Ralstonia eutropha, or Alcaligenes eutrophus), Alcaligenes latus, Aeromonas
caviae, Bacillus spp., Burkholderia cepacia,Delftia acidovorans (formerly known
as Comamonas acidovorans), Pseudomonas spp., and recombinant Escherichia
coli. To date, approximately 150 different constituents of PHA have been
identified as either homopolymers or copolymers [4]. Monomers with straight,
branched, saturated, unsaturated and also aromatic monomers have been
reported (for a review see Wiltholt and Kessler [12]). PHA is categorized into
three classes: short-chain-length PHA (SCLPHA, carbon numbers of monomers
ranging from C3 to C5), medium-chain-length PHA (MCLPHA, C6�C14),
and long-chain-length PHA (LCLPHA, more than C14). Polymers consisting of
SCLPHA�MCLPHA have also been reported.

The properties of PHA resemble some of the properties of commodity
plastics. Most PHA are thermoplastics that can be tailored into stiff
packing materials or highly elastic elastomers and are completely biodegrad-
able in the natural environment [2, 13]. The chemical and physical properties
of resulting PHA polymers is influenced by the functionalized groups in the
side chain of monomers such as halogen, carboxyl, hydroxyl, epoxyl, and
phenoxy [14, 15]. The production and characterization of PHA have been the
subjects of interest since they are targeted as substitutes for petrochemical-
based plastics. Currently, a variety of bioplastics from microbial fermentation
of plant sugars and oils under various trademarks such as Biomer, Mirel,
Biogreen, Biocycle, and Biopol are being produced at commercial-scale
amounts [13].
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8.2.1 PHA Biosynthesis Pathways

In general, PHA biosynthesis involves the uptake and conversion of carbon
sources into precursor molecules that are subsequently polymerized by the
enzyme PHA synthase. Naturally occurring metabolic pathway of PHA bio-
synthesis varies according to the genus of the bacterium. On the other hand,
genetically engineered pathway enables the production of desired monomer
type and composition. There are three well-known PHA biosynthetic pathways
[16, 17]. Among the most well-established pathways are the ones found in
C. necator (pathway I) and Pseudomonas spp. (pathways II and III). Pathway I
is the most common pathway and can be found in a wide range of bacteria
(Fig. 8.1). P(3HB) synthesis in this pathway occurs in a three-step reaction:
condensation, reduction, and polymerization, which is catalyzed by three
different enzymes [18, 19]. In the first step, two acetyl-CoA derived from the

NADPH-dependent
acetoacetyl-CoA

reductase
(PhaB)

Acetyl-CoA

Acetoacetyl-CoA

(R)-3-Hydroxybutyryl-CoA

P(3HB)

PHA synthase
(PhaC)

�-ketothiolase
(PhaA)

Sugar

Tricarboxylic
acid (TCA)

cycle

Pathway I

FIGURE 8.1 Most well-established P(3HB) biosynthesis pathway. This pathway is

generally present in all microorganisms having the ability to synthesize P(3HB).
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tricarboxylic acid (TCA) cycle is condensed to form acetoacetyl-CoA by the
enzyme β-ketothiolase (PhaA). Then, acetoacetyl-CoA is reduced by acetoace-
tyl-CoA reductase (PhaB) to form 3-hydroxybutyryl-CoA. Finally, the PHA
synthase (PhaC), which is the key enzyme in PHA biosynthesis, catalyzes
the polymerization via esterification of 3-hydroxybutyryl-CoA into P(3HB).
The ability of a microbe to produce varying 3HA monomers depends on the
substrate specificity of its PHA synthase enzyme. The PHA synthase can be
divided into four classes based on its substrate specificity and subunit structure
(for a review see Rehm [20] and Nomura and Taguchi [21]).

PHA is also synthesized from pathways involved in fatty acid metabolism.
Different hydroxyalkanoate units besides 3HB are derived from these path-
ways. Pathways II and III are also known as the fatty acid β-oxidation pathway
and the fatty acid biosynthesis pathway, respectively (Fig. 8.2). These pathways
are well studied in Pseudomonas spp., namely, P. putida, P. oleovorans, and
P. aeruginosa,which belong to the ribosomal ribonucleic acid (rRNA) homology
group I. The intermediate substrates generated from fatty acid metabolism can
be efficiently polymerized by these microbes. Pseudomonas spp. can synthesize
MCLPHA fromvarious alkanes, alkenes, and alkanoates but trace or no SCLPHA.
The intermediates in these pathways are effectively converted to (R)-3HA-CoA
monomers by specific enzymes. The monomer composition is much wider and
related to the carbon source used. As shown in Figure 8.2, the (R)-specific enoyl-
CoAhydratase (PhaJ) and (R)-3-hydroxyacyl-ACP-CoA transferase (PhaG) are
capable of supplying (R)-3HA-CoA from trans-2-enoyl-CoA and (R)-3HA-
ACP, respectively [17]. InA. caviae, trans-2-enoyl-CoA is converted to (R)-3HA-
CoA by PhaJ [22, 23]. In pathway III, sugars such as glucose, fructose, and
sucrose are converted to (R)-3HA-CoA intermediates from (R)-3HA-ACP by
PhaG. Both PhaJ and PhaG are the key links between fatty acid metabolism and
PHA biosynthesis.

Microbes that cannot accumulate PHA naturally have been successfully
engineered by introducing PHA biosynthesis pathways from known producers.
PHA synthase gene (phaC) and monomer supplying genes such as phaA, phaB,
phaG, and phaJ have been cloned and expressed in recombinant strains. The
substrate specificity of the PHA synthase is generally quite broad. For example,
the PHA synthase of C. necator has been shown to polymerize HA monomers
of 3C atoms (3-hydroxypropionate [3HP]) up to 12C atoms (3-hydroxydode-
canoate), although the MCL monomers are less efficiently polymerized relative
to SCL monomers. Thus, the monomer-supplying pathway available in a
microbe determines the type of PHA that can be produced. So, when the PHA
synthase of C. necator is expressed in A. caviae, it is active toward C4�C6
monomers while in Pseudomonas it is active toward C4�C12 monomers. Thus,
monomers synthesized by the recombinant can be controlled by expressing
selected PHA biosynthesis genes in a particular host strain, and this has been
proven in previous studies [24�27]. Genetic engineering technique has therefore
proven to be a powerful tool in creating recombinant strains that can produce
tailor-made PHA efficiently.
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8.2.2 Production and Characterization

PHA production systems in various microbes and organisms have been
documented. The bacterial production system is the most well-established
form of PHA production. Besides that, an attempt to initiate PHA accumula-
tion in plants was carried out in the 1990s [28, 29]. For example, Arabidopsis

Fatty acid degradation
(�-oxidation)

Fatty acid biosynthesis

(S)-3-Hydroxyacyl-CoA

(R)-3-Hydroxyacyl-ACP

3-Ketoacyl-ACP Enoyl-ACP

Sugar

Acyl-ACP

Malonyl-ACP

Acetyl-CoA

Pathway III

Malonyl-CoA

Pathway II

3-Ketoacyl-CoA Enoyl-CoA

Acyl-CoA

Fatty acids

(R)-3-Hydroxyacyl-CoA

Acetyl-CoA

PHA

(R)-specific enoyl-
CoA hydratase

(PhaJ)

(R)-3-hydroxyacyl-
ACP-CoA transferase
             (PhaG)PhaC

Pathway I

FIGURE 8.2 Biosynthesis of PHA from fatty acid metabolism. The fatty acid

β-oxidation and fatty acid biosynthesis pathways have been well studied in Pseudomonas.
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thaliana was transformed with the PHA synthase of C. necator to induce
polymerization of the intermediates derived from the plant’s endogenous
3-ketothiolase and acetoacetyl-CoA reductase. As a result, PHA accumulation
was identified in the cytoplasm. Several other attempts to produce PHA in a
cost effective manner via transgenic plants are currently in progress [30�32].
Besides plants, other potential production systems in insect cells, yeast, and
cyanobacteria have been also evaluated (for a review see Sudesh et al. [33]).
Nevertheless, large-scale PHA production processes for commercialization
purposes are currently derived from bacterial fermentations.

Bacterial synthesis of PHA is normally carried out in batch or fed-batch
cultures. To initiate PHAaccumulation, the growthmedium is prepared in such a
way that one nutrient (generally nitrogen) limits growth while the carbon
source is in excess. The depletion of the selected nutrient acts as a trigger for
the metabolic shift to PHA biosynthesis. Two different approaches have been
developed in batch cultivation: one-stage cultivation and two-stage cultivation.
In one-stage cultivation, growth of cells and PHA accumulation occurs simulta-
neously. While two-stage cultivation consists of a cell growth phase that is
carried out in a separate nutrient-enrichedmedium.The cells are then transferred
into a nutrient-limited medium for PHA accumulation phase.

Usually, the cultivation period ranges from 24 to 96 h. During the period
of cultivation, cells will go through a sequence of growth phases, such as
lag phase, exponential phase, PHA production, stationary phase, and finally
death phase. In a fed-batch culture, the cells are continuously fed with selected
carbon source after it has entered the late exponential phase.Normally, large-scale
or industrial-scale production systems use the fed-batch cultivationmode [34, 35].
The fed-batch method generally yields high cell densities that consequently
reduces the overall production cost [36�38]. Other modes of cultivation have
also been evaluated, such as pH-stat-based cultivation whereby a carbon source is
fed based on the fluctuation of pH [39], and the chemo-stat method whereby
culture medium is continuously exchanged with sterile growth medium [40].

A carbon source is one of the key factors that can reduce the cost of PHA
production. The type of PHA synthesized depends on the carbon substrates,
monomer supplying pathways, and the specificity of PHA synthases. Sugars
such as glucose and sucrose are the most common carbon sources for large-scale
PHA production. Efforts have been devoted to identify cheaper carbon
sources that can be utilized efficiently. Plant oils and fatty acid derivatives
are being investigated as suitable carbon sources for PHA production. They are
cheaper, renewable, and produce higher yields of polymer. It has been found
from previous studies that P(3HB) production from plant oils was almost
twofold higher (0.6�0.8 g/g) as compared to glucose (0.3�0.4 g/g) [41]. This is
mainly due to the higher number of carbon atoms per gram of oil compared to
sugar.

Major commodity plant oils such as soybean oil, palm oil, corn oil, and
others have also been identified as possible carbon sources for PHA biosynth-
esis. Besides this, PHA is also produced from fatty acids. Pseudomonas spp. are
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well-known PHA producers from fatty acids and its salt derivatives and
MCLPHA are normally produced. Copolymers of different PHA constituents
are produced by adding co-substrates, which are also known as precursors.
For example, P(3HB-co-3HV) copolymer is mostly produced by adding 3HV
precursors such as valeric or propionic acids or their salt forms, while the
P(3HB-co-4HB) copolymer is synthesized from the addition of 1,4-butanediol
or γ-butyrolactone. These substrates can also be used as sole carbon sources to
obtain the mentioned copolymers.

Aeromonas spp. are known to produce P(3HB-co-3HHx) copolymer, which
are a combination of SCL�MCLPHA from fatty acids or oily substrates. The
PHA synthase gene of A. caviae has been expressed heterologously in PHA
synthase mutant of C. necator to produce better yields of this copolymer.
Lately, terpolymers of different monomer types and compositions have been
produced from various carbon sources. Normally, the terpolymers are combi-
nations of both SCL�MCLPHA as well. Besides this, poly(3-hydroxyoctanoate-
co-3-hydroxyhexanoate) [P(3HO-co-3HHx)], an MCLPHA, has been produced
in fed-batch cultures of P. oleovorans with sodium octanoate as the sole carbon
source [42]. A random copolymer with 3HO, 3HHx, and poly(3-hydroxy-
decanoate) (3HD) monomers is biosynthesized. Higher compositions of 3HO
(86 mol%) and 3HHx (11 mol%) is usually obtained.

PHA terpolymers are also being studied for their potential usages in the
medical field. The terpolymers consist of either SCLPHA or SCLPHA�MCLPHA.
The common terpolymers produced includes P(3HB-co-3HV-co-3HHx), P(3HB-
co-3HV-co-4HB), and P(3HB-co-3HV-co-3HHp). Most of the bacterial strains
used for terpolymer production are recombinants; however, reports of wild-type
producers have been published as well. Sugars, specific precursors, fatty acids,
and palm kernel oil have been tested as potential substrates. The type of PHA
polymer produced by some well-known bacterial strains and the carbon sources
used are summarized in Table 8.1.

Agricultural by-products and food industrial wastes are also being consid-
ered as inexpensive carbon and nitrogen sources for PHA biosynthesis. Bio-
conversion of whey [67], molasses [68], starch [69], triacylglycerols [70], and
other substrates from food industrial wastes or industrial by-products [71�73]
to value-added PHA polymers has been investigated. Organic acids such as
lactic acid, acetic acid, and propionic acid derived as by-products of anaerobic
fermentation processes could be utilized for synthesizing P(3HB) and P(3HB-co-
3HV) polymers [74�76]. Mixtures of organic acids derived from anaerobically
treated palm oil mill effluent have also been evaluated [77]. Utilization of these
types of cheap carbon sources for large-scale PHA production could reduce the
cost of production.

The physical property of PHA polymers utterly depends on the type of
monomer incorporated into the polymer chains. PHA polymers could be
tailored by controlling the type and composition of monomer incorporated.
P(3HB) is a biocompatible polymer that is optically pure and possesses piezo-
electricity [3, 78]. This aids in the process of inducing osteogenesis. However,
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P(3HB) homopolymer is a highly crystalline, brittle, and stiff material [3]. It was
found that the physical properties of P(3HB) homopolymer could be improved
by producing higher molecular weight polymers. This polymer was produced by
heterologous expression of cloned PHA biosynthesis genes from C. necator in
recombinant E. coli [79].

In contrast, P(4HB) homopolymer possesses almost similar characteristics as
ultrahigh-molecular-weight polyethylene. It could be considered as a strong
elastic material since its tensile strength and elongation at break is 104 MPa and
1000% as compared to P(3HB), which is only 40 MPa and 6%, respectively.

The introduction of secondary monomers is a common strategy to produce
better and more processable polymers. PHA copolymer and terpolymer are less
crystalline and more elastic materials. It could be observed that incorporation of
other monomer in the 3HB polymer chain significantly improved the physical
properties of resulting copolymers such as P(3HB-co-4HB), P(3HB-co-3HV),
and P(3HB-co-3HHx). PHA terpolymers are known to be better materials
compared to copolymers [46, 52, 53, 66, 80, 81]. P(3HO-co-3HHx), which is an
MCLPHA, is known to have high tensile strength and elongation to break due to
the orientation of the amorphous rubbery chains [42].

Incorporation of more than one secondary monomer is assumed to result in
improved properties. It has been demonstrated that, P(3HB-co-3HV-co-3HHx)
terpolymer with higher amorphousness could be produced [52]. No melting
peak was detected in the terpolymer with 39 mol% 3HV and 3 mol% 3HHx.
P(3HB-co-3HV-co-4HB) with 93 mol% 4HB and 3mol% 3HV exhibited elong-
ation of 430%, toughness of 33 MPa, and Young’s modulus of 127 MPa, which
is similar to low-density polyethylene, while terpolymer with 55 mol% 4HB
and 34 mol% 3HV showed a Young’s modulus of 618 MPa, similar to that of
polypropylene [46].

The properties of PHA copolymers and terpolymers are almost similar
to commercially available synthetic plastics. Physical properties of some well-
known PHA polymers are compared with polypropylene and low-density
polyethylene in Table 8.2. Formation of copolymer could be controlled at
microstructure level as well, and the arrangement of monomer determines
the property of a resulting copolymer [83]. The distribution of monomers is
usually controlled via chemical synthesis by varying the feeding method of
substrates involved. A copolymer could be classified as a random, block, or blend
copolymer. This depends on the arrangement ofmonomers in the polymer chain.
A random copolymer has identical alternating monomer arrangements through-
out its length. On the other hand, a block copolymer consists of polymer chain
containing two or more unique polymer regions covalently bonded together [84,
85]. A blend copolymer is made up by two or more distinct homopolymer
or copolymer chains of the monomers present. The randomness of a copolymer
is usually determined by 13C-NMR spectroscopy based on dyad sequence
analysis [86�88].

Besides the incorporation of secondary monomers, blends of PHA polymers
with other biodegradable materials have also been generated. These blends are
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physical mixtures of structurally different polymers either as homogeneous or
heterogeneous phases in amorphous regions on a microscopic scale at equili-
brium [33]. The mixture may exist as a single phase (thermodynamically
miscible) or two distinct phases (thermodynamically immiscible). The physical
property of a blend depends on the phase structure. Examples of some PHA
blends are poly(ethylene oxide), poly(vinyl alcohol), and poly(β-propiolactone)
(for a review see Sudesh et al. [33]). PHA polymers can be designed and
developed to suit specific needs by varying their physical properties. This idea
has been realized from genetic, biological, and chemical synthesis approaches.

Biosynthesis of Poly(3-Hydroxybutyrate-co-4-Hydroxybutyrate) [P(3HB-
co-4HB)]. The biosynthesis of P(3HB-co-4HB) copolymer by microorganisms
can be achieved by employing different methods of carbon source feeding. The
copolymer could be produced frommixtures of two different carbon sources such
as butyric acid and 4-hydroxybutyric acid [55]. Second, utilization of a single
carbon source that is structurally related to 4HB such as 4-hydroxybutyric acid,
γ-butyrolactone, or 1,4-butanediol also results in the biosynthesis of P(3HB-co-
4HB) [3]. Recombinant E. coli has been known to produce P(3HB-co-4HB)
copolymer by using glucose as the sole carbon source [89]. This recombinant
expresses succinic acid semialdehyde dehydrogenase, 4-hydroxybutyric acid
dehydrogenase, and 4-hydroxybutyric acid-CoA transferase gene from Clostri-
dium kluyveri with the PHA synthase from C. necator. The strategy of using the

TABLE 8.2 Comparison of Properties of Some PHA Copolymers and Terpolymers

and Common Plastics

Polymer

Tm
a

(�C)
Tg

b

(�C)
Crystallinity

(%)

Tensile

Strength

(MPa)

Elongation

at Break

(%)

P(3HB) 177 4 60 43 5

P(4HB) 60 250 34 104 1000

P(3HB-co-20 mol% 3HV) 145 21 56 20 50

P(3HB-co-16 mol% 4HB) 150 27 45 26 444

P(3HB-co-10 mol%

3HHx)

127 21 34 21 400

P(3HB-co-39 mol%

3HV-co-3 mol% 3HHx)

ND 27.9 NDc 12 408

P(3HB-co-94 mol%

4HB-co-3 mol% 3HV)

54.8 251.6 ND 14 430

Polypropylene 176 210 50�70 38 400

Low-density polyethylene 130 236 20�50 10 620

a Melting temperature.
b Glass transition temperature.
c ND5not detected.

Source: From [33, 46, 52, 82].
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mixtures of two different carbon sources has been the most preferred method
because it can produce P(3HB-co-4HB) with a wide range of monomer composi-
tions. For the generation of 3HB monomer, carbon sources such as fructose,
sucrose, glucose, and butyric acid are commonly used. On the other hand,
4-hydroxybutyric acid, 1,4-butanediol, and γ-butyrolactone are used for 4HB
generation.

Several bacteria possessing SCLPHA substrate-specific synthase are capable of
incorporating 4-hydroxybutyrate monomer [90]. The choice of carbon sources
depends on the type of microorganisms used. To date, several wild-type bacteria
have been identified to produce P(3HB-co-4HB). They areC. necator,Cupriavidus
sp. USMAA1020, Cupriavidus sp. USMAA2-4, A. latus, D. acidovorans, Coma-
monas testosteronii, andHydrogenophaga pseudoflava. Among these microorgan-
isms, D. acidovorans seems to have the most suitable metabolic pathways for the
biosynthesis of P(4HB) homopolymers as well as P(3HB-co-4HB) copolymers
from two-stage cultivation [57]. Biosynthesis of P(3HB-co-4HB) copolymer
involves different metabolic pathways with reference to the type of carbon source
used in order to generate 3HB and 4HB monomers (Fig. 8.3).

P(4HB) and its copolymer P(3HB-co-4HB) are potentially the most well-
established PHA in the field of medical sciences. The incorporation of 4HB
monomers results in copolymers having various physical properties that
range from highly crystalline to elastomeric materials [55]. The physical and
mechanical properties are shown in Table 8.3. Based on the elongation at
break values, P(3HB-co-4HB) copolymers with high 4HB fraction are more
elastic materials compared to homopolymers of 4HB. Besides this, the copoly-
mers are less crystalline with lowered melting temperatures. The decrease
in crystallinity may be due to the disruption of crystallization by the 4HB
monomers because it possesses a longer backbone than that of 3HB monomer
[47]. These interesting elastomeric polymers are currently under development
for medical applications [82].

8.2.3 Biodegradability

Intracellular and extracellular degradation of PHA has been investigated in
detail in a number of microorganisms. PHAs are degraded internally by
intracellular PHA depolymerases of PHA accumulating bacteria or extracel-
lular PHA depolymerases of PHA degrading bacteria. Intracellular degrada-
tion occurs when the bacteria is stressed under carbon limitation conditions.
Accumulated PHA granules are hydrolyzed by the cells as carbon and energy
source [93, 94]. P(3HB) is broken down to 3-hydroxybutyric acid by the PHA
depolymerase and oligomer hydrolase [95]. The 3-hydroxybutyric acid is then
oxidized by a dehydrogenase to acetylacetate. Acetyl-CoA is generated once
β-ketothiolase reacts upon acetylacetate and is utilized for cell regeneration.
Since both PHA synthase and PHA depolymerase are present in PHA accu-
mulating microorganisms, a study was done to identify the rate of polymer
hydrolysis to synthesis. According to Doi et al. [96], the polymer hydrolysis rate
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in C. necator is about 10 times lower compared to its synthesis in a nitrogen-free
medium supplemented with an excess carbon source. Therefore, it is important
to obtain optimum culture conditions in order to maximize PHA production
with minimal hydrolysis.

In the natural environment, extracellular depolymerases are secreted by
microorganisms to hydrolyze the PHA polymer. The soluble fraction after
hydrolysis normally consists of mixtures of oligomers or monomers. These
products are then taken up for cell metabolism via absorption through
the microorganism’s cell wall [3]. The PHA polymers are degraded via surface

Glutamic acid

4-Hydroxybutyric acid

1,4-Butanediolγ-Butyrolactone

ω-Alkanediol
(even number of
carbon atoms: Cx)

ω-Hydroxy
fatty acid

(R)-4-Hydroxybutyryl-CoA

4HB 

P(3HB-co-4HB)
PhaC  

Butyryl-3-ene-CoA 

Butyric acid 

Sugar

Acetyl-CoA

TCA cycle

Butyryl-CoA 

(S)-3-Hydroxybutyryl-CoA

Crotonyl-CoA 

Acetoacetyl-CoA

(R)-3-Hydroxybutyryl-CoA

3HB 

FIGURE 8.3 P(3HB-co-4HB) copolymer could be synthesized from different types of

carbon sources. The P(3HB-co-4HB) biosynthesis pathway involves a combination of

different metabolic pathways with reference to the carbon source used.
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erosion and the molecular weight of the polymer remains unchanged during
the course of degradation. The end products of PHA degradation in an aerobic
environment are carbon dioxide and water. In an anaerobic condition, methane
is also produced. The rate of biodegradation is influenced by a number of factors
including the microbial population in a particular environment, temperature,
and the physical properties of the polymers themselves [97]. Copolymers were
found to degrade at a faster rate compared to P(3HB) homopolymer due to
low crystallinity and porous surface [98, 99]. PHA film was found to degrade
in less than 50 days when placed on soil surface under tropical conditions, and
the same films when buried in soil or mangrove sediments show a faster rate
of degradation [33, 100, 101]. Extracellular depolymerases have been purified
from various microorganisms isolated from natural environments such as
soil, lake water, and seawater [98, 102�106].

In vivo degradation of PHA polymers in living systems enables these
polymers to be exploited as biomaterials. In fact, 3-hydroxybutyric acid and
4-hydroxybutyric acid were identified as normal constituent of blood at
concentrations between 0.3 and 1.3 mM in the extract of brain tissues of
rat, human, and pigeon [107�110]. Degradation of PHA results in the formation
of D-hydroxyacids. Usually, D-3-hydroxyacids include 3-hydroxybutyrate
(3HB), 3-hydroxyvalerate (3HV), 3-hydroxyhexanoate (3HHx), and 3-
hydroxyheptanoate (3HHp) monomers. Among all the D-3-hydroxyacids,
3HB is the most common degradation product. In the human body, 3HB is
one of the main ketone bodies that is primarily produced by degradation of
long-chain fatty acids in liver [111] and during the process of starvation or
disease [112]. In normal healthy adults, 3HB can be found at a concentration of
3�10 mg per 100 mL of blood [113]. The concentration of ketone body levels in
the blood of mammals can be increased from nutritional or therapeutic
compositions resources. Ketone body exists in a linear form, cyclic oligomers,
or derivatives of 3-hydroxyacids. The 3HB can be in the form of linear
oligomers other than linear homooligomers of 3HB if administered with
mixtures of acetoacetate, cyclic oligomers of 3-hydroxyacids, esters of the linear
or cyclic oligomers, and esters of 3-hydroxyacids (other than 3-hydroxybutyric
acid) or others.

The biodegradation of various PHA-based biomaterials have been investi-
gated in vivo. It is important to understand this mechanism because when PHA
material is used as scaffold in tissue engineering applications, the rate of
degradation should equal the regenerative rate of tissue, whereas, when it is
used as a drug carrier, the rate of degradation will determine the drug release
rate [114]. Many successful studies of PHA degradation in living organisms
have been demonstrated. Borkenhagen et al. [115] implanted polymer tubular
structures made of P(3HB-co-5 mol% 3HV)-diol and poly[glycolide-co-(ε-
caprolactone)]-diol blends as nerve guidance channels. As the fraction of
P(3HB-co-5 mol% 3HV) increased from 8, 17, to 41 wt%, the total weight
loss of the blends decreased from 88, 74, to 33%, respectively, after 24 weeks of
implantation. This result shows that P(3HB-co-5 mol% 3HV) is not readily
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degraded in vivo [115]. Besides this, biodegradation of PHA materials in living
organisms should not lead to the formation of toxic compounds. In a study
done by Shishatskaya et al. [116] sutures made from P(3HB) and P(3HB-co-
3HV) were implanted intramuscularly for a period of up to one year. The
implantation did not cause any acute vascular reaction or adverse effect. The in
vivo degradation rate of P(3HB-co-4HB) is relatively high compared to other
PHAs and it can be controlled by varying the 4HB monomer composition
[117]. Therefore, P(3HB-co-4HB) copolymer has gained interest in a wide range
of medical applications [118, 119]. Besides being degraded by depolymerases,
4HB can be degraded by eukaryotic lipases and esterases as well [117, 120]. This
further aids the biodegradation of biomaterials possessing 4HB monomers in
living systems.

8.3 CURRENT APPLICATIONS OF PHA

8.3.1 Natural Occurrence and the Function of Monomers

Discovery of low-molecular-weight P(3HB) in the human body is the strongest
evidence to indicate that PHA is compatible and absorbable in our system. This
low-molecular-weight PHB (c-PHB) exists as a complex compound with other
macromolecules and is widely distributed in many organisms from different
phyla, including human beings (Table 8.4). The formation of this complex
alters the physical and chemical properties of c-PHB, thus allowing it to
solubilize in both aqueous and hydrophobic regions of the cell. A weak non-
covalent bond is formed when c-PHB binds with polyphosphate. However,
when it is bound with proteins, a stronger complex is formed. The ability of
this compound to dissolve in chloroform depends on the strength of its
association with the macromolecules. Normally, c-PHB consists of approxi-
mately 200 3HB units and the molecular weight is about 12,000 Da. This c-PHB
compound is located in the cytoplasm, membranes, lipoproteins, and intracel-
lular fluids of the cells. The changes in the c-PHB properties facilitate the
diffusion through the hydrophobic regions of the cell. The ability of c-PHB to

TABLE 8.4 Occurrence and Distribution of c-PHB in Various Organisms

Organism Location of c-PHB Concentration Reference

Human Plasma, serum

albumin, plaque

0.6�18.2 mg/L 121

Pig Heart, liver 362.5�492.3 μg/g
Cattle Lung, brain 282.9�575 μg/g
Sheep Intestine 1703.2 μg/g 122

Yeast Whole cell 1201.5 μg/g
Bacteria

[E. coli (JM 101)]

Whole cell 400 μg/g
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dissolve different salts and facilitate its transportation across the hydrophobic
membrane demonstrates its role in the cell’s physiological process [123]. These
complexes are believed to have an important role in the transportation of
Ca21 across the cell membranes and also may be involved in the extracellular
deoxyribonucleic acid (DNA) material uptake. Besides the presence of
c-P(3HB) or 3-hydroxyacids, low-molecular-weight P(3HB) has also been
identified in human tissues. The first finding of P(3HB) was made by Reusch
and co-workers in blood serum with a concentration of 0.6�18.2 mg/L [121].
They were identified as a complex of low-density lipoproteins and with the
carrier protein albumin. P(3HB) was also detected in the human aorta and is
known to form ion channels in vivo when a complex of P(3HB)�polypho-
sphate is formed [121, 124].

8.3.2 PHA in Therapeutic Applications

The biocompatibility of PHA in medical applications is well known. The
evaluation process had been started and well documented over the past 20 years.
Ever since, much effort has been devoted to produce suitable polymers
with improved biomaterial properties. Therapeutic applications of ketone
bodies such as the degradation products of PHA, namely 3HB and 4HB, have
been well documented. It was reported that increasing levels of ketone in the
blood is useful to control seizures, metabolic disease, parenteral nutrition,
appetite suppression, increase cardiac efficiency, reduce protein catabolism,
treat diabetes and insulin-resistant states, and treat the effects of neurodegen-
erative disorders and epilepsy [125, 126]. 3HB has been also evaluated as an
energy source (intravenous administration) in humans and piglets [127, 128].
Potential usage of this intermediate substrate has been suggested in ocular
surgery as an irrigation solution to maintain the tissues [129]. In recent years,
more therapeutic applications of 3HB have been discovered. It was shown that
3HB can provide partial protection against dopaminergic neurodegeneration
and motor deficits in an experimental model of Parkinson’s and Alzheimer’s
disease [130, 131]. In a separate study on neuronal disorder, 3HB aided in
preserving neuronal integrity and stability during glucose starvation [132, 133].
Xiao et al. [134] through an in vitro study on glial cells found that the sodium salt
derivatives of 3HB aided in reducing cell apoptosis and enabled mobilization of
extracellular Ca21, which resulted in an increase in cytosolic Ca21, concentra-
tion. In a more recent study, 3HB and its derivative (3-hydroxybutyrate methyl
ester) significantly improved the proliferation of neuroglial cells in vitro, and
later mice treated with these compounds demonstrated enhanced learning and
memory when subjected to the Morris water maze experiment [135].

In the medical field, 4HB is also known as γ-hydroxybutyrate (GHB) and
was initially applied as an intravenous anesthetic agent. This is because this
compound could rapidly cross the blood�brain barrier and induce a sleeplike
state without disturbing cardiovascular stability [136, 137]. Subsequently, 4HB
was used to treat narcolepsy as it helped to enhance slow-wave sleep (SWS)
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and rapid-eye-movement (REM) sleep and containing them at night [138]. The
outcome from this study highlighted the importance of 4HB and resulted in
the approval by the Food and Drug Administration (FDA) of the United States
to use 4HB in research such as narcolepsy trials. The application of 4HB was
also extended in alcohol addiction treatment including alcohol withdrawal
syndrome as it was found to increase brain dopamine levels [139�141]. Previous
studies have proven that 4HB is able to protect the brain and peripheral tissues
from damaging effects due to excessive energy substrate consumption, which
could be caused by anoxia or excessive metabolic demand [142].

Sodium 4HB is used for therapeutic applications due to commercial unavail-
ability of pure 4HB. Initially, oral application of 4HB salts was not possible due
to strong hygroscopicity. To overcome this problem, development of nonhygro-
scopic salts was investigated. To date, 4HB has not yet been patented because
it is a naturally occurring compound and has a relatively low cost of production
[143]. The occurrence of 4HB has been detected in the mammalian living system,
whereby it was found in the brain, lung, liver, heart, kidney, and muscle tissues
[144]. Nevertheless, several methods describing the controlled release of 4HB
for alcohol, heroin, as well as nicotine addiction has been reported, and the use
of 4HB as an anesthetic agent has been evaluated.

Following are other possible therapeutic applications of 4HB as suggested by
Williams [145]: chronic schizophrenia, catatonic schizophrenia, atypical psy-
choses, chronic brain syndrome, neurosis, Parkinson’s disease, other neurophar-
macological illnesses, hypertension, ischemia, circulatory collapse, radiation
exposure, cancer, and myocardial infarction. Applications may also be extended
for uses with growth hormone production, heightened sexual desire, anorectic
effects, euphoria, smooth muscle relaxation, and muscle mass production.

8.3.3 Applications of PHA in the Medical Field

Biocompatibility and biodegradability are the main driving forces behind the
development of medical devices from PHA material. Most of the products
derived from PHA are channeled toward cardiovascular applications [146].
Cardiovascular diseases are increasing at an alarming rate, especially in most of
the developed countries. In theUnited States alone, approximately 40,000 babies
are born with fatal cardiovascular diseases [147]. Half of them die before they
reach one year of age. In total, more than 1 million Americans suffer from
hereditary cardiovascular defects. The modern lifestyle has resulted in uptake of
unbalanced diet and less physical exercise. These have become major contribut-
ing factors of cardiovascular diseases. In cardiovascular treatments, PHA has
been considered for use as heart valves, cardiovascular fabrics, pericardial
patches, and vascular grafts.

PHA polymers are found to be potential materials to be used in wound
management (suture, skin substitutes, nerve cuffs, surgical meshes, staples, and
swabs), orthopedics (scaffolds for cartilage engineering, spinal cage, bone graft
substitutes, meniscus regeneration, and internal fixation devices), and drug
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delivery applications [146, 148]. P(3HB) and P(3HB-co-3HV) [116, 149�151]
were the first polymers to be evaluated for medical purposes. However, their
poor physical and mechanical properties have caused some limitations to
further development to suit specific applications. Since the PHA family is rich
and diverse with various monomers, the above limitation was overcome
by either incorporating different monomers or increasing certain monomer
compositions. This resulted in the investigation of P(3HO-co-3HHx), P(3HB-
co-3HHx), P(3HB-co-4HB), and P(4HB), polymers for medical applications.
Among these PHA polymers, some are already being produced on a commer-
cial scale. However, limited supply of these polymers in medical grade has
become a major setback for broad utilization in medical and pharmaceutical
applications. P(4HB) is one of the most interesting polymer possessing very
elastic and strong properties compared to other polymer. The mechanical and
physical properties could be regulated by controlling the 4HB monomer
composition. In terms of strength, P(4HB) possesses comparable value with
commercially absorbable sutures such as Maxon and PDS II.

Tepha has been evaluating the biocompatibility of P(4HB) polymer as per
a recommendation by the Office of Device Evaluation in a series of tests that
includes cytotoxicity, sensitization, irritation and intracutaneous reactivity,
hemacompatibility, endotoxin, and implantation [82]. The P(4HB) produced by
Tepha is known to meet the standards set by the FDA for endotoxin levels even
though it is produced by a gram-negative microorganism. A recent break-
through was the approval of the FDA for the use of TephaFLEX bioabsorb-
able suture derived from P(4HB) (Tepha Medical Devices, www.tepha.com.
Accessed March, 17, 2009). TephaFLEX monofilament suture is 30% stronger,
more flexible, and has longer strength retention than currently marketed
resorbable sutures.

8.3.4 Endotoxin Removal

Most of the commercially available PHA is produced by the large-scale ferm-
entation of gram-negative bacteria. Since it is produced in bulk quantities, the
quality of the polymers are of industrial grade. They might contain residual
proteins, surfactants, and /or high levels of endotoxin which is a potent pyrogen
(lipopolysaccharides present in gram-negative bacteria). In a previous study by
Garrido [152], the presence of cellular debris in the industrial samples of P(3HB-
co-3HV) was detected. On the other hand, Rouxhet and co-workers detected
contaminants on the surface of PHA polymers by using X-ray photoelectron
spectroscopy [153]. For medical usages, the PHA production and purification
strategy has to meet specific requirements to obtain regulatory approval. Before
the PHA material can be employed for medical applications, it is necessary to
ensure that it is of a high level of purity in order to prevent immunogenic
reactions and acute inflammatory effects. More than 120 endotoxin units per
gram were detected in industrial-grade P(3HB) [1]. Previously, it was imple-
mented that the endotoxin level should be maintained at a value of less than
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20 US Pharmacopeia EU/mL. However, recently a more stringent regulation
was set by the FDA, whereby the endotoxin level should not be more than
0.5 EU/mL. In case the biomaterial comes in contact with cerebrospinal fluid,
the endotoxin level should be at a minimal value of 0.06 EU/mL [154, 155].
Oxidizing agents such as hydrogen peroxide and benzyl peroxide or sodium
hydroxide are normally used to remove the endotoxins [156, 125]. The PHA
produced from gram-positive bacteria are potentially more suitable material for
biomedical applications since they lack endotoxin [62].

8.3.5 Sterilization of PHA Biomaterials

In the medical field, the sterilization process is very important in order to
ensure the prevention of infections during the use of operation devices and
implantation materials. The methods for the sterilization process normally
depend on the type of devices or materials. Steam sterilization is the most
common method of sterilization. Some PHA polymers possessing higher
melting temperature (.140�C) and found to be thermally stable at this
temperature, can be subjected to steam sterilization. However, for polymers
with lower melting temperatures that are heat sensitive such as P(4HB) or
copolymers of P(3HO-co-3HHx), this method of sterilization is not suitable
[146]. Cold-cycle sterilization has been proposed as a more suitable approach.
Ethylene oxide is the most popular organic solvent used in this type of
sterilization [157]. It is known that ethylene oxide does not cause any changes
in the properties of these polymers. For example, P(3HO-co-3HHx) copolymer
with low melting temperature is sterilized using a cold cycle for 8 h at 38�C with
65% humidity over a 1-week period [157]. The residual ethylene oxide level
detected was less than 1 ppm after this cycle.

Beside ethylene oxide, γ-irradiation was also reported as another method for
sterilizing the PHA polymers such as P(3HB), P(3HO-co-3HHx), and P(3HB-
co-3HV). Holmes [78] investigated γ-irradiation on P(3HB) at doses on the
order 2.5 Mrad. It was stated that possible reduction in molecular weight
might be observed after treatment. The mechanical properties of P(3HB) and
P(3HB-co-3HV) were significantly affected when higher doses of γ-irradiation
was applied (10�20 Mrad) [158]. Luo and Netravali [159] also made similar
observations, whereby the mechanical properties and molecular weight of
P(3HB-co-3HV) was affected when the same range of γ-irradiation doses
were used. Molecular weight loss of approximately 17% was identified due to
random chain termination followed by physical crosslinking of P(3HO-co-
3HHx) copolymer, which was exposed to γ-irradiation at doses of 2.5 Mrad at
room temperature [157]. In a recent study, P(3HB-co-4HB) films were subjected
to 2.5 kGy γ-irradiation, and a drastic reduction in the molecular weight of
37% was observed. However, no changes were detected on the surface
morphology of these films from scanning electron micrograph (SEM) [160].
Based on the above studies, it is shown that there are limitations according
to different methods of sterilization. Therefore, proper sterilization methods
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should be carefully selected based on the suitability and stability of the
polymers.

8.4 IN VITRO TISSUE RESPONSE AND DEGRADATION

P(3HB) has been found as normal metabolite compounds in cellular mem-
branes of animals [121] and in human blood [161] in small quantity. Toxicity
testing according to USP XXII and ISO 10993 has revealed that it is suitable
for use as implant material [162]. The in vitro cytotoxicity test of the P(3HB)
microspheres on Wistar rat exhibited growth and metabolic activity of fibro-
blasts [163]. Recent genotoxicity tests on P(3HB) using Salmonellamutagenicity
test revealed that P(3HB) is nongenotoxic and does not change the expression of
protooncogenes and antiapoptotic genes on fibroblast MRC-5 cell lines such as
p53, c-myc, and bcl-xl [164]. The mouse fibroblast L929 cellular response on the
PHA oligomers showed that the oligomer concentration exceeding 40 mg/L
reduced cell viability, increased cell apoptosis, cell death, and resulted in lower cell
proliferation [165]. It was found that the presence of P(3HB) oligomers did not
affect the viability of hamster V79 fibroblasts and murine melanoma B16 (F10)
cells [166].

Better cell viability was detected on P(3HB) surfaces compared to poly-L-lactic
acid (PLLA) whenL929 cells were used [167]. Besides L929 cells, Chinese hamster
lung (CHL) fibroblasts also showed superior cell compatibility on P(3HB) films.
P(3HB) melt-spun fibers have been fabricated and tested with National Institutes
of Health (NIH) 3T3 mouse fibroblasts. The cells remained highly viable on
P(3HB) and 3HV copolymer films [150]. In a recent study, attachment efficacy,
proliferation, and survival of adult rat Shwann cells (SC) and bone marrow stem
cells on P(3HB) fibers and P(3HB) fibers coated with fibronectin, laminin, and
collagen IV were examined in vitro. The effect of SC and bone marrow stem cells
with/without the combination of the above extracellular matrix (ECM) on neurite
outgrowth was also investigated (for a review see Tabesh et al. [168]).

Limited cell attachments and proliferation can be attributed to the hydro-
phobicity of the P(3HB) solution-cast film surfaces, which limits the absorption
of water on the surfaces [167, 169]. In order to improve the surface absorption of
water, implantation of the carboxyl ion and the oxygen plasma treatment have
been tried [169, 170]. The adhesion of L929 cells on P(3HB) films was improved
after modifications were done on the films, including ammonia plasma treat-
ment [171] and coating of fibronectin [172]. Hydrolysis by lipases or alkaline
solutions on unmodified P(3HB) films was found to increase the viability of
L929 cells [118, 173, 174]. The cells viability can be further improved by lipase
treatment on porous P(3HB) scaffolds. However, a contradicting observation
was found on P(3HB) films coated with hyaluronic acid, even though the water
absorption has been heightened by this modification [175]. Surface treatment
with acidic or alkaline solutions were also found to improve the proliferation of
P(3HB)-based wools [176, 177].
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Blends of P(3HB) with other compounds have generally resulted in significant
improvement of the biocompatibility of the P(3HB) polymer. Hydroxyapatite
(HA) addition on the P(3HB) scaffolds contributed to better cell viability and
alkaline phosphatase activity [178]. Besides that, various polysaccharides such as
hyaluronic acid, chitosan, pectin, or alginic acid were individually immobilized
into P(3HB) and P(4HB)matrices in order to promote more porous surfaces. The
P(3HB)- and P(4HB)-blended cast films had excellent porous properties and thus
significantly promoted human keratinocytes cell (HaCaT) growth. Cell growth
was found to decrease according to the type of blend in the following order:
P(4HB)/hyaluronic acid . P(4HB)/chitosan . P(3HB)/hyaluronic acid .
P(3HB)/chitosan . P(3HB)/pectin . P(3HB)/alginic acid [179].

The P(3HB-co-3HV) copolymer is known to possess improved physical
properties due to the incorporation of 3HV. The improvement in its properties
was evaluated for usage in medical applications. P(3HB-co-3HV) films contain-
ing 7, 14, and 22 mol% of 3HV were found to persuade a mild toxic effect in the
direct contact or agar diffusion tests [180]. P(3HB-co-22 mol% 3HV) in saline
extracts has the capability to induce a noticeable hemolytic reaction [181].
However, a lower 3HV composition (5 mol%) did not exhibit any toxic effect
in the bacterial bioluminescence test for 16 weeks [182]. In addition, P(3HB-
co-3HV) with lower 3HV molar fraction was also found to be more compatible
for proliferation of L929 fibroblasts and cytokine production [183]. P(3HB-
co-3HV) with different 3HV compositions (15 and 28 mol%) was found suitable
to promote better cell growth [150]. Regardless of the 3HV monomer composi-
tion, the proliferation rate of human scoliotic fibroblasts from spinal ligaments
on thepolymer surfacewas very low [181].Recently, the use ofP(3HB-co-3HV) as
matrix material to induce bone formation has been investigated in vitro and was
suggested as a suitable approach for bone tissue regeneration in vivo [184�186].

Some studies revealed that the attachment and proliferation of cells on
P(3HB-co-3HV) copolymers were less compared to P(3HB). For example, the
viability of human fibroblasts on P(3HB-co-7 mol% 3HV) surfaces was poorer
as compared to P(3HB) [167]. Similarly, unmodified P(3HB-co-15 mol% 3HV)
films contributed to limited NIH 3T3 fibroblasts adhesions and growth. To
improve this situation, the copolymer was remedied by treatment with perchloric
acid and potassium chlorate with the aim to introduce oxygen-based functional
groups on the film surfaces [187]. Besides that, oxygen plasma treatment on the
surface of P(3HB-co-8 mol% 3HV) films was found to enhanced the viability
of rat bone marrow fibroblasts and alkaline phosphatase activity [185, 186].
Similar modification has also resulted in the enhanced attachment rate of
human retinal pigment epithelium cells [188]. However, when plasticizer was
added with P(3HB-co-3HV), it caused a decrease in compatibility of tested NIH
3T3 fibroblasts. This phenomenon occurred due to the leaching of the plastici-
zers [189]. Besides plasticizers, residue solvents left from film casting are
attributable to potential leaching during in vitro cell cultures [162].

Other surface modifications of P(3HB-co-3HV) films such as hyaluronic acid
coating, chitosan, and acrylic acid grafting also led to enhanced L929 fibroblast

8.4 IN VITRO TISSUE RESPONSE AND DEGRADATION 271

CH008 14 April 2011; 17:24:36



attachment and proliferation. Results showed that chitosan grafting was
superior in terms of cell attachment but poorer in cell growth as compared
to hyaluronic acid modification [190]. Besides this, immobilization of collagen I
with the aid of ozone treatment and methacrylic acid grafting on P(3HB-co-8
mol% 3HV) films attributed to increased mouse osteoblast and rat osteosar-
coma cells growth [191].

A wide range of in vitro studies have been done with P(4HB) and P(3HB-co-
4HB) to evaluate its level of biocompatibility. Under strict regulations by the
FDA and careful examination by Tepha, P(4HB) has been known as an
excellent biomaterial with high tolerance in vivo. Cell culture studies have
proven P(4HB) to be a nontoxic material. For example, studies done using
L929 mouse fibroblast and ovine vascular cells showed successful amount of
cell proliferation and adhesion [192]. P(4HB) had been evaluated as a coating
material for polyglycolic acid (PGA) matrices. The P(4HB) scaffold has been
successfully seeded with various types of ovine and human cells. Cellular
coagulation had been observed after P(4HB) and its copolymer comes in
contact with human blood. In some studies, thrombus formation in vivo rabbit
aorta and sheep aorta were reported by Optiz et al. [193, 194]. However, no
such findings were made with PGA/P(4HB) heart valves or pulmonary artery
patches in sheep [195, 196].

The degradation intermediate of 4HB is a natural metabolite present in the
human brain, heart, lung, liver, kidney, and muscle [144]. This metabolite has
a short half-life of just 35 minutes and is rapidly eliminated from the body via
the Krebs cycle [197]. The identified pharmaceutical application of 4HB has
been for treatment of cataplexy attacks in patients with narcolepsy. P(4HB) and
P(3HB-co-4HB) degrades at a faster rate due to less crystallinity compared
to P(3HB). Mass loss in the molecular weight of these films was detected
after incubation in a buffer solution [125, 126]. Increasing amounts of 4HB
composition in P(3HB-co-4HB) copolymer resulted in increased rate of hydro-
lysis. After 160 days of incubation in the buffer solution (37�C, pH 7.4),
P(3HB-co-9 mol% 4HB) and P(3HB-co-16 mol% 4HB) films exhibited 60 and
40% loss in molecular weight [102, 198].

In a recent study, Siew and co-workers demonstrated the cytotoxicity of
P(3HB-co-4HB) films with V79 and L929 cells using 3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide [MTT] assay, acridine orange/propidium
iodide staining, and alkaline comet assay [199]. The P(3HB-co-4HB) resulted in
comparable cell viability with the clinically used Polyglactin 910, and the
alkaline comet assay revealed no genotoxic effects. It was reported that γ-
irradiation of P(3HB-co-4HB) resulted in a decrease in molecular weight but no
changes were observed in the morphology. The possibility of mutagenic and
clastogenic effects from these poststerilized P(3HB-co-4HB) films were inves-
tigated [141]. Ames and umu tests (S. typhimurium strains) and Micronucleus
assay (V79 fibroblasts) were carried out, and the results indicated that
leachables of poststerilized P(3HB-co-4HB) caused no mutagenic and clasto-
genic effects. Similar studies on the toxicity effects of P(3HB-co-4HB) have
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been also done and positive results were obtained by observing good cell
viability [92, 119]. The influence of P(3HB-co-4HB) composition ratio and drug
loading level (Mitragyna speciosa crude extracts) on the biocompatibility of P
(3HB-co-4HB) were investigated, and a comparable result with poly(lactic-co-
glycolic acid) (PLGA) (positive control) was obtained [119]. All the findings
above provide strong evidence that P(3HB-co-4HB) has great potential to be
further studied and developed as biomaterials.

SCLPHA�MCLPHA, P(3HB-co-3HHx) has been evaluated with L929 cells,
rabbit stromal cells, and recently in HaCaT culture studies to determine its level
of biocompatibility. Various experiments were carried out on surface modifica-
tion of P(3HB-co-3HHx) films in order to improve cell viability. This includes
ion implantation [169], treatment with lipases [118, 173, 174] and alkaline
hydrolysis [118, 173]. However, in general, no significant differences were
noticed between P(3HB) and P(3HB-co-3HHx). Surface hydrolysis using lipase
or alkaline medium was found to improve cell viability. However, in these
studies it was observed that surfaces having higher hydrophilicity and smooth-
ness resulted in increased fibroblast viability.

Conversely, in a subsequent study, surface roughness of the P(3HB-co-3HHx)
films were found to promote attachment and differentiation of osteoblasts-like
cells [167]. Cell viability on P(3HB), P(3HB-co-3HHx), and PLLA films
decreased in the following order: P(3HB-co-12 mol% 3HHx) . P(3HB-co-5
mol% 3HHx) . P(3HB) . P(3HB-co-20 mol% 3HHx) . PLLA. This was
also observed in another study whereby porous scaffolds made by solution
cast/salt-leaching improved the cell viability and differentiation of osteoblasts
[200]. In vitro degradation study of P(3HB-co-12 mol% 3HHx) in simulated
body fluid (SBF) (pH 7.4, 37�C) exhibited 7% mass loss compared to 3% for
P(3HB) after 50 days of incubation [167].

Zheng et al. [49] tested rabbit articular-derived chondrocytes on solution-
cast films of P(3HB), P(3HB-co-3HHx), and their blends. Blends containing
equal amounts of both polymers had the highest adhesion of chondrocytes. The
blends were found to possess high surface free energy and highest absorption
of protein. Similar observation was made on porous blend scaffold material
which showed higher amount of chondrocytes growth within 28 days [200, 202].
The chondrocytes were initially observed on the surface but later into the
open pores on the scaffold. It was found that higher amounts of glycosamino-
glycans and collagen were produced from polymer blends. P(3HO-co-3HHx)
copolymer films were subjected to a mixed population of ovine cells in cell
culture experiments [192, 203, 204]. A lower number of cell adhesion and lesser
collagen deposition were found on the P(3HO-co-3HHx) films compared to
PGA mesh but was almost similar with P(4HB) films.

In general, a slower rate of P(3HO-co-3HHx) degradation was identified in
separate studies. Solution-cast films of P(3HO-co-18 mol% 3HHx) were found
to be very resistant to hydrolysis after 20 weeks of incubation in a buffer
solution (pH 10, 37�C). It was also evident in an enzymatic degradation
study [205]. Marois et al. [206] investigated long-term (24 months) in vitro
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degradation on solution-cast P(3HO-co-3 mol% 3HHx) films in water and
buffer solution (pH 7.4). Only a simple hydrolytic degradation was observed
with relatively slow molecular weight and mass loss.

PHA terpolymer of P(3HB-co-3HV-co-3HHx) has been recently investigated
for cell viability [80]. The terpolymer was tested along with other polymers such
as poly(lactic acid) (PLA), P(3HB), P(3HB-co-3HV), P(3HB-co-3HHx), and
P(3HB-co-4HB). HaCat cells showed the strongest viability and the highest
growth activity on the terpolymers compared with the others. P(3HB-co-3HV-
co-3HHx) nanoparticles were prepared with size ranging from 200 to 350 nm,
and it was found that the nanoparticles could increase the cellular activities by
stimulating a rapid increase of cytosolic calcium influx in the cells. In a more
recent study, human bone marrow mesenchymal stem cells (MSCs) showed
greater cell number and adhesion compared to tissue culture plates (TCPs),
PLA films, and P(3HB-co-3HHx) films [81]. The cell viability was statistically
analyzed and the cell number on the terpolymer films was reported to be
115% higher than that on TCPs, 66% higher than on the P(3HB-co-3HHx)
film, and 263% higher than on the PLA films (p, 0.01). The terpolymers
were also found to support osteogenic differentiation of MSCs. The obtained
results suggest that P(3HB-co-3HV-co-3HHx) could be fabricated as a suitable
biomaterial for bone tissue engineering.

8.5 IN VIVO ASSESSMENT AND POTENTIAL APPLICATIONS

8.5.1 Poly(3-Hydroxybutyrate) [P(3HB)]

Wound Management and Tissue Regeneration. P(3HB) was first sug-
gested for medical applications in 1962. There were ideas of using P(3HB) as
biodegradable surgical sutures and as films to support tissue healing of
injured arteries, blood vessels, prosthetic devices (tubes for healing severed
blood vessel or ureter), and support devices for hernia repair. P(3HB) patch
was used for the repair of soft-tissue defects by Behrend and co-workers
[207]. Resorbable scaffolds of P(3HB) with a smooth surface on one side and
porous on the other was used for the closure of lesions in the gastrointestinal
tract in rats. The patch was first investigated in vitro, whereby moderate
adhesion of mouse and rat intestine fibroblasts were observed on the patch.
An in vivo study was later carried out on the stomachs of rats. P(3HB)
patches were sutured over incisions in the stomachs. Better tissue regenera-
tion was identified on the porous side of the implant as compared to Vicryl
pathes [207].

A good cell compatibility of P(3HB) had been observed from various cell
culture studies. NIH 3T3 and L929 mouse fibroblasts showed high cell viability
on P(3HB) film surface while adhesion of L929 cells were detected on melt-spun
P(3HB) fibers [150, 167, 208, 209]. Similar observation was also made with
Chinese hamster lung fibroblasts [210]. Cell viability has been found to improve

274 POLYHYDROXYALKANOATE

CH008 14 April 2011; 17:24:36



greatly when the surface of P(3HB) films is pretreated with lipase or alkaline
solution [118, 173]. It is evident that cell adhesion increases with porosity of the
film surface, thus other methods of processing and modification have been
adapted to increase the porosity, which include fibronectin coating [172] and
ammonia plasma treatment [171].

Besides this, P(3HB) blends with β-butyrolactone and textile composites
were fabricated in order to reduce stiffness and enhance hydrolysis [211].
The blend of P(3HB/at-3HB) at a 70/30 ratio was used for gastrointestinal
patches to repair the bowel defect in rats. The patches were implanted onto
the gastric wall of rats, and over 2 weeks time an interesting observation was
made whereby messenger RNA (mRNA) encoding for pancreatic enzymes
was detected [212]. Recently, Kunze et al. [213], implanted patches of P
(3HB)/at-P(3HB) blends at different ratios in minipigs to support healing of
dural defect. It was observed that the dura mater adhered onto the porous
surface of the patch and the smooth surface helped to prevent brain tissue
adhesion. P(3HB) was also fabricated into tubes for tissue healing of vessels
and hollow organs. It was found that P(3HB) tubes could withstand stressful
conditions due to constant secretion of the intestinal tract for a period of
time before degrading.

Drug Delivery. Application of P(3HB) in drug delivery studies was initiated in
the 1980s. The advancement in controlled-release drug delivery system has
made it possible to maintain the drug concentration at a specified level for a
preferred period of time. P(3HB) tablets were fabricated for controlled drug
release applications. The release of a model drug [7-hydroxyethyltheophylline
(HET)] from P(3HB) tablet was studied by Korsatko and co-workers [214,
215]. The tablets were prepared by homogeneously compounding and com-
pressing P(3HB) with HET. The in vivo drug release was slower compared to
the in vitro system. In a later study, it was found that the molecular weight of
P(3HB) influenced the rate of drug release. The release of antihypertensive drug
midodrin-HCl increased with increasing P(3HB) molecular weight [216]. In
contrast, when P(3HB) was compressed with the β-blocker celiprolol-HCl, a
small amount of higher molecular weight P(3HB) resulted in slow release of this
drug. Later, Kharenko and Iordanskii [217] evaluated the in vitro release of
vasodilador diltiazem from P(3HB) tablets containing about 45% vasodilador
diltiazem. Here, the concentration of the drug loaded determined the rate of
drug release.

Melt-pressed P(3HB) disks were also evaluated for drug release applica-
tions [218, 219]. For this purpose, a combination of 5-fluorouracil (5-FU)
(10�50%) and P(3HB) was melt-pressed into disks, and these disks were
subjected to in vitro examination. The rate of drug release depended on the
loaded drug concentration. It was found that 50% of the drug was released
from the disk after 5 days of incubation. In two separate studies by Collins et
al. [220] and Deasy et al. [221], a compression-molded P(3HB) loaded with
tetracycline was tested for dental application for the treatment of gingivitis.
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After a 10-day study period, an improvement in the inflammation conditions
was observed among the patients. Potential application of P(3HB) for gastro-
intestinal application was evaluated by developing a gastric retention drug
delivery device that could extend the absorption period of a drug in the stomach
[222]. However, rapid degradation of the device was found to affect its
integrity and overall gastric retention potential. P(3HB) polymer was also
evaluated for a hormone release study. Subcutaneous implantation of P(3HB)
containing gonadotropin-releasing hormone (GnRH) was employed in a sheep
model [223]. The hormone is responsible for the stimulation of luteinizing
hormone (LH) secretion topromote preovulatory follicle growth andovulation.
In a recent study, tailor-made oligo-3-hydroxybutyratewas evaluated forMTT-
based drug resistance on transformed hamster V79 fibroblasts and murine
melanoma B 16(F10) cells [166]. The oligomers were found to be biocompatible
and able to vectorize the drug in the form of chemical conjugates.

PHA was found to be a good material as a drug carrier because of its
biodegradable characteristics [114]. Rifampicin loaded microspheres of P
(3HB) were investigated as chemoembolization agents [224]. The micro-
spheres were prepared by solvent evaporation technique. Polyvinyl alcohol
was used as an emulsifier, distilled water as the dispersion medium, and
methylene chloride as the solvent. Upon evaporation of the solvent, granules
in the range of 5�100 μm was formed. The pore size of microspheres plays an
important role in controlling the drug release. The gravity field fractionation
technique was used to classify the microspheres according to various sizes
[224]. The rate of drug release was very rapid with almost 90% of the drug
released within 24 h. It was shown that it is possible to control drug release
with a precise particle pore size. So far, many experiments have demonstrated
the controlled release of drugs from microspheres using SCL-PHA as the
delivery agent [148]. Recently, Shishatskaya et al. [163] evaluated the
biocompatibility of P(3HB) microspheres in Wistar rats for a period of 3
months. The intramuscular implantation resulted in mild inflammation,
pronounced macrophage infiltration, no formation of fibrous capsules, and
no adverse morphological changes, and tissue transformation was observed.
These results suggest that P(3HB) is indeed a good material for fabricating
prolonged-action drug release systems.

Cardiovascular Applications.
Artery Augmentation. In cardiovascular applications, P(3HB) has been eval-
uated for uses such as artery augmentation, pericardial patches, cardiovascular
stents, and atrial septal defect repair. The evaluation of arterial tissue regenera-
tion of the pulmonary artery using P(3HB) nonwoven patches and Darcon
(polyethylene terepthalate) patches as scaffolds was reported by Malm and co-
workers [225]. The scaffolds were removed between 3 and 24 months and the
generation of arterial tissues was noticed. Interestingly, no aneurysms were
observed either in P(3HB) or Darcon patches. The pore size in the nonwoven
P(3HB) patch is small enough to prevent bleeding. Successful regeneration of
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arterial tissue was observed on the P(3HB) patches. No inflammatory reaction
was observed from P(3HB) patches unlike with the Darcon patches. The
efficiency of nonwoven P(3HB) was also studied in the repair of atrial septal
defect in claves [226]. The evaluation lasted for a period between 3 and 12
months. Regeneration of endothelial layers facing both right and left atrium
were observed, including a subendothelial layer of collagen and smooth muscle
cells. After 12 months, the patch was found to be degraded by polynuclear
marcophages into small particles, and these macrophages still remained even 24
months after operation.

Pericardial Patches. Development of P(3HB) pericardial patches can be
considered as a significant achievement in the application of biodegradable
material in cardiovascular research. The patches were used to cover the peri-
cardium and prevent adhesion between the heart and sternum [225, 226]. An
initial study was done in sheep models. Their native pericardium was replaced
with P(3HB) nonwoven patches. The patches were harvested between 2 and 30
months after operation. Pericardial patches were found to degrade at a slower
rate compared to arterial tissue patches. After 24 months of implantation, the
polymers still remained as small particles and later totally degraded after 30
months, leaving behind some macrophages marking the implant region. Adhe-
sion was noticed and the pericardium was regenerated in all sheep that had
received the patches. Later the application of P(3HB) patches was studied in
calves, and the formation of adhesion was investigated [227]. However, no
significant difference in adhesion formation was observed among the test
animals.

Cardiovascular Stents. Cardiovascular stents fabricated from P(3HB) and
its blend with triethyl citrate was evaluated in rabbit iliac arteries [228�230].
Upon the implantation into the arteries, proliferation was observed and
later followed by the degradation of the stent between 16 and 26 weeks after
the implantation.

Nerve Regeneration. Peripheral nerve injuries incurred during clinical prac-
tice such as surgery often lead to permanent disabilities [231, 232]. The usage of
autologous nerve grafts is still the common clinical technique for nerve
reconstruction even though other methods have been evaluated. Biomaterials
such as PGA [233], PLGA [234, 235], gelatin [236�238], collagen [232, 234, 239,
240], chitosan [233, 238, 241], and silk [242, 243] have been investigated as nerve
conduits. P(3HB) conduits have already been evaluated for nerve regeneration
due to their structural integrity and biocompatibility. Besides this, the piezo-
electric characteristic of P(3HB) is an added advantage for nerve repair
and regeneration applications. Previously, conduits for peripheral nerve
regeneration were formed with nonwoven P(3HB) sheets with unidirectionally
oriented fibers. The sheets were wrapped around a 2- to 3-mm gap of the
transected superficial radial nerve in cats [244, 245]. The fibers were located in
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longitude position to support the growing axons. P(3HB) is considered as the
most suitable polymer for this application due to its low degradation rate
compared to other polymers. This is important to support the nerve for long-
period regenerative processes and minimize the risk of accumulation of acidic
compounds from P(3HB). It was noticed that the conduits became softer or
fragmented with a reduction in size after 12 months of implantation.

Mosahebi and co-workers found that P(3HB) conduits can be used to bridge
a 10-mm gap in the rat sciatic nerve [246]. The conduits were filled with alginate
hydrogel with/without cultured allogeneic or syngeneic genetically labeled SC.
Allogenic SC exhibited increased axonal regeneration without any deleterious
immune reponse. Novikova and co-workers fabricated conduits from P(3HB)
fibers [247]. The conduits were coated with alginate hydrogel and fibronectin
and preseeded with SC before implantation. Results showed a reduction in
spinal cord cavitation and retrograde degeneration of injured spinal tract
neurons.

Orthopedic Applications.
Bone Repair. Bone has become a target of interest for tissue engineering
studies. Tissue engineering of bone requires suitable matrices to be used as
scaffold. Scaffold must act as a substrate for cellular attachment, proliferation,
and differentiation. Besides this, cellular components together with growth and
differentiation are considered as important elements in this application
[184�186]. Tissue-engineered bone of osteoblasts and appropriate matrix can
be used for the restoration of skeletal continuity and bone stock [248].
Osteoconductive matrices are fabricated from biodegradable materials of
natural origin such as collagen, gelatin, hyaluronic acid, or synthetic polymers
such as PLA, PGA, and their copolymers [249].

Biomaterial with a slower rate of degradation is preferred for orthopedic
applications. P(3HB) is at an advantage due to its nature of slow degradation.
Normally, easily degradable polymers are coated with P(3HB) before use,
especially in load-bearing fracture fixation devices to slow down its rate of
degradation [250]. The piezoelectric characteristic of P(3HB) is considered to be
a special yet advantageous feature that makes it similar to natural bone [251].
With regards to this feature, P(3HB) composites are believed to aid in bone
growth and the healing process [78]. Studies were carried out in vivo in various
organisms. In rabbits, P(3HB) implants were tested for connecting osteotomies
in the tibia and positive observation was made after 12 weeks [252]. In a
separate study, P(3HB) material was used as osteosynthesis plates to repair
fractures of the visceral cranium [253]. However, a contradicting observation
was made in a similar approach to repair rhinobasal skull defects in minipigs
using a P(3HB)/at-P(3HB) patch [213]. No differences were observed in the
healing of test organisms with/without the polymer patches. P(3HB) films was
used as an occlusive membrane for guided bone regenerations in the mandibula
of rats [254, 255].
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P(3HB)/HA composites were examined by Doyle and co-workers for bone
repair purposes [256]. Incorporation of HA forms a bioactive and biodegrad-
able composite for use in hard tissue replacement and regeneration. These
P(3HB)/HA composites were found to resemble the mechanical properties of
cortical bone but had limited strength and ductility. The in vitro experiment in
SBF showed the formation of a bonelike apatite layer on the composites within
a short period of time. The properties of P(3HB)/HA composites have been
altered by controlling the composition of HA [257, 258]. The toxicity of P(3HB)
and HA has been evaluated with human osteoblast CRL-1543 cells and
comparable results were obtained [P(3HB) 5 176.75%, HA 5 123%] [259].
Blends of P(3HB) and coral powder were known to produce good composite
scaffold for bone tissue engineering [260]. This is because the incorporation of
both materials resulted in a blend polymer with excellent porosity that
facilitates bone growth, vascular invasion, and bone development.

8.5.2 Poly(3-Hydroxybutyrate-co-3-Hydroxyvalerate) [P(3HB-co-3HV)]

Wound Management and Tissue Regeneration. Compared to P(3HB)
homopolymer, the P(3HB-co-3HV) copolymer has improved properties as
described in Section 8.2.2. Its advantages were taken into consideration for
medical applications. The P(3HB-co-3HV) copolymer has been tested for tissue
regenerative studies. In a study done byGalgut and co-workers, P(3HB-co-3HV)
membranes were evaluated for guided regeneration of periodontal ligament in
rats [261]. Thismembrane aided in creating a barrier to avoid gingival connective
tissue and epithelial tissues to come in contact with the healing tissues. The
presence of valerate is known to cause some level of inflammation at the tissues
surrounding the implants. In a study by Gogolewski and co-workers, the in vivo
tissue reaction toward P(3HB-co-3HV) and P(3HB) was compared with PLA
through intraperitoneal implants in mice [262]. It was found that the presence of
3HV increased the severity of inflammation at the beginning stages after surgery
(3 months). The inflammation eventually reduced and no further unwanted
tissue response due to 3HVwas detected in later stages of surgery (3�6 months).
Chaput et al. [180] also reported similar observation when P(3HB-co-3HV)
with various 3HV composition was implanted intramuscularly in sheep for a
period of approximately 3 months. In general, detection of macrophages and
fibrous capsules indicated a typical tissue response of tissues surrounding PHA
polymer implants. The biocompatibility of the polymers was also exhibited by
the absence of unwanted complications such as abscess or necrosis formation at
the area of implantation.

In beagle dogs, P(3HB-co-3HV) was used in treating palatal defects [263]
and wound healing after von Langenbeck’s procedure [264]. Nonporous
P(3HB-co-3HV) films were used to separate the mucoperiosteum and bone
until the transition of teeth was completed at about 24 weeks. At 2 weeks, the
films displayed deformation and later were unimpaired and surrounded by
fibrous capsules. The implantation of P(3HB-co-3HV) films after von
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Langenbeck’s repair resulted in complete wound closure after 7 weeks. The
histological results showed attachment of local scar tissue bymeans of Sharpey’s
fibers due to the implantation of P(3HB-co-3HV) films.

Studies have been carried out by Shishatskaya and co-workers on the
toxicology evaluation and alteration in the biological properties of P(3HB-
co-3HV) and P(3HB) sutures [116, 265]. In a related study, Shishatskaya and
co-workers tested intramuscularly implanted sutures of P(3HB-co-15 mol%
3HV) and P(3HB) along with traditional surgical materials of silk and catgut
[116]. The sutures were found to provide sufficient strength throughout the
healing of a muscular facial wound in Wistar rats. No differences were noticed
in the tissue response toward either PHA polymers. However, the reaction of
tissues toward these polymers was similar to silk but was less pronounced than
the reaction to catgut. Implanted PHA sutures did not exhibit adverse effect in
vivo on the rats and tissue. Evaluation of P(3HB-co-3HV) and CaP-Gelfix
foams seeded with rat bone marrow stromal cells was done through implanta-
tion into defected rat femurs [266]. Formation of fibrous tissues in the CaP-
Gelfix groups was more compared to P(3HB-co-3HV) even though the severity
of inflammation was higher with CaP-Gelfix groups. Macroscopic and radi-
ological studies demonstrated better healing with P(3HB-co-3HV) matrices
than with CaP-Gelfix in 3 weeks.

Drug Delivery. Microspheres of P(3HB-co-3HV) were evaluated for drug
delivery applications on a par with P(3HB). The characteristics of systems
designed using this copolymer basically depended on 3HV composition. The
composition of 3HV determines the rate of drug release and resistance of the
polymer to physical damage. The rate of drug release depends on variables
such as the amount of drug loaded, polymer composition and its crystallization
rate, additives, and the size of the microspheres. An early study on drug
delivery applications with this copolymer was done by Brophy and Deasy in
1986. They examined the release profile of sulfamethizole from P(3HB-co-3HV)
microspheres [267]. Decrease in the release rate of the drug was observed, and it
was assumed that this was caused by improved distribution of the drug. A later
study by Gangrade and Price [268] revealed the usage of this copolymer on the
release of progesterone. It was found that the surface of the microspheres was
smoother when examined under scanning electron microscopy (SEM). A
copolymer with a higher 3HV composition (24 mol%) exhibited a more porous
surface, which correlated with the higher rate of drug release.

The effect on porosity of P(3HB-co-3HV) microsphere was studied by
incorporating other compounds such as polycaprolactone and polyphosphate-
Ca21 with the copolymer [269�271]. The blends were found to be more porous
as a significant increase in the rate of drug release was noticed. Tetracycline and
its neutral salt derivatives were investigated for the treatment of periodontis
[272]. The molecular weight of the copolymer was found to determine the rate of
drug release. However, the salt form of tetracycline was found to be a better
compound due to more efficient encapsulation (52�65%). Besides microsphere
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delivery system, Yagmurlu and co-workers designed and incorporated sulbac-
tam-cefoperazone into P(3HB-co-3HV) rods to study for efficient drug release in
the tibia of infected rabbits [273]. The rabbits infected with Staphylococcus
aureus showed almost complete healing after 30 days.

Orthopedic Applications.
Bone Repair. P(3HB-co-3HV) membranes have been evaluated for successful
bone regeneration. Studies were done by Kostopoulos and Karring [254] using
P(3HB-co-3HV) membranes to treat jaw bone defects in rats. In an experi-
ment, the membranes were placed on mandibular defects in order to create
space for bone fill. The membranes were found to enhance bone fill after
15�180 days. The control specimens showed ingrowth of other tissues and
slower bone development. In a separate study, P(3HB-co-3HV) membranes
were found to be capable of increasing the height of the rat mandible [255].
The space created by the membrane was completely filled with bone by 6
months. It was noted that the polymer had to be tailored to improve its
physical property due to ruptures in some membranes. Gotfredsen and co-
workers [274] evaluated P(3HB-co-3HV) membrane reinforced with polyglac-
tin 910 fibers as an occlusive barrier over fresh extraction sockets. However, it
was found that the material prevented bone healing due to increased inflam-
matory reaction.

P(3HB-co-3HV)/hydroxyapatite (HA) composites have been fabricated and
considered as suitable material for use in fracture fixation [275, 276]. Bone
implants of P(3HB-co-3HV)/HA composites were implanted in the tibia of
rabbits. The composites were found to be morphologically, biologically, and
chemically active throughout the experiment. Bone regeneration was confirmed
by observation of osteoblasts and osteocytes at the interface after implantation.
In a recent study, P(3HB-co-3HV)/HA nanocomposite scaffolds were fabri-
cated through an emulsion freezing/freeze-drying technique, which was initially
developed for making pure polymer scaffolds [277]. The scaffolds produced
were highly porous and exhibited an interconnected porous structure. The
incorporation of HA was found to lower crystallinity. This is anticipated to
increase the in vitro or in vivo degradation rate which then makes it a suitable
material for bone tissue engineering. P(3HB-co-3HV)/HA nanocomposites had
been evaluated in vitro in SBF, and a formation of a new apatite layer after
immediate immersion exhibited good bioactivity, which is a necessary condi-
tion for biomedical applications [278].

In other studies, composites of porous P(3HB-co-3HV) with other com-
pounds such as sol�gel bioactive glass (SGBG) [201], wollastonite (a naturally
occurring CaSiO3) [279], and tricalcium phosphate (TCP) [280] have been
evaluated as scaffold materials for bone repair. Composites of P(3HB-co-3HV)
with SGBG were evaluated in SBF and changes in the ion concentration was
observed due to the degradation of the composite. Composites of P(3HB-co-7
mol% 3HV)/TCP exhibited good biocompatibility in the femur of rabbits.
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8.5.3 Poly(4-Hydroxybutyrate) [P(4HB)] and
Poly(3-Hydroxybutyrate-co-4-Hydroxybutyrate) [P(3HB-co-4HB)]

Cardiovascular Applications.
Heart Valves. Natural heart valves have evolved to induce unidirectional flow
of blood throughout circulatory systems. Valvular heart diseases, a form of
valve malfunction, can be caused by the following: congenital defects, bacterial
endocarditis, or rheumatic fever. Several methods have been devised to treat
heart valve malfunctions including drug treatments and/or valve replacements.
Mechanical valves are excellent in terms of durability, but after surgery patients
are required to rely on lifelong treatment of anticoagulants, for example,
warfarin, and perform regular monitoring of coagulant levels in the blood. In
addition, the nonviability of mechanical heart valves is fast becoming an
important concern among young patients. Since young patients often outgrow
these replacement valves, subsequent surgeries are often needed to replace new
valves.

On the other hand, biological tissue valves, derived from heterologous
resources such as animals (pigs), do not require anticoagulant therapy.However,
this kind of heart valve does not possess suitable strength and durability to
support the pressures generated by the heart. Unlike their mechanical counter-
parts, biological heart valves are usually obtained from bovine and porcine.
They are nonviable and have to undergo chemical modification to increase
biocompatibility with the human heart. However, the development of tissue-
engineered heart valves seemed to be a better solution to address the limitations
mentioned above.

Early studies on the development of tissue-engineered heart valves had
evaluated the suitability of polyglactin/PGA composite as scaffold biomaterials
in the pulmonary circulation of the sheep model [281]. Heart valves constructed
solely from P(4HB) have been described [192, 203, 282] by means of rapid
prototyping or from highly porous surface films. P(4HB) polymer is known to
possess good biocompatibility in vivo. In initial studies, tissue response and
absortion levels of P(4HB) were studied by subcutaneous implantation in rats
[125, 196]. Minimal foreign body reaction was reported and good absorption
was noticed. The rate of degradation depended on the porosity of the material.
Complete loss in polymer mass was detected over a period of 10 weeks. Most
studies on the development of porous scaffold materials in the form of 4HB-
based heart trileaflet valves are on the PGA/P(4HB) composite. The compar-
ison on both PGA/P(4HB) composite and noncoated PGA as porous scaffold
materials showed that the P(4HB)-coated material was more stable in vitro.
This is useful as it prolonged the maturation of tissues prior to implantation.

Echocardiography showed that implantation of PGA/P(4HB) composite in
the native pulmonary valve site functioned well without any signs of stenois,
thrombus, and aneurysm. The composite completely degraded after 8 weeks of
implantation and was replaced by native-like new tissue-engineered heart valve
in a period of 20 weeks. The mechanical properties of the regenerated tissues
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exhibited similar strength to the native counterparts. Also, the size of valve had
shown an increase from 19 mm (initial) to 23 mm after the period of 20 weeks
implantation, thus indicating the viability of valves made from P(4HB) as
scaffold materials [82]. A combination of nondividing porcine heart valve coated
with P(3HB), P(4HB), or P(3HB-co-4HB) had been investigated. The acellular
heart valves consist of collagen, elastin, and proteoglycans and proteins ligands
for cell attachments and receptor activation. Tissue-derived scaffold coated
with biodegradable polyesters improved mechanical stability and increased
hemocompatibility of the protein matrix. These findings are significant as they
hint at the possibility of constructing viable heart valves for pediatric patients
and eliminating the need to replace new valves. Biochemical analysis on the
new tissue-engineered valve also revealed similar compositions to original
valves [82].

Vascular Grafts. Vascular grafting is employed to replace damaged blood
vessels. Currently, the two types of synthetic grafting materials that are widely
used are Darcon and polytetrafluoroethylene. These synthetic grafting materials
are commonly used to replace large-diameter blood vessels but not as smaller
diameter grafts. PGA/P(4HB) composite was evaluated as vascular grafts
recently [283]. Before this, composite of P(3HO) and PGA was tested for
replacement of abdominal segments in lambs [284]. The PGA/P(4HB) composite
was used to fabricate tubular scaffolds for tissue engineering in blood vessels.
Significant results were obtained after the scaffolds were seeded with ovine
vascular myofibroblasts (4 days) and endothelial cells (28 days) under static
conditions and pulse duplicator system. The amount of cells and collagen
production as well as the mechanical strength were higher with the pulse
duplicator system. In order to increase the effectiveness of culturing ovine
vascular myofibroblasts onto the PGA-coated scaffolds, a dynamic rotational
seeding in a hybridization oven was carried out and good results were obtained.
In a separate experiment, P(4HB) polymer was further used to fabricate porous
tubes using a solution-casting/salt-leaching method [194]. These tubes were
seeded with ovine vascular smooth muscle cells, which were derived by enzy-
matic dispersion in order to control the differentiated myofibroblast-like cells.
At the end of incubation under dynamic conditions, the synthesis of ECM,
DNA, and protein content were higher compared with static conditions. In
addition, in order to evaluate the ability of the tissue-engineered scaffolds to
withstand high-pressure conditions, the tubes were implanted at the descending
aorta of the sheep model [193]. After 12 weeks of implantation, no sign of
stenosis was observed andminimal thrombus formation was detected. However,
after 24 weeks increased thrombus formation was observed. In comparison, the
regenerated tissues contained significantly less elastin and lower mechanical
stability in high-pressure circulation when compared to the native aorta. This
has become a limiting factor for tissue engineering application in the high-
pressure circulation systems.
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Artery Augmentation. P(3HB) has already been evaluated as scaffolds for the
regeneration of arterial tissue of the pulmonary artery. P(4HB) has also been
evaluated for this purpose, whereby P(4HB) patches with pore sizes ranging
from 180 to 240 μm were prepared through the salt-leaching process. These
scaffolds were seeded with autologous cells before implantation for augmenta-
tion of the pulmonary artery in a sheep model [193]. Interestingly, observation
from postoperative echocardiography showed that no stenosis was formed
on the P(4HB) patches preseeded with autologous vascular cells and the
formation of the functional tissue was seen after 24 weeks implantation.
However, unseeded patches did not promote any tissue growth in the surround-
ing native pulmonary artery and no swelling was observed after 20 weeks.
P(4HB) has been noted as a better patching material compared to conventional
materials such as polytetrafluoroethylene (PTFE). Results from SEM images
[82] have clearly shown that P(4HB) could potentially prevent blood leakage
due to its self-seal nature. Conversely, bleeding (leaking) is often noticed when
PTFE is used as the patching material. The suture leaves an apparent hole
through the PTFE patches, thus increasing the risk of blood leakage.

8.5.4 Poly(3-Hydroxybutyrate-co-3-Hydroxyhexanoate)
[P(3HB-co-3HHx)]

Wound Management and Tissue Regeneration. P(3HB-co-3HHx) copo-
lymer has been evaluated as potential implant material. This copolymer is
characterized as a more flexible material with higher elongation to break and
with low tensile strength. P(3HB-co-3HHx) has also been known to blend
well with compounds such as PLLA to produce a less crystalline material. Until
recently, cell compatibility of P(3HB-co-3HHx) has been tested in numerous in
vitro studies. In a recent study conducted by Dai and co-workers an in situ
implant system of P(3HB-co-3HHx) for possible application in tissue adhesion
prevention for postsurgical applications was observed [285]. Injectable in situ
forming system is usually prepared by dissolving a polymer in a nonharmful
organic solvent to form a liquid polymer solution. The polymer solvent then
dissipates in the aqueous body fluid and adheres to its surrounding tissues
under mechanical force [286, 287]. Biodegradable polymers have been evalu-
ated for injectable in situ forming implant systems for use in tissue repair and
sustainable drug delivery applications [288].

P(3HB-co-3HHx) was considered as replacement of the commonly used PLA
[289] due to its better physical properties. P(3HB-co-12 mol% 3HHx) was
concentrated in various organic solvents and injected at the intra-abdominal
position of Sprague-Dawley (SD) rats using a syringe in order to detect solid film
formation. A porous film formation was observed with all solutions after almost
the same duration. Cell culture experiments revealed better cell growth on the
surfaces of chloroform-cast P(3HB-co-3HHx) films but higher viability was
observedonPLAfilms. Itwas concluded that aP(3HB-co-3HHx)-based injectable
system has potential to be developed for adhesion prevention application.
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Drug Delivery. P(3HB-co-3HHx) nanoparticles are now considered as a
suitable vector for a targeted drug delivery approach. Recently, Yao and
co-workers investigated the use of PHA granule binding protein PhaP in a
receptor-mediated drug delivery system [290]. PhaP is able to bind to hydro-
phobic polymers via strong hydrophobic interaction, thus it is conceived to
fuse with polypeptides or protein ligands. This ligand�PhaP�PHA nanoparti-
cle system is designed to deliver drugs to specific targeted cells. Two ligands
were used to achieve specific delivery, that is, mannosylated human α1-acid
glycoprotein (hAGP) (binds to a mannose receptor of macrophages) and
human epidermal growth factor (hEGF) (binds to carcinoma cells). The
receptor-mediated system was found to be taken up by macrophages, hepato-
cellular carcinoma cell BEL7402 in vitro, and hepatocellular carcinoma cells in
vivo by mice subcutaneously implanted with murine hepatoma22 (H22)
tumor cells at the axillary space. The system was detected in targeted cells and
organs (liver/tumor) under fluorescence microscopy when rhodamine B iso-
thiocyanate (RBITC) was used as a model due to specific ligand and receptor
binding.

Nerve Regeneration. In a recent study by Bian et al. [291], porous P(3HB-co-
3HHx) nerve conduits with uniform wall porosity and nonuniform wall
porosity were employed to bridge the 10mm gap in the sciatic nerve of SD
rats. The conduits were prepared using a particle leaching method. Autograft
nerves and unrepaired nerve defects were taken as positive and negative
controls. The regenerative nerve tissues were clearly observed after opening
the conduits. One month upon implantation, successful generation of nerve
tissues approximately 10mm in length was found to bridge the gap. The
histological assessment showed that the diameter of the regenerated nerve in
conduits with nonuniform wall porosity was statistically higher than that
in the uniformed type. It was found that during the nerve regeneration process,
the structure of the P(3HB-co-3HHx) conduits remained intact. Molecular
weight loses was monitored for up to 3 months after implantation, and a
reduction was noticed in both uniform and nonuniform wall porosity conduits.

Orthopedic Applications.
Cartilage Repair. The tissue engineering approach is currently being evaluated
for fabrication of cartilage constructs. Articular cartilage repair usually
requires the use of an appropriate scaffold to support the formation of cartilage
tissue. Cells are cultured on porous and resorbable scaffolds such as PGA [292]
PLA [293, 294], PLGA [295, 296], chitosan [297, 298], and silk fibroin [299], and
these scaffolds have been evaluated in vitro and in vivo. Previously, P(3HB-co-
3HHx) and its composites have generated positive effects when used as scaffold
material in vitro [300, 301]. Wang and co-workers have evaluated the use of
three-dimensional scaffolds made from P(3HB-co-3HHx) copolymer in a rabbit
articular cartilage defect model [302]. The P(3HB-co-3HHx) cartilage constructs
were initially inoculated in vitro with rabbit chondrocytes and subsequently
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implanted into rabbits using the press-fit method after 10 days. Cartilage defects
were surgically created on the femoropatellar groove of the knee joints of
rabbits. Formation of new white tissues were observed in the organisms
implanted with P(3HB-co-3HHx) scaffolds as the implants were found to be
embedded in the cavity. Scaffold with a pore size of 100 μm and a porosity of
90% proved as favorable material for cell proliferation, migration, and differ-
entiation state maintenance in vitro and in vivo. Successful full thickness
cartilage repair in the rabbit articular cartilage was observed over a period of
16 weeks.

8.5.5 Poly(3-Hydroxyoctanoate-co-3-Hydroxyhexanoate)
[P(3HO-co-3HHx)]

Cardiovascular Applications.
Vascular Graft. Potential applications of P(3HO-co-3HHx) as vascular grafts
and heart valves were evaluated in late 1990s. The elastomeric MCLPHA

P(3HO-co-3HHx) had initially been evaluated in vitro and in vivo to determine
its suitability as a biomaterial for medical applications. The in vivo testing of
P(3HO-co-3HHx) was carried out by Williams and co-workers in mice [1].
Subcutaneous implantation of P(3HO-co-3HHx) microspheres, tubes, and
pellets revealed mild tissue response for the period of 4�40 weeks. The polymer
was found to be inert and encapsulated by a thin layer of fibroin and could be
readily removed. The molecular weight of the polymer decreased approxi-
mately around 50% after 40 weeks of implantation. The use of P(3HO-co-
3HHx) as an impregnation substrate has been evaluated [303]. Implants
impregnated with polymer, protein, and fluoropolymer were tested in rats.
Tissue infiltration was not observed in polymer-impregnated grafts. After 6
months of implantation, 30% reduction in molecular weight was noticed.

The biocompatibility of this material was also tested in rats through sub-
cutaneous implantation of P(3HO-co-3HHx) impregnated with Dacron pros-
theses [304]. Histological examination of the tissues exhibited the existence of an
acute inflammatory phase that proceeded to a chronic inflammatory phase
between 10 and 15 days of implantation but decreased to a mild reaction at 30
days and later to a more discrete response after 6 months. The molecular weight
of the polymer decreased around 30% after 6 months of implantation.

P(3HO-co-3HHx) tubular conduits comprising of nonwoven PGA mesh on
the inside and layers of P(3HO-co-3HHx) outside were fabricated by Shum-
Tim et al. [284]. The PGA mesh promotes cell attachment and tissue formation,
while the P(3HO-co-3HHx) layers provides mechanical support. The conduits
were tested as vascular grafts by embedding with a mixture of endothelial cells,
smooth muscle cells, and fibroblasts. The scaffolds were implanted in the aortic
position in lambs for a period of up to 5 months. The preseeded scaffolds
remained without aneurysm development during the period of study with
increased cell density and collagen formation.
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Heart Valve. Stock et al. [195] fabricated heart valve leaflets that had a
multilayer structure of PGA�P(3HO-co-3HHx)�PGA with highly porous
PGA mesh on the inside of the conduit wall connected to a porous P(3HO-co-
3HHx) film on the outside. This conduit was embedded with autologous
vascular cells and implanted to replace the pulmonary valve and main pulmon-
ary artery in lambs for up to 6 months. A nonporous P(3HO-co-3HHx) film was
used initially, but the leaflet failed due to thrombus formation and lack of good
tissue formation. In this following modified structure, preseeded scaffolds
showed formation of viable tissue without thrombus formation. On the other
hand, the unseeded scaffold (control) developed thrombi on all leaflets after
4 weeks. Less than 30% decrease was observed in the molecular weight of the
polymer after 6 weeks. However, due to slow resorption, P(3HO-co-3HHx) was
found to be not suitable for heart valve scaffold.

In a separate study, the entire heart valve scaffolds were fabricated from
P(3HO-co-3HHx) [204]. Thismodel was previously tested in vitro under static and
pulsatile flow cell culture conditions [192, 204]. The scaffold exposed to pulsatile
flow culture condition exhibited good cell proliferation with the formation of a
uniformed cell layer. In a following experiment, the P(3HO-co-3HHx) was
embedded with vascular cells and implanted in the pulmonary position in a
lamb model [203]. The preseeded scaffold exhibited increased levels of tolerance
with good functionality and tissue growth from the 17-week experiment. The
unseeded control showed no tissue formation and inappropriate cell number and
collagen content, whichwas related to a confluent endothelial cell layer formation.
The mechanical property of the polymer was found to decrease with time.

8.6 CLINICAL STUDY

The first reported clinical study of PHA was the usage of P(3HB) pericardial
patches on human patients admitted for bypass surgery and/or valvular
replacement [305]. The patients were examined for possibility of adhesion using
computer tomography. Of the 39 patients examined, 19 who were implanted
with P(3HB) patches showed a reduction on postoperative adhesion after 6�24
months. P(4HB) has been comprehensively investigated in vitro and in vivo for
potential medical application. Tepha Inc. has announced the first human usage
of TephaFLEX bioabsorbable suture products (Tepha Medical Devices). The
clinical evaluations are being conducted in both the United States and Europe.

8.7 ELECTROSPINNING

Biomaterials with high surface area and porous structures are desired to
enhance the adhesion of cells and subsequently increase in-cell growth. For
this, electrospinning offers a promising means in preparing biomaterials with
high surface-area-to-volume ratio. In addition, nanofibrous scaffolds prepared
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from the electrospinning process are nonwoven with the morphological struc-
tures similar to that of ECM. Therefore, it is suggested to be able to enhance
cellular response and suitable for seeded cell growth [306�308]. Previous
study has also mentioned that electrospun nanofibrous material consisting of
smaller diameter (less than 500 nm) [309] demonstrated better mechanical
properties than those produced from conventional techniques (with larger
diameter) [310].

The interest in using electrospun nanofibrous materials for scaffold fabric-
ation is gaining ground because the mechanical and biological properties of
the resulting scaffold could be conveniently controlled by changing the com-
position of the polymer solution, the types of solvents, and the processing
parameters [311]. Electrospun nonwoven nanofiber biomaterials have found a
place in various medical applications, namely as biomimicking of collagen
structures to produce scaffold for tissue engineering, biological membranes for
immobilized enzymes and catalysts, artificial blood vessels, antiseptic wound
dressing materials, and drug delivery system [312�319].

To date, many biodegradable and biocompatible materials have been fabri-
cated into nanoscale fibrous materials for tissue engineering applications,
for example, PLA, PGA, PLGA, poly(ε-caprolactone), poly(ethylene-co-vinyl
alcohol) and including natural polymers, such as collagen, protein and fibri-
nogen [306, 312�325]. Recently, electrospun fibers of several constituents of
PHA, for example, P(3HB-co-3HV), P(3HB-co-4HB), P(3HB), and P(3HB-co-
3HHx), have been evaluated as scaffolds in vivo and in vitro [327�329].
Nonwoven electrospun P(3HB-co-3HV) nanofibers with a small diameter of
around 1�4 μm, were prepared from chloroform polymer solution. The
average diameters of the nanofibers were further reduced by the addition of
benzyl triakylammonium chloride into the chloroform polymer solution and
the resulting nanofibers were in linearized form [326]. Figure 8.4 shows the
morphology of electrospun nanofibers of P(3HB). The diameter of the fibers
normally ranges between 500 and 700 nm.

In 2008, Cheng and co-workers evaluated the effect of electrospinning para-
meters, that is, polymer concentration, solvents, and voltage on the formation of
P(3HB-co-3HHx) nanofibers. Smooth, ultrafine electrospun P(3HB-co-3HHx)
fibers with an average diameter of 340 nm was obtained with the addition of
dimethylformamide (DMF) as co-solvent with chloroform [327]. Meanwhile,
Ying and co-workers fabricated porous electrospun P(3HB), P(3HB-co-3HHx),
P(3HB-co-7 mol% 4HB), and P(3HB-co-97 mol% 4HB) nanofibers prepared
from 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) as the solvent [328].

8.7.1 Biocompatibility

In vitro biocompatibility of electrospun P(3HB) and P(3HB-co-3HV) nanofi-
bers was evaluated using mouse fibroblasts (L929) and Schwann cells (RT4-
D6P2T) [329]. Indirect cytotoxicity assay revealed that these electrospun fibers
were not toxic during the first 24 h of incubation. In terms of cell attachment
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and cell proliferation, it was found that fibrous scaffolds were superior to
support the growth of L929 but was inferior for RT4-D6P2T. SEM micro-
graphs further proved that attached L929 cells exhibited spindle shape, which
is typical in active fibroblast cells. However, in a separate study, SEM
images of electrospun PHA scaffolds showed no degradation after 4 weeks of
immersion in phosphate buffered saline [328]. Ito and co-workers had studied
the biodegradability of electrospun P(3HB-co-3HV) nanofibers, which were
dissolved in 2,2,2-trifluoroethanol (TFE) polymer solution and then compos-
ited with HA by soaking in SBF [330]. Image analysis of the elctrospun
nanofibers showed uniformed distribution with an average diameter of 185 nm,
while the incorporation of HA enhanced the degradability of the nanofibers.

Ying et al. [328] investigated tissue tolerances and bioabsorption behavior of
various electrospun PHA scaffolds in vivo by subcutaneous implantation in
rats. Periodic histological observation of implanted electrospun PHA nanofi-
bers showed that the scaffolds of P(3HB-co-3HHx), P(3HB-co-7 mol% 4HB),

(b)

530

690

(a)

FIGURE 8.4 Morphology of electrospun nanofibres of P(3HB) showing the charac-

teristics of high surface area and highly porous nature. a) Viewed under 500X

magnification, b) Viewed under 5000X magnification
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and P(3HB-co-97 mol% 4HB) elicited mild tissue response. On the other hand,
the bioabsorption and degradation rate was the fastest for the electrospun
P(3HB-co-4HB) scaffold containing higher 4HB fractions.

8.8 PATENTS

Patents on the potential applications of PHA as medical devices and related
research findings have been previously described [146]. The recent patents on
this subject matter are described in Table 8.5.

8.9 OUTLOOK

Continuous development in PHA will ensure new and greater discoveries.
Application of PHA as a biomaterial has gained much attention over the
last decade. Various approaches are currently undertaken to develop cheaper
processes of producing high yields of PHA. With global sustainability in mind,
fellow researchers, industrialists, and policymakers are seriously considering the
carbon footprint and its effects on our near future. Advancements in biomedical
research is of utmost important with regard to current health-related problems
due to our modern and hectic lifestyles. The recent breakthrough in biological
synthesis of PHA�PLA copolymers [331�334] and especially copolymers
consisting of 4HB and PLA has further expended the possibilities of discovering
novel materials for medical applications. Since PHA has exhibited full potential
as a biocompatible material, the future of PHA in medical and pharmaceutical
fields is indeed bright.
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b-oxybutyrique. Bull. Soc. Chim. Biol. 1926;8:770�782.

6. Williamson, D. H. and J. F. Wilkinson. The isolation and estimation of the poly-b-

hydroxybutyrate inclusions of Bacillus species. J. Gen. Microbiol. 1958;19:198�209.

7. Ostle, A. G. and J. G. Holt. Nile blue A as a fluorescent stain for poly-beta-

hydroxybutyrate. Appl. Environ. Microbiol. 1982;44:238�241.

8. Kitamura, S. and Y. Doi. Staining method of poly(3-hydroxyalkanoic acids)

producing bacteria by Nile blue. Biotechnol. Tech. 1994;8:345�350.
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90. Lütke-Eversloh, T. and A. Steinbüchel. Novel precursor substrates for polythioe-

sters (PTE) and limits of PTE biosynthesis in Ralstonia eutropha. FEMS Microbiol.

Lett. 2003;221:191�196.

91. Doi, Y., A. Segawa, and M. Kunioka. Biosynthesis and characterization of poly(3-

hydroxybutyrate-co-4-hydroxybutyrate) in Alcaligenes eutrophus. Int. J. Biol.

Macromol. 1990;12:106�111.

92. Vigneswari, S., S. Vijaya, M. Majid, K. Sudesh, C. Sipaut, M. Azizan, and A.

Amirul. Enhanced production of poly(3-hydroxybutyrate-co-4-hydroxybutyrate)

copolymer with manipulated variables and its properties. J. Ind. Microbiol.

Biotechnol. 2009;36:547�556.

93. Madison, L. L. and G. W. Huisman. Metabolic engineering of poly(3-hydroxyalk-

anoates): From DNA to plastic, Microbiol. Mol. Biol. Rev. 1999;63:21�53.

94. Luengo, J. M., B. Garcı́, A. Sandoval, G. Naharro, and E. R. Olivera. Bioplastics

from microorganisms. Curr. Opin. Microbiol. 2003;6:251�260.

95. Kobayashi, T., K. Uchino, T. Abe, Y. Yamazaki, and T. Saito. Novel intracellular

3-hydroxybutyrate-oligomer hydrolase in Wautersia eutropha H16. J. Bacteriol.

2005;187:5129�5135.

96. Doi, Y., Y. Kawaguchi, N. Koyama, S. Nakamura, M. Hiramitsu, Y. Yoshida, and

H. Kimura. Synthesis and degradation of polyhydroxyalkanoates in Alcaligenes

eutrophus. FEMS Microbiol. Rev. 1992;103:103�108.

REFERENCES 299

CH008 14 April 2011; 17:24:38



97. Khanna, S. and A. K. Srivastava. Production of poly(3-hydroxybutyric-co-3-

hydroxyvaleric acid) having a high hydroxyvalerate content with valeric acid

feeding. J. Ind. Microbiol. Biotechnol. 2005;34:457�461.

98. Mergaert, J., A. Webb, C. Anderson, A. Wouters, and J. Swings. Microbial

degradation of poly(3-hydroxybutyrate) and poly(3-hydroxybutyrate-co-3-hydro-

xyvalerate) in soils. Appl. Environ. Microbiol. 1993;59:3233�3238.

99. Wang, Y. W., W. Mo, H. Yao, Q. Wu, J. Chen, and G. Q. Chen. Biodegradation

studies of poly(3-hydroxybutyrate-co-3-hydroxyhexanoate). Polym. Degrad. Sta-

bil. 2004;85:815�821.

100. Yew, S. P., H. Y. Tang, and K. Sudesh. Photocatalytic activity and biodegradation

of polyhydroxybutyrate films containing titanium dioxide. Polym. Degrad. Stabil.

2006;91:1800�1807.

101. Sridewi, N., K. Bhubalan, and K. Sudesh. Degradation of commercially important

polyhydroxyalkanoates in tropical mangrove ecosystem. Polym. Degrad. Stabil.

2006;91:2931�2940.

102. Doi, Y., Y. Kanesawa, Y. Kawaguchi, and M. Kunioka. Hydrolytic degradation

of microbial poly(hydroxyalkanoates). Macromol. Chem. Rapid Commun.

1989;10:227�230.

103. Doi, Y., Y. Kanesawa, N. Tanahashi, and Y. Kumagai. Biodegradation of

microbial polyesters in the marine environment. Polym. Degrad. Stabil.

1992:36:173�177.

104. Kasuya, K., Y. Doi, and T. Yao. Enzymatic degradation of poly[(R)-3-hydro-

xybutyrate] by Comamonas testosteroni ATSU of soil bacterium. Polym. Degrad.

Stabil. 1994;45:379�386.

105. Mergaert, J., A. Wouters, C. Anderson, and J. Swings. In situ biodegradation of

poly(3-hydroxybutyrate) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) in

natural waters. Can. J. Microbiol. 1995;41:154�159.

106. Jendrossek, D., A. Schirmer, and H. G. Schlegel. Biodegradation polyhydroxyalk-

anoic acids. Appl. Microbiol. Biotechnol. 1996;46:451�463.

107. Adams, J. H., G. Irving, and J. H. Koeslag. β-Adrenergic blockade restores

glucose’s antiketogenic activity after exercise in carbohydrate-depleted athletes.

J. Physiol. 1987;386:439�454.

108. Bessman, S. P. and W. N. Fishbein. Gamma-hydroxybutyrate, a normal brain

metabolite, Nature 1963;200:1207�1208.

109. Wiggam,M.I.,M.J.Okane,R.Harper,A.B.Atkinson,D.R.Hadden,E.R.Trimble,

and P. M. Bell. Treatment of diabetic ketoacidosis using normalization of blood 3-

hydroxybutyrate concentration as the endpoint of emergency management—a

randomized controlled study. Diabetes Care 1997;20:1347�1352.

110. Yajnik, C. S., B. S. Sardesai, D. S. Bhat, S. S. Naik, K. N. Raut, K. M. Shelgikar,

H. Orskov, K. G. M. M. Alberti, and T. D. R. Hockaday. Ketosis resistance in

fibrocalculous pancreatic diabetes: II. Hepatic ketogenesis after oral medium-chain

triglycerides. Metabol. Clin. Exp. 1997;46:1�4.

111. Robinson, A. M. and D. H. Williamson. Physiological roles of ketone bodies as

substrates and signals in mammalian tissues. Physiol. Rev. 1980;60:143�187.

112. Massieu, L., M. L. Haces, T. Montiel, and K. Hernandez-Fonseca. Acetoacetate

protects hippocampal neurons against glutamate mediated neuronal damage

during glycolysis inhibition. Neuroscience 2003;120:365�378.

300 POLYHYDROXYALKANOATE

CH008 14 April 2011; 17:24:38



113. Hocking, P. J. and R. H. Marchessault. Biopolyesters. In Chemistry and Technol-

ogy of Biodegradable Polymers. G. J. L. Griffin (Ed.). Blackie: Glasgow, 1994,

pp. 48�96.

114. Pouton, C. W. and S. Akhtar. Biosynthetic polyhydroxyalkanoates and their

potential in drug delivery. Adv. Drug. Deliv. Rev. 1996;18:133�162.

115. Borkenhagen, M., R. C. Stoll, P. Neuenschwander, U. W. Suter, and P. Aebischer.

In vivo performance of a new biodegradable polyester urethane system used as a

nerve guidance channel. Biomaterials 1998;19:2155�2165.

116. Shishatskaya, E. I., T. G. Volova, A. P. Puzyr, O. A. Mogilnaya, and

S. N. Efremov. Tissue response to the implantation of biodegradable polyhydroxy-

alkanoate sutures. J. Mater. Sci. Mater. Med. 2004;15:719�728.

117. Saito, Y., S. Nakamura, M. Hiramitsu, and Y. Doi. Microbial synthesis and

properties of poly(3-hydroxybutyrate-co-4-hydroxybutyrate). Polym. Int. 1996;39:

169�174.

118. Yang, X., K. Zhao, and G. Q. Chen. Effect of surface treatment on the biocompat-

ibility of microbial polyhydroxyalkanoates. Biomaterials 2002;23:1391�1397.

119. Chee, J. W., A. A. Amirul, T. S. Tengku Muhammad, M. I. A. Majid, and S. M.

Mansor. The influence of copolymer ratio and drug loading level on the

biocompatibility of P(3HB-co-4HB) synthesized by Cupriavidus sp. (USMAA2-

4). Biochem. Eng. J. 2008;38:314�318.

120. Mukai, K., K. Yamada, and Y. Doi. Efficient hydrolysis of polyhydroxyalkano-

ates by Pseudomonas stutzeri YM1414 isolated from lake water. Polym. Degrad.

Stabil. 1994;43:319�327.

121. Reusch, R. N. Biological complexes of poly-beta-hydroxybutyrate. FEMS Micro-

biol. Rev. 1992;103:119�129.

122. Seebach, D. and M. G. Fritz. Detection, synthesis, structure, and function of oligo

(3-hydroxyalkanoates): Contributions by synthetic organic chemist. Int. J. Biol.

Macromol. 1999;25:217�236.

123. Reusch, R. N. Low molecular weight complexed poly(3-hydroxybutyrate): A

dynamic and versatile molecule in vivo. Can. J. Microbiol. 1995;41:50�54.

124. Seebach, D., C. Hak-Fun, and R. F. W. Jackson. (+)-11,11’-Di-O-methylelaio-

phylidine — Preparation from elaiophylin and total synthesis from (R)-3-hydro-

xybutyrate and (S)-malate. Liebigs Ann. Chem. 1986:1281�1308.

125. Martin, D. P., O. P. Peoples, and S. F. Williams. Nutritional and therapeutic uses

of 3-hydroxy-alkanoate oligomers. PCT Patent Application No. WO 00/04895,

2000.

126. Martin, D. P., F. A. Skraly, and S. F. Williams. Polyhydroxyalkanoate composi-

tions having controlled degradation rates. PCT Patent Application No. WO 99/

32536, 1999.

127. Hiraide, A. and M. Katayama. Use of 3-hydroxybutyric acid as an energy source.

European Patent Application No. 355,453 A2, 1990.

128. Tetrick, M. A., S. H. Adams, J. Odle, and N. J. Benevenga. Contribution of

D-(�)-3-hydroxybutyrate to the energy expenditure of neonatal pigs. J. Nutr.

1995;125:264�272.

129. Chen, C. H. and S. C. Chen. Effective ophthalmic irrigation solution. U.S. Patent

No. 5,116,868, 1992.

REFERENCES 301

CH008 14 April 2011; 17:24:38



130. Kashiwaya, Y., T. Takeshima, N. Mori, K. Nakashima, K. Clarke, and

R. L. Veech. D-Beta-hydorxybutyrate protects neurons in models of Alzheimer’s

and Parkinson’s Disease. Proc. Natl. Acad. USA 2000;97:5440�5444.

131. Tieu, K., C. Perier, C. Caspersen, P. Tiesmann, D. C. Wu, S. D. Yan, A. Naini, M.

Vila, V. Jackson-Lewis, R. Ramasamy, and S. Przedborski. D-β-Hydroxybutyrate

rescues mitochondrial respiration and mitigates features of Parkinson disease.

J. Clin. Invest. 2003;112:892�901.

132. Chung, H. J., J. P. Steinberg, R. L. Huganir, and D. J. Linden. Requirement of

AMPA receptor GluR2 phosphorylation for cerebellar long-term depression.

Science 2003;14:1751�1755.

133. Chu, Y., W. Le, K. Kompiliti, J. Jankovic, E. J. Mufson, and J. H. Kordower.

Nurr1 in Parkinson’s disease and related disorders. J. Comp. Neurol.

2006;494:495�514.

134. Xiao, X. Q., Y. Zhao, and G. Q. Chen. The effect of 3-hydroxybutyrate and its

derivatives on the growth of glial cells. Biomaterials 2007;28:3608�3616.

135. Zao, X. H., H. M. Li, S. Wang, M. Leski, Y. C. Yao, X. D. Yang, Q. J. Huang,

and G. Q. Chen. The effect of 3-hydroxybutyrate methyl ester on learning and

memory in mice. Biomaterials 2009;30:1532�1541.

136. Laborit, H. Sodium 4-hydroxybutyrate. Int. J. Neuropharmacol. 1964;43:433�452.

137. Hunter, A. S., W. J. Long, and C. C. Ryrie. An evaluation of gamma hydro-

xybutyric acid in paediatric practice. Br. J. Anaesth. 1971;43:620�627.

138. Mamelak, M., M. B. Scharf, and M. Woods. Treatment of narcolepsy with

γ-hydroxybutyrate. A review of clinical and sleep laboratory findings. Sleep

1986;9:285�289.

139. Gessa, G. L., L. Vargiu, F. Crabai, G. C. Boero, F. Caboni, and R. Camba.

Selective increase of brain dopamine induced by gamma-hydroxybutyrate. Life.

Sci. 1966;5:1921�1930.

140. Gallimberti, L., M. Ferri, S. D. Ferrara, F. Fadda, and G. L. Gessa. Gamma-

hydroxybutyric acid in the treatment of alcohol dependence: a double-blind study.

Alcohol Clin. Exp. Res. 1992;16:673�676.

141. Addolorato, G., G. Balducci, E. Capristo, M. L. Attilia, F. Taggi, G. Gasbarrini,

and M. Ceccanti. Gamma-hydroxybutyric acid (GHB) in the treatment of alcohol

withdrawal syndrome: A randomized comparative study versus benzodiazepine,

Alcohol Clin. Exp. Res. 1999;23:1596�1604.

142. Mamelak, M. Gammahydroxybutyrate: An endogenous regulator of energy

metabolism. Neurosci. Biobehav. Rev. 1989;13:187�198.

143. Cash, D. Gammahydroxybutyrate: An overview of the pros and cons for it being a

neurotransmitter and/or a useful therapeutic agent. Neurosci. Biobehav. Rev.

1994;18:291�304.

144. Nelson, T., E. Kaufman, J. Kline, and L. Sokoloff. The extraneural distribution of

γ-hydroxybutyrate. J. Neurochem. 1981;37:1345�1348.

145. Williams, S. F. Bioabsorbable, biocompatible polymers for tissue engineering,

PCT Patent Application No. WO 00/51662, 2000.

146. Williams, S. F. and D. P. Martin. Applications of PHAs in medicine and pharmacy.

In Biopolymers: Polyesters III Applications and Commercial Products. Y. Doi, and
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9.1 INTRODUCTION

Polymers derived from lactic acid, glycolic acid, or combinations thereof have
been developed for medical applications for almost half a century [1]. Applica-
tions have included devices for bone fracture fixation [2], suture materials [3],
sheets for preventing adhesion [4], blood vessel prostheses [5], and drug delivery
[6]. Examples of commercially available medical-grade polyesters, their product
names, and manufacturers are summarized in Table 9.1 [7].

9.2 SYNTHESIS, PROCESSING, AND PROPERTIES

9.2.1 Chemistry, Synthesis, and Characterization of Polymers from
Lactide and Glycolide

Lactides and Glycolides—Origin, Structure, and Properties. Lactic acid
and glycolic acid are naturally occurring hydroxyacids. The difunctional
structure of α-hydroxyacids makes it possible for the molecule to undergo
self-condensation reactions and form oligomers and/or polymers (Fig. 9.1). Due
to the reversibility of these reactions, the number of repeating units remains
fairly low and the polycondensation is generally difficult to control. The most
convenient and well-controlled route for preparing polymers with repeating
lactoyl or glycoyl units is to use the ring-formed and dehydrated dimer of the
corresponding hydroxyacid as the starting point and perform ring-opening
polymerization (ROP). Polymers prepared by ROP are the most commonly
studied since polymer chemistry and hence properties can be accurately
controlled. Preparation of the dimer includes polycondensation of the hydro-
xyacid followed by a depolymerization, which is conventionally done by
increasing the polycondensation temperature and lowering the pressure. The
repeating units of the poly(hydroxy acid) are reorganized into the dehydrated
cyclic dimer by unzipping depolymerization at high temperatures. The dimer is
generally separated by fractional distillation under reduced pressure and the
formed glycolide (1,4-dioxane-2,5-dione) and lactide (3,6-dimethyl-1,4-dioxane-
2,5-dione) can be further purified if desired. Due to the two stereoforms of lactic
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acid, the corresponding optically active lactide can be found in two different
versions (i.e., D,D-lactide and L,L-lactide). In addition, lactide can be formed from
one D- and one L-lactic acid molecule, yielding D,L-lactide (meso-lactide). The
term rac-lactide is used for a 50/50 mixture of D,D-lactide and L,L-lactide.
The properties of glycolic acid, lactic acid, and related derivatives are listed
in Table 9.2.

Polymerization. AlthoughROPof cyclic diesters intohighmolarmasspolymers
has been known since the1930s, such reactions were not studied in detail until the
late 1950s [17]. The simplest typesof polyester are the homopolymersof one typeof
repeating unit. Polymers with two or more types of repeating unit are copolymers

TABLE 9.2 Properties of Glycolic Acid, Lactic Acid, and Related Derivatives

*(Measured for 88% D,L-lactic acid at 25�C)

Compound

CAS

Number

Molar Mass

(g/mol)

Density

(g/cm)3
Melting

Point (�C) Reference

Glycolic acid 79-14-1 76.05 1.27 75 12

Glycolide 502-97-6 116.1 83�86 8

D,L-lactic acid 50-21-5 90.08 1.20* 16.8 13

L,L-lactide/

D,D-lactide

95-96-5 90.08 95 14

rac-lactide 90.08 125 8

meso-lactide 90.08 43�46 15

Lactoyllactic acid 517-52-2 162.14 16

HO

[1] [2]

[3]

CH

R

COOH

HO [CH

R

R � H for glycolic acid [1], glycolide [2], and poly(glycolic acid) [3]

R � CH3 for lactic acid [1], lactide [2], and poly(lactic acid) [3]

C

O

O

CH
R

O

HC

O]n H

C

O

R

O

C

FIGURE 9.1 Structures of monomers, intermediates, and polymers of glycolic and

lactic acid.
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of lactides with different stereoforms or copolymers of lactide with glycolide. The
monomer combinations and length of the sequences have a large influence
on polymer properties [18, 19]. The preparation of lactic-acid-based polymers
by ROP has been carried out successfully using solution polymerization, bulk
polymerization, melt polymerization, and suspension polymerization [20]. The
polymerization mechanism involved in ROP can be of ionic, coordination, or
free radical type depending on the catalyst systemused [21, 22]. TheROPof lactide
is reported to be catalyzed by transition metal compounds. Derivatives with
a potentially low toxicity are, for instance, organometallic compounds of tin
[23, 24], aluminum [25], zinc [26], iron [27], and yttrium [28]. However, tin(II)-2-
ethylhexanoate (tin octanoate) is themost frequently used catalyst, which is largely
related to the Food andDrugAdministration (FDA) acceptance of the compound
[29]. It has been suggested that the polymerization mechanisms for this catalyst
involve an initiation step by hydroxyl groups (Fig. 9.2) [30].

Several other ring-formed monomers can be incorporated into the lactic-
acid-based polymer by ring-opening copolymerization [31]. The most com-
monly used comonomer is glycolide, and the comonomer units can be organized
in block sequences or can be distributed in a random manner. The conversion
and distribution of the comonomers depends on the ratio of the comonomers
and the polymerization conditions [32]. A large difference in the reactivity of the
monomers generally results in a block copolymer. Glycolide shows a reactivity
similar to that of lactide [33] and therefore can occur either randomly in
copolymers or in blocks depending on the applied polymerization conditions.
Lactic acid-based polymers can also be prepared by using a molecule with a

Sn – [Oct]2 � R – OH

Oct – Sn – O – R

Oct � 2-ethylhexanoate
R � aromatic or aliphatic groups

Oct – Sn – [LACTIDE]n – R

HO – [LACTIDE]n – R  �  Sn – [Oct]
2

Oct – H�

� n LACTIDE

FIGURE 9.2 Schematic description of tin octanoate-catalyzed ring-opening poly-

merization of lactide.
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specific structure as an initiating compound (e.g., pentaerythritol). Polymers of
this type generally have a complex structure and the properties are accordingly
unique [34].

Characterization Techniques. Polymer characterization is of importance in
terms of product development, production quality control, and changes occur-
ring during degradation. The following paragraphs provide a brief description
of characterization methods that are appropriate for glycolide and lactide
polymers.

Size Exclusion Chromatography (SEC). SEC, also referred to as gel
permeation chromatography (GPC), is used to determine the molar mass
distribution of polymers. Polymers elute from the GPC column at retention
times that are related inversely to their hydrodynamic volume, which is in turn
related to molar mass. In principle, use of a triple detector system allows
information to be obtained on polymer branching through Mark�Houwink
plots [35]. Chloroform is the most commonly used mobile phase for poly(lactic
acid) (PLA) and lactide�glycolide copolymers in GPC experiments. Fluori-
nated solvents are the only option for poly(glycolide) (PGA) because of its
generally poor solubility. An SEC system consists of a degassing unit, a solvent
pump, column(s), and a detector system (e.g., refractive index, viscometry, and
light-scattering detectors) and the column(s) are generally calibrated against
narrow distribution polystyrene standards. When preparing samples for GPC
measurements, the material, typically a few milligrams, is dissolved in 10 mL of
CHCl3 to yield a solution of a known concentration. Absolute molecular
weights can potentially be determined when a multi-angle light-scattering
detector is in place.

Differential Scanning Calorimetry (DSC). DSC measures changes in
enthalpy as the temperature is varied in a controlled way and allows the
determination of melting or crystallization temperatures (Tm, Tc), correspond-
ing enthalpies (ΔHm, ΔHc) and glass transition temperatures (Tg). Polymer
samples are typically weighed into aluminum pans that are then sealed and
placed in the measuring cell. A standard DSC method includes a first heating
cycle in which the enthalpy changes give information about the material as
received. The first heating cycle erases any previous thermal history and a
second heating cycle can be used for comparative analysis between different
samples. DSC allows the simulation of conditions during injection molding or
other processing methods.

Thermogravimetric Analysis (TGA). TGA is used to evaluate the thermal
stability of polymers. The thermal decomposition temperature and the amount
of inorganic residue in a sample can, for example, be determined. Measure-
ments are usually conducted under N2 atmosphere and samples are placed in
an aluminum pan after which exact weighing is performed by the TGA unit.
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When measuring the thermal decomposition temperature of standard samples,
the heating cycle is typically set from ambient temperature to 500�C at 10�C/
min. However, by using TGA it is also possible to conduct isothermal
measurements or more complicated heating programs in order to, for example,
simulate processing or storage conditions.

Proton Nuclear Magnetic Resonance (1H-NMR). 1H-NMR can be used as
an identification and quantification tool in the characterization of polyesters.
NMR can, for example, be used to estimate the molar masses or to determine the
amount of residual lactide or glycolide.NMRalso enables themonomer ratios in
the final product to be calculated, which provides information on monomer
reactivity. As an example, the amount of residual lactide in PLA can be calculated
by relating the peak integrals of lactide at a chemical shift ofB5 ppm to the peak
integrals of the CH proton in the repeating unit of PLA at a chemical shift of
B5.2 ppm. The typical solvent used is d-CHCl3, although, depending on the
sample and its solubility, other deuterated solvents may be used.

9.2.2 Manufacturing Processes

Melt Processing. Lactide and glycolide polymers can be melt processed by
extrusion, extrusion coating, thermoforming, injection molding, fiber drawing,
and film blowing. Product properties depend on the conditions during process-
ing (e.g., shear rate, temperature, processing time). As an example, melt proce-
ssing by injectionmolding and fiber spinning has been reported inmanufacturing
of fracture fixation devices and sutures [36]. The most important parameters
during melt processing will be (i) temperature, (ii) residence time, (iii) moisture
content, and (iv) atmosphere, regardless of the type of secondary process applied
[37]. A major problem in melt processing of aliphatic polyesters is their limited
thermal stability since these polymers tend to degrade into smaller fractionswhen
exposed to heat even for short periods.

Fiber Spinning. Fibers made from lactide and/or glycolide polyesters are
commercially important in applications such as sutures, clips, staples, and as
reinforcement inorthopedicdevices [38,39].Oneof thefirst commerciallyavailable
bioresorbable products for medical use was poly(glycolide) fibers (Dexon),
developed in the 1960s for use in sutures. Other fiber-based bioresorbable medical
products use copolymers of glycolide and L-lactide (Vicryl) [36]. Fibers can be
manufactured either by solvent- or melt-spinning processes [40, 41] and drawn in
order toorient thepolymer chains [42].Fibers preparedby solvent spinningusually
have better mechanical properties because this method avoids the thermal
degradation that can occur during melt spinning [43].

Preparation of Micro- and Nanoparticles. Micro- and nanoparticles
are important delivery systems used in medicine, and aliphatic polyesters are of
interest due to their tunable hydrolytic degradability and low toxicity.Micro- and
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nanoparticles can be prepared directly by ROP [44] or by postpolymerization
processing as described by Benoit et al. [45]. The preparation of micro- and
nanoparticles from aliphatic polyesters by solvent evaporation and solvent
extraction methods has been reviewed by Arshady [46]. The most important
properties of the micro- and nanoparticles are the release rate of the drug and the
degradation profile of the matrix. These properties are affected by the particle
design and especially by the polymer design. The particle size, porosity, and drug
loading are mainly related to the type of drug and parameters in the preparation
(i.e., solvent/nonsolvent system, stirring rate, and temperature). Polymer proper-
ties related to the drug release rate and degradation pattern are strongly
dependent on solubility, morphology, and stability, which in turn can be related
to the structure. Considering the number of reported studies, it appears that
copolymers of glycolide and rac-lactide have the most suitable combination of
properties for use as a drug delivery matrix [1].

Fabrication of Porous Scaffolds. Porous biodegradable polymer scaffolds
are potential devices for reconstruction of damaged tissues and organs, and
several techniques are available for their manufacture. Many of the fabrication
methods involve polymer dissolving and salt leaching [47], but porous aliphatic
polyesters have also been prepared by use of emulsion freeze-drying [48], gas-
foam forming agents [49], high-pressure gas saturation techniques [50], phase
inversion by immersion precipitation [51], thermally induced phase separation
(TIPS) [52], and polymer blending followed by extraction [53].

9.2.3 Properties of Glycolide-Lactide Homo- and Copolymers

The properties of PLA depend significantly upon its enantiomeric form and can
be modified by polymerization, processing, or manufacturing techniques.
Properties are also modified by varying the polymer structure through cross-
linking, branching, introduction of other comonomers, or by altering the ratio
of the stereoisomers.

Thermophysical Properties. Homopolymers of glycolide have a Tg and Tm

of 35�40�C and 225�230�C respectively. PGA is a semicrystalline polymer
with a maximum degree of crystallinity (Xc) of about 50% [53]. Enantiomeri-
cally pure poly(L-lactide) (PLLA) or poly(D-lactide) (PDDLA) are also
semicrystalline polymers, with Tg in the range of 55�60�C and Tm of about
180�C. Polymers prepared from meso- or rac-lactide are usually amorphous
with a Tg of B50�C. The melt enthalpy estimated for an enantiopure PLLA
with a 100% degree of crystallinity (ΔH3

m) is 93 J/g [54, 55], and this value is
most often used to calculate the Xc for semicrystalline polylactides. The melting
behavior and degree of crystallinity are dependent on the molar mass, thermal
history, and purity of the polymers [56, 57]. It has been observed for polylactide
that an optical purity of at least 72�75%, corresponding to about 30 isotactic
repeating units, is required for the crystallization to take place [58], which
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means that copolymers of lactide and glycolide with a random distribution are
generally amorphous polymers. Copolymers of L-lactide and glycolide show a
Tg ranging from 35 to 60�C depending on composition. Stereocomplexes are
formed if polylactides of the opposite stereoforms are mixed together, as first
reported by Ikada et al. [59]. These authors discovered that the melting point of
blended PLLA and PDDLA is about 50�C higher than that of the pure
enantiomeric polymers. Stereocomplexes have since been further investigated
both for PLA oligomers and high molar mass polymers [60]. Stereocomplexa-
tion of enantiomeric copolymers of lactide and glycolide has also been
reported, where the melting point and enthalpy of fusion decreased as the
glycolide content in the copolymers increased [61].

Solubility. PGA is insoluble in most organic solvents with the exception of
fluorinated solvents (e.g., hexafluoroisopropanol). The solubility of PLA is
highly dependent on the molar mass, degree of crystallinity, and the presence of
other comonomer units in the polymer. Good solvents for enantiomerically
pure poly(lactide) are, for example, chlorinated or fluorinated organic solvents,
dioxane, and dioxolane. Poly(rac-lactide) and poly(meso-lactide) are, in addi-
tion to the previously mentioned solvents, soluble in organic solvents such
as acetone, pyridine, ethyl lactate, tetrahydrofuran, xylene, ethyl acetate,
dimethylsulfoxide, N,N-dimethylformamide, and methyl ethyl ketone. Typical
nonsolvents for lactic-acid-based polymers are water, alcohols (e.g., methanol,
ethanol, propylene glycol), and unsubstituted hydrocarbons (e.g., hexane,
heptane). Copolymers of lactide and glycolide are soluble in chlorinated
solvents and insoluble in, for instance, acetone and cyclohexane [62].

Mechanical Properties. The molar mass and degree of crystallinity signifi-
cantly influence the mechanical properties of polymers. This is well demon-
strated for aliphatic polyesters, for which a wide range of mechanical properties
has been reported for lactide and glycolide polymers [62]. PGA is a tough
polymer, with a reported tensile modulus of 7 GPa [63]. The semicrystalline
PLA is generally preferred to the amorphous polymer when higher mechanical
properties are desired. Semicrystalline PLA has an approximate tensile mod-
ulus of 3 GPa, tensile strength of 50�70 MPa, flexural modulus of 5 GPa,
flexural strength of 100 MPa, and an elongation at break of about 4% [62].
Superior mechanical properties (e.g., tensile strength up to 920 MPa) can be
achieved by stereocomplexation of enantiomeric polylactides, which results
from the formation of stereocomplex crystallites giving intermolecular cross-
links [64]. Processes in which the polymer chains become oriented can lead
to increased mechanical strength, as can happen in fiber preparation by melt
or solution spinning from aliphatic polyesters [65, 66]. The resulting fiber
mechanical properties are largely dependent on the spinning method and
draw ratios [62]. The melt spinning of lactic acid-based polymers is associated
with thermal degradation, with decreases in molar mass during the melt
spinning reported to be as high as 85% for copolymers of rac- and L-lactide
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of high initial molar mass (600 kDa) [65]. PLLA of high molar mass has
sufficient strength for use as load-bearing materials in medical applications;
however, the crystalline domains tend to degrade slowly [67]. The crystallinity
can be reduced by copolymerizing with D-lactide or glycolide, leading to
amorphous polymers with faster degradation profiles [68]. However, this
process also affects polymer toughness and the impact strength of PLA has
been shown to decrease threefold (to 5 kJ/m2) when copolymerizing with 5 mol
% D-lactide [69].

Thermal Stability. The thermal stability of glycolic-acid- [70] and/or lactic-
acid-based polymers is poor at elevated temperatures, especially at tempera-
tures above the melting point. Reactions involved in the thermal degradation of
lactide and glycolide polymers include thermohydrolysis [71], zipper-like
depolymerization [72], thermooxidative degradation [73], and transesterifica-
tion [74]. Rheological measurements have shown that the thermal degradation
of poly(L-lactide) is accelerated when the moisture content of the polymer is
increased [75]; however, optimal drying conditions can reduce degradation
during extrusion. The presence of catalyst and especially the catalyst concen-
tration are of great importance for the thermal stability of poly(lactide) [76].
Polymers used for medical applications are generally purified in order to
remove unbound catalyst, residual monomer, and other impurities, which are
reported to influence thermal stability [77].

Radiation Stability. Medical devices need to be sterilized and common
sterilization methods use γ-or β-radiation. Radiation can cause either cross-
linking or chain scission reactions. For most polymers both reactions occur
simultaneously. The irradiation effects on aliphatic polyesters have been
thoroughly studied by D’Alelio et al. [78], and these authors concluded that
the crosslinking-to-scission ratio for aliphatic polyesters increased on irradiation
as a function of increasing -CH2- to -COO- ratio in the main chain. Further
studies on radiation stability have been reported for polyglycolide, poly(L-
lactide) [79], poly(D,L-lactide) [80], and for copolymers of lactide and glycolide
[79]. Polylactides mainly undergo chain scissions at radiation doses below 250
kGy. For higher doses, crosslinking reactions increase as a function of the
irradiation dose both in air and in inert atmosphere [81]. It has been suggested
that irradiation causes reactions in the amorphous phase of the polymer and a
difference in the radiation effects may therefore be expected for poly(rac-lactide)
and poly(L-lactide) [79]. The irradiation of poly(glycolide) can cause a decrease
in molar mass, and it has been suggested that this involves about the same
amount of crosslinking as chain scission [82]. Radiation has been reported to
reduce tensile strength and to accelerate the start of hydrolytic degradation in
PGA fibers [83]. Copolymers of lactide and glycolide, P(LA-co-GA), have been
reported to undergo dose-dependent degradation upon irradiation [84]. The
irradiation of P(LA-co-GA) results in either formation of radicals at the carbon
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atom adjacent to the ester group or by loss of the ester linkage. Electron spin
resonance studies have suggested that the radicals formed at the lactide units are
more stable than those formed at the glycolide units.

Hydrolytic Stability. Hydrolysis of polymers leads to molecular fragmenta-
tion, which is determined by various factors such as chemical structure, molar
mass and its distribution, purity, morphology, shape of the specimen and
history of the polymer, as well as the conditions under which the hydrolysis is
conducted [85]. The hydrolytic degradation of glycolide and/or lactide poly-
mers is undesirable during processing or material storage but is ultimately
essential for most intended applications. The hydrolysis of aliphatic polyesters
starts with a water uptake phase followed by hydrolytic splitting of the ester
bonds in a random manner. The initial degree of crystallinity of the polyesters
affects the rate of hydrolytic degradation because the crystalline regions reduce
water permeation in the matrix. The hydrolytic degradation process therefore
begins with degradation of the amorphous regions in which the molecular
fragments, which tie the crystalline segments together by entanglement, are
hydrolyzed. As a result, the remaining chain segments occupy more space and
have greater mobility, leading to reorganization of the polymer chains and
inducing crystallization [86]. These phenomena generally result in whitening of
specimens and a simultaneous decrease in mechanical strength and molar
mass. The temperature during hydrolysis is a key influence on the degradation
rate, not only because the rate of hydrolysis increases at elevated temperatures
but also because of increased polymer chain flexibility and permeability at
temperatures above the Tg. The hydrolysis of aliphatic polyesters has been
studied for various compositions including polyglycolide [87], poly(L-lactide)
[88], poly(rac-lactide) [89], poly(L-lactide-co-glycolide) [83], and poly(rac-lac-
tide-co-glycolide) [90]. The hydrolytic degradation of glycolide/lactide homo-
and copolymers is homogeneous (i.e., the number-average molar mass has
significantly decreased before any weight loss is noticed). In the second phase of
hydrolysis the degradation of the crystalline regions of the polyester leads to an
increased rate of mass loss and finally to complete resorption. The degradation
of poly(lactide) in aqueous media is reported to proceed more rapidly in the
bulk of a specimen. The explanation for this behavior is an autocatalytic effect
due to the increasing presence of compounds containing carboxylic end groups.
These low molar mass compounds cannot permeate the outer crystalline shell
[91]. The resorption time of L-lactide homopolymers varies from a few months
for a low molar mass poly(L-lactic acid) film to an estimated 50�60 years for
oriented fibers [88]. The reasons for the differences in stability can be found
in the purity of the polymer, molar mass and its distribution, crystallinity, and
orientation. Since poly(rac-lactide) lacks crystalline regions, water uptake
and hence hydrolysis occur more rapidly. The hydrolytic degradation rate
for copolymers of rac-lactide and glycolide is significantly higher than that for
rac-lactide homopolymers [92].
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9.3 TOXICITY AND SAFETY

9.3.1 Introduction

PLA, PGA, and their copolymers have been investigated for a very wide range of
biomedical uses, including resorbable medical implants, bone and tissue engi-
neering, drug delivery systems, and films for wound treatment. In these applica-
tions the chosen polymer must not only meet physical requirements, such as the
need for high mechanical strength in orthopedic devices, but must also be
nontoxic and safe to use. The degradation of these polymers during use can
occur by simple hydrolysis of the ester bond and does not require the presence of
catalytic enzymes. Degradation of PLA or poly(L-lactide-co-glycolide) (PLGA)
occurs by autocatalytic cleavage of the ester bonds through spontaneous
hydrolysis into oligomers and D,L-lactic and glycolic acidmonomers [93]. Lactate
is converted into pyruvate and glycolate and then enters the Krebs cycle to be
degraded into CO2 and H2O. Degradation products of PLA are generally
considered nontoxic to living organisms since lactic acid, one of the primary
breakdown products, occurs naturally through metabolic activity in the human
body [94]. A general description of the degradation pathways of PLA is included
in a recent review by Gupta and Kumar [95].

For acceptable biocompatibility and safety in medical use, the polymers
should also not contain polymerization intiators, stabilizers, solvents, or
emulsifiers. General indications are that PLA, PGA, and PLA-co-PGA show
good biocompatibility and the absence of significant toxicity, although some
reduction in cell proliferation has been reported for PLA in vitro [96, 97], which
may be associated with the presence of acidic degradation products [98].
The resorbability of α-polyesters such as PLA, PGA, and PLA-co-PGA has
also been discussed by other authors [99, 100]. Toxicity, biocompatibility, and
clinical applications of PLA/PGA copolymers were reviewed in the 1990s,
and the authors concluded that these copolymers were suitable materials for
controlled release of bioactive agents and for orthopedic applications [101].

9.3.2 Drug or Vaccine Delivery

PLA-co-PGA copolymers are the most common type used at present in the form
of biodegradable microspheres for drug delivery or vaccine development and
are approved for use in drug delivery by the U.S. Food and Drug Administra-
tion (FDA) [102]. As a result of their biodegradability, these polymers form
biocompatible products that are removed from the body at a slow rate but are
reported not to affect normal cell function [103]. Jostel et al. [104] examined the
safety profile of a sustained-release formulation of human growth hormone.
The formulation was based upon a preparation of recombinant human growth
hormone contained in amylopectin microspheres coated with PLA-co-PGA.
The treatments based on these microspheres were well tolerated and suitable for
longer-term trials. Injectable PLGAmicrospheres have been widely investigated
for delivery of antigens and have a proven safety record with established use in
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marketed products for controlled delivery of a number of peptide drugs and
proteins [105, 106]. There is also significant interest in this copolymer for use
in the rapidly developing field of DNA (deoxyribonucleic acid) delivery
[107]. PLA-co-PGA generally has a history of safe use in humans and good
manufacturing practices (GMP) grade material is available from commercial
sources.

Olivier discussed safety issues when reviewing the use of PLA nanoparticles
to deliver bioactive molecules across the blood�brain barrier [108]. This author
observed that degradation rate depends on four basic parameters: hydrolysis
rate constant (depending on the molecular weight, the lactic/glycolic ratio, and
the morphology), amount of water absorbed, the diffusion coefficient of
polymer fragments through the polymer matrix, and the solubility of the
degradation products in the surrounding aqueous medium [94, 95]. These
parameters are in turn influenced by such factors as temperature, additives
(including drug molecules), pH, ionic strength, buffering capacity, nanoparticle
size, and processing history. Generally considered as biocompatible [95], PLA
or PLGA microspheres are also reported to have good central nervous system
(CNS) biocompatibility [88, 109]. No mortality was reported with albumin-
coated nanoparticles in mice with up to a 2000 mg/kg dose [110]. However,
nanoparticles based on PLA with molar mass of 60,000 stabilized with sodium
cholate were much more toxic with two of five deaths at a 220 mg/kg dose and
five of five at a 440 mg/kg dose associated with marked clinical signs such as
alteration of hematological and biochemical parameters and lung hemorrhage.
This toxicity was attributed to intravascular coagulation and associated events
related to the physical surface properties of the nanoparticles rather than to the
inherent chemical toxicity of cholate or PLA. In contrast, mPEG-PLA
nanoparticles based on poly (ethylene glycol) (PEG) with a molar mass of
2000 and PLA with a molar mass of 30,000 were shown to have a good safety
profile, with no apparent signs of toxicity at the highest studied dose of 440
mg/kg in mice [111].

Drug-eluting stents based on PLA are under development and have been the
focus of pilot studies related to biocompatibility, toxicity, and safety. Uurto et al.
[112]. investigated poly-D/L-lactic acid vascular stents loaded with dexametha-
sone or simvastatin and two different coatings based on PLA plus PDLA and
PLA plus polycaprolactone (PCL). Comparisonwasmade with a self-expanding
stainless steel stent. The biodegradable polymer stents were found to be
biocompatible and reliable and therefore useful for local drug delivery.However,
the authors concluded that further study was needed in order to prove the safety
and efficacy of the biodegradable polymer drug-eluting stents.

9.3.3 Implants

The α-polyesters are among more than 40 different polymer types that have
been used as implants and are generally considered to be biocompatible with
no indications of a foreign body response. Applications have ranged from
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arthroscopy to tissue engineering [113]. Early reports [114�116] indicated that
up to 22% of patients receiving degradable PLA or related polymer implants
developed irritation at the implant site; however, negative bacterial culture
testing suggested that the response was a consequence of chemical irritation
arising from acidic breakdown products [117]. Other implant studies [118�120]
have pointed to PLA as a more suitable material for applications such as
intervertebral cages than copolymers of PGA, not only in regards to degrada-
tion time but also in terms of biocompatibility. Iera et al. [121] reviewed
bioabsorbable fixation devices and noted that these materials have been
investigated since the 1960s with much research focused on how to overcome
any problems associated with such devices. Over time there has been a move
toward self-reinforced materials and newer generations containing bioactive
substances. Bioabsorbable fixation devices have been in use in craniomaxillo-
facial (CMF) surgery for several decades with clinical operations starting in the
early 1990s [122]. At present, most CMF surgery of this type utilizes L-poly-
lactide combined with either D-polylactide or polyglycolide. These are polymer
combinations that have reduced crystallinity, which may explain the lack of
clinically adverse reactions. Holmes et al. [123] also pointed out the excellent
safety profile of PLA and PGA in craniofacial surgery. The clinical character-
istics of PLA, PGA, and related polymers have been reviewed by Suuronen et
al. and their safety in use described [124]. In another study, reaction to the use
of PLA- or PGA-based implants, such as pins, bolts, rods, and screws, in more
than 2500 patients was monitored, and clinically significant adverse reactions
were found in only 4.3% of the cases. All but one of these cases involved PGA
implants and so the likelihood of nonspecific foreign body reaction to PGA
may be estimated from this study. The authors suggested that PLA biocompat-
ibility could be thoroughly confirmed by longer-term studies [125]. This
discussion is not to imply that adverse reactions with implants never occur,
and in fact there have been reports of foreign body reactions with most
bioabsorbable implants. Despite this observation, there is little evidence for
seriously adverse clinical symptoms, and the bioabsorbable implant category
offers the advantage that properties and degradation characteristics can be
modified by appropriate tuning of the polymer chemistry or adjustment of pH
in the implant [126].

9.3.4 Electrospun Fiber Applications

Corey et al. investigated the use of electrospun PLGA nanofiber scaffolds for
alignment of neuron growth as part of nervous system repair [127]. PLLA
nanofibers were spun on to substrates precoated with PLGA. This approach
was found to be less toxic to primary neurons than bandage and glue used in
other studies. Murakami et al. examined tissue-adhesive hydrogels and stated
that PLA is known to be biocompatible and noncytotoxic [128]. The
potential of electrospun nanofibrous scaffolds composed of biodegradable
polymers such as PLA, PGA, and PLA-co-PGA as safe and nontoxic substrates
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for a wide variety of uses in drug release and tissue engineering has been
recognized [129].

9.3.5 Bone Cements

The use of acrylic bone cement is supported by laboratory and clinical data,
validating it as a depot for administration of antibiotics. However, the search
continues for alternative materials that do not require secondary operations for
removal. Many biodegradable polymers including PLA, PGA, and copolymers
have been studied for this use and some are in use outside the United States for
clinical applications. However, in the United States none have been approved
so far and none are commercially available. McLaren [130] reviewed alternative
bone cements and suggested that the total antibiotic load in such materials
should not exceed the acceptable toxicity risk when administering the antibiotic
intravenously over 24 h.

9.3.6 Other Applications

El-Beyrouty et al. [131] reviewed the clinical data for L-PLA in respect to its use as
an intradermal injection for treatment of facial fat loss associated with the
human immunodeficiency virus (HIV). PLA is approved by the FDA for correc-
tion of facial lipoatrophy in people with HIV. The results of six clinical trials
showed an increase in cutaneous thickness as a result of such treatments, although
adverse effects included nodule and hematoma formation as well as pain at the
injection site. Researchers [122, 127] have discussed the use of resorbable devices
for treatment of acquired and congenital craniofacial deformities. These reports
note that PLAandPGAhave demonstrated excellent safety profiles inmultiple in
vitro animal and clinical studies and are currently being used for a wide variety of
such uses.

9.4 DRUG DELIVERY APPLICATIONS

9.4.1 Introduction

Polymeric drug delivery systems provide numerous advantages for the admin-
istration of bioactive agents, including protection against degradation, increa-
sed aqueous solubility, controlled release, retention of the drug at the site of
action, and, in some cases, a method by which the drug can be targeted to the
disease site. Several nondegradable polymeric drug delivery systems have
reached the market, including contraceptive devices (Norplant), ocular inserts
(Vitrasert), and coated medical devices (Taxus stent), demonstrating their
superior ability to provide controlled release in chronic treatment. In some
cases, the obvious drawback of these systems is the need to remove the device
once the drug loading has been exhausted. This may have negative implications
in circumstances where device retrieval could have deleterious effects or be
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impossible to use as in ocular, pulmonary, and intravenous delivery. Accord-
ingly, the investigation of biodegradable, biocompatible polymers has become
the focus of polymeric drug delivery research in recent decades.

The utility of PGA for drug delivery is limited due to its high degree of
crystallinity and lack of solubility in appropriate solvents for drug loading.
PLLA is more hydrophobic, resulting in prolonged degradation and solubility
in a variety of organic solvents. Since the L(1) form is metabolized in the body,
this polymer is more commonly used for biomedical applications compared to
PDLA [132]. PLGA copolymers are by far the most utilized aliphatic polyesters
for drug delivery applications. These copolymers have been used, and are
currently being investigated, for the delivery of therapeutic agents to a number
of administration sites, whether intended for localized delivery, as in drug-
eluting stents, or as a means of gaining access to the systemic circulation, as for
parenterally administered depot formulations (Fig. 9.3).

9.4.2 Parenterally Administered Delivery Systems

In nondegradable polymeric drug delivery systems, controlled release is achie-
ved by diffusion of the drug through the polymer matrix, often resulting in
predictable zero-order release profiles. Drug release from a degradable system
composed of aliphatic polyesters is achieved through a combination of diffus-
ion and polymer degradation mechanisms. This commonly results in a triphasic

FIGURE 9.3 Polymeric drug delivery systems based on PLA and PLGA currently

marketed or in clinical trials are administered to several sites for the treatment of a

variety of disease states.
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release curve characterized by an initial burst phase, followed by a lag period of
decreased or no drug release and a final phase of increased release caused by the
total disintegration of the device. Thus, by controlling the biodegradation rate
of the polymer, the drug release rate can be adjusted. Parameters that influence
polymer biodegradation include molecular weight, degree of crystallinity, and
hydrophobicity and have been extensively reviewed elsewhere [132�134]. In the
case of PLGA, changing the lactide content from 50 to 85%, and hence
increasing the hydrophobicity of the polymer, results in prolonged biodegrada-
tion times of 2 to 5 months [134]. The proven biocompatibility, FDA approval,
and the ability to tailor the release rate are no doubt responsible for the
considerable number of parenterally administered PLGA depot formulations
on the market (Table 9.3).

9.4.3 Microspheres

Polymeric microspheres may be defined as particles with diameters ranging
from 1 to 1000 μm in which drugs are homogeneously dissolved or dispersed in
a polymeric matrix [135]. In recent years, parenterally administered micro-
spheres composed of PLA and PLGA have received attention for their
tremendous ability to provide controlled release of bioactive agents, resulting
in controlled therapeutic plasma levels for the treatment of diseases.

Protein and Peptide Therapeutics. Through advances in biotechnology, a
number of protein and peptide therapies have been developed, providing the
potential to treat previously untreatable conditions. Since the first FDA-
approved peptide delivery system, Lupron Depot, there have been several
PLGAmicroparticulate formulations investigated for the treatment of a variety
of therapeutic applications, including cancer and endocrine disorders, with
several reaching the market (Table 9.3).

Formulation Issues and Excipients. The formulation of proteins and pep-
tides in polymeric microparticles presents several challenges. In order for these
agents to remain active once released, theymust retain their native conformation,
a task not easily achieved because of the harsh conditions imposed during
encapsulation and release.Due to the aqueous solubility of proteins andpeptides,
a water-in-oil-in-water (w/o/w) emulsification technique is often employed to
ensure adequate loadingwithin the hydrophobic polymermatrix. In thismethod,
the protein is first solubilized in an aqueous phase, which is subsequently
emulsified in a polymer solution in an organic solvent. This primary emulsion
is then emulsified in a secondary aqueous phase, resulting in the extraction of the
organic solvent, precipitation of the polymer, and formation of hardened
microspheres with the drug entrapped in the matrix. Proteins and peptides are
frequently amphipathic in nature, adsorbing at solid orwater andorganic solvent
interfaces and possibly leading to protein denaturation, aggregation, and large
burst release profiles. Several methods have been employed to combat this
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potential instability. Excipients that preferentially accumulate at the phase inter-
face and therefore take the place of the therapeutic molecule are added to the
aqueous phase of the primary emulsion. Such excipients include albumin [136],
phosphatidyl choline [137], polyethylene glycol [138], and gelatin [139]. Trehalose
was demonstrated to be particularly effective at stabilizing proteins such as
recombinant human growth hormone (rhGH) [140] and interferon-γ [141] by
acting to shield theprotein from theorganic solvent.Onewayof solving instability
problemsassociatedwithw/o/wemulsification is toavoid it altogether.This canbe
achieved by using a cryogenicmethod of protein encapsulation. In this technique,
the protein, in a solid form prepared by lyophilization, is first suspended as a solid
in the PLGA and organic solvent solution. This dispersion is then ultrasonically
sprayed into liquid nitrogen, and frozen ethanol is subsequently added to extract
the organic solvent. Since the process is completely anhydrous and the protein is
insoluble in all components used, the protein retains its integrity and is encapsu-
lated with a high efficiency. This process, termed ProLease technology, was
developed byAlkermes, Inc. andwas successfully used for the development of the
controlled-release formulation of rhGH, Nutropin Depot [140].

Protein instability can also occur during the release from PLGA micro-
particles. Once in contact with the aqueous phase, PLGA begins to absorb
water, which in turn may increase the mobility of loaded proteins, potentially
causing aggregation and adsorption of protein to the PLGA. These effects may
cause incomplete release of the protein or release of inactive (aggregated)
proteins. Forming insoluble but reversible complexes with zinc can avoid
this instability. This method was used in the formulation of rhGH resulting
in the release of monomeric and bioactive protein [142]. Furthermore, during
the degradation of PLGA the pH of the surrounding media has been shown to
dramatically decrease due to the production of carboxylic acids during
hydrolysis of the ester bonds. This acidic pH can lead to unfolding, hydrolysis,
and aggregation of proteins and peptides. The addition of inorganic salts that
act as antacids, such as magnesium hydroxide or sodium bicarbonate, can
improve the stability of encapsulated proteins during their release [143].

PEGylation Strategies for Protein and Pepetide Delivery. A number of
poly(ethylene glycol)-conjugated (PEGylated) proteins have been approved by
the FDA [144]. PEGylation has been shown to improve the plasma half-life
of these proteins; however, regular injection is still required. PEGylation of
proteins may also hold the answer to many of the problems associated with the
development of controlled microparticulate protein delivery previously men-
tioned. It has been shown in several instances that PEGylated proteins exhibit
improved stability in organic solvents, such as methylene chloride, decreased
aggregation, and reduced adsorption to PLGA [145, 146]. Furthermore,
PEGylated proteins have demonstrated more favorable release profiles with a
decreased burst phase and prolonged and often complete protein release
[145�147]. This may be attributed to the reduced aggregation and more even
distribution of the protein in the microsphere.
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Clinical Trial Formulations. Amylin Pharmaceuticals Inc. in collaboration
with Eli Lilly and Company have recently developed a once-weekly, long-acting
release (LAR), subcutaneous injection of exenatide (exenatide LAR), an incretin
mimetic or glucagon-like receptor agonist basedonAlkermes’ proprietaryPLGA
microspheres system, Medisorb, for the treatment of type II diabetes. Although
available details on the formulation are limited, the results from clinical trials
have recently been published. Compared to placebo, patients treated with
exenatide LAR had reduced mean hemoglobin A1c (HbA1c) levels, an indicator
of average plasma glucose concentration over extended periods of time, reduced
fasting glucose levels, and significant body weight reductions [148]. In a recent
noninferiority study, exenatide LAR was compared to twice-daily dosed exena-
tide. Patients receiving once-weekly injections of exenatideLARhad significantly
lower HbA1c levels with a greater proportion of patients reaching target HbA1c

levels of 7.0% or less [149]. This medication has the potential to provide superior
glycemic control and weight loss for type II diabetic patients with convenient
once-weekly treatment. Exenatide LAR is currently in phase III trials.

Small-Molecule Therapeutics. The use of parenterally administered micro-
particles is a common strategy for the controlled delivery of small-molecule
drugs. Recently, a number of drugs that have previously been approved for
oral administration have been reformulated as controlled-release parenterally
administered PLGAmicrospheres. Inmany cases the advantage of these systems
is improved patient compliance by eliminating the need for frequent dosing,
maintaining prolonged therapeutic blood levels or, in some cases, delivering
the drug directly to the site of action. In 2003 an intramuscularly (IM) injec-
ted controlled-release formulation for the antipsychotic agent risperidone
was approved under the trade name Risperdal Consta. These microspheres are
composed of PLGAand contain a 38%w/w loading of risperidoneproducedby a
proprietary single oil-in-water emulsification process developed by Alkermes,
Inc. The IM injection of Risperdal Consta resulted in an initial burst of drug in
the first day followed by a lag of approximately 3 weeks and then a nearly 2-week
period of approximately zero-order release kinetics. Therapeutic plasma levels
of risperidone were obtained between 3 and 6 weeks after injection [150].

A controlled-release formulation of the nonselective opioid antagonist nal-
trexone has been approved for the treatment of alcohol dependence. Oral
naltrexone was approved for opioid dependence in 1985, with approval for use
in cases of alcohol dependence in 1994.Oral naltrexone is efficacious in improving
some, but not all, drinking outcomes with a major limiting factor being the
compliance of the patient. Therefore, the efficacy of oral naltrexone is highly
dependent on the adherence of the patient to the drug regimen [151]. The use of
extended-release naltrexone formulations has been shown to improve abstinence
rates; however, many formulations are plagued by poor tolerability due to
injection site reactions and subtherapeutic drug plasma concentrations [152].
The extended release intramuscular injection of naltrexone (Vivitrol) was
approved in 2006. These microspheres, similar to those of Risperdal Consta, are
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composed of PLGA with a drug loading of 34% w/w achieved by the Medisorb
process. Administration of Vivitrol to alcohol-dependent adults, in combination
with psychosocial therapy, was shown to effectively reduce the frequency of heavy
drinking [153]. Vivitrol is currently approved as a once-monthly IM injection for
the treatment of alcohol dependence along with psychosocial support.

9.4.4 In Situ Forming Depots

In situ forming solid depots have been shown to be valuable in the site-specific
delivery of a number of therapeutics by providing the convenience of an
injectable system with the benefit of controlled release from a solid implant. In
particular, the Atrigel system (Fig. 9.4) has been developed into marketed
products for the treatment of prostate cancer, periodontitis, and periodontal
tissue regeneration [154]. This system, developed by Dunn and co-workers, is a
liquid composed of PLGA or PDLLA dissolved in a hydrophilic, nontoxic
solvent, N-methyl-2-pyrrolidone (NMP). Atrigel has been formulated with
leuprolide acetate as the marketed product Eligard for the controlled delivery
of the peptide for the treatment of prostate cancer. Four formulations have
been approved by the FDA for repeated treatment every 1, 3, 4, or 6 months.
As determined in preclinical studies, varying the drug loading and molecular
weight can control the length of time of testosterone suppression [155]. In
preclinical rat and dog animal models, the PLGA composition tested had a

Syringe

Epidermis

Dermis

Atrigel Solvent Hardened
Atrigel

Drug
Molecules

Drug
Molecules

FIGURE 9.4 Atrigel delivery system is an injectable liquid composed of drug and

polymer dissolved in N-methyl-2-pyrrolidone (I). After IM injection, the solvent diffuses

into the surrounding tissue leaving a solid depot of polymer and drug (II). Controlled

release of drug occurs via diffusion and polymer degradation (III).
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ratio of lactide to glycolide of 75 : 25 with a 45 : 55 ratio of polymer to NMP
[155, 156]. By 21 days postadministration in clinical trials, all four formulations
reduced serum testosterone levels to #50 ng/dL, equivalent to those produced
by orchidectomy, Furthermore, prostate serum antigen levels, a predictor of
reoccurrence or metastasis, were found to decrease to normal levels in almost
all of the patients. The formulations were well tolerated with no reports of
severe injection site reactions and only one report of severe hot flushes with the
monthly injection formulation [157�159].

9.4.5 Nanoparticles

For the purpose of drug delivery, nanoparticles may be defined as colloidal-sized
particles, possessing diameters ranging between 1 and 1000 nm, into which drugs
may be encapsulated, adsorbed, or dispersed. The use of amphiphilic block
copolymers for drug delivery applications has been increasingly more popular
over the past two decades. These materials are composed of two different
monomers, one hydrophilic and the other hydrophobic, arranged so that the
polymer has significant sections, or blocks, entirely composed of one type of
monomer andare typically diblockor triblock configurations.Themost common
choice for the hydrophilic block is PEG due to its high degree of water solubility
and biocompatibility. Numerous hydrophobic blocks have been investigated
including polyethers and poly(amino acids); however, the aliphatic polyesters
including PLA and PLGA are often selected due to their aforementioned
biocompatibility and potential for controlling drug release through degradation.

Properties of Block Copolymers Forming Nanoparticles. At a specific
and narrow concentration range of amphiphile in solution, termed the critical
micelle concentration (CMC), several amphiphiles will self-assemble into
colloidal-sized particles termed micelles. Micelles typically range from 10 to
50 nm in diameter and are characterized by a core consisting of hydrophobic
blocks surrounded by a corona composed of highly water-bound hydrophilic
blocks. Using light scattering, sedimentation velocity, and small-angle x-ray
scattering, it has been demonstrated that a dynamic equilibrium exists between
the aggregated individual molecules and the unimers in the bulk solution.
Therefore, micelles obey what is termed a closed association model [160�162]
and should not be considered solid particles but rather should be described as
association colloids [163]. If the hydrophobic block is considerably larger than
the hydrophilic block, the copolymer is no longer water soluble and therefore
will not self-assemble through dissolution; however, it is possible to form
nanoparticles by precipitation and emulsification techniques. These systems,
termed nanospheres, possess a core�shell architecture similar to micelles;
however, their constitutive unimers are not in a dynamic equilibrium with
those in the bulk solution. These particles are more solid-like and are typically
larger than micelles, often having diameters greater than 200 nm and being
considerably more polydisperse [164].
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The use of amphiphilic copolymer nanoparticles offers several advantages for
drug delivery. These systems can be used to increase the aqueous solubility of
several hydrophobic drugs, potentially alleviating the use of toxic cosolvents and
low-molecular-weight surfactants [165, 166]. The highly water-bound corona of
PEGylated nanoparticles confers “stealth-like” properties to nanoparticles,
allowing them to circulate for prolonged periods by repelling plasma proteins
including complement proteins, immunoglobulins, and apolipoproteins, which
mediate the recognition and phagocytosis bymacrophages [167, 168]. Prolonged
circulation, combined with the nanoscopic diameter of these systems, has been
attributed to their ability to accumulate in tissues possessing leaky vasculature
and poor lymphatic drainage, such as solid tumors [169]. Nanoparticles also
provide a platform for the conjugation of targeting moieties such as antibodies
[170], peptides [171], andmost recently aptamers [172]. These ligands are capable
of recognizing specific antigens or receptors on the surface of cancer cells or in
some cases the microvasculature of tumors, resulting in greater specificity and
increased receptor-mediated cell internalization.

Clinical Trial Formulations. Despite significant research interest in the
development of polymeric nanoparticulate drug delivery systems, no such
formulations have yet reached the market; however, a polymeric micellar
formulation of the anticancer drug paclitaxel, marketed under the name
Genexol PM, is currently undergoing clinical trials in the United States for a
variety of cancers. Due to the highly hydrophobic nature of paclitaxel, its
commercial formulation, Taxol, consists of the drug at a concentration of 6 mg/
mL solubilized in polyethoxylated castor oil (Cremophor EL) with 50%
anhydrous alcohol. Administration of Cremophor EL is associated with several
adverse effects, including anaphylactic reactions, hyperlipidemia, and modifi-
cation of electrophoretic and density gradient behavior of lipoproteins [173].
The goal of developing Genexol PM was to produce a formulation that would
adequately solubilize paclitaxel without the toxicity of Cremophor EL. Genexol
PM is composed of the amphiphilic diblock copolymer methoxy poly(ethylene
glycol)-block-poly(D,L-lactide) with molecular weights of 2000 and 1750 g/mol
for the MePEG and PDLLA blocks, respectively [174]. Phase I clinical studies
determined the maximum tolerated dose (MTD) to be 390 mg/m2, twice that of
Taxol, with no acute hypersensitivities attributed to the formulation reported
[175]. In phase II trials, Genexol PM was determined to be more efficacious as a
first-line therapy for metastatic breast cancer than Taxol, with an overall
response rate of 58.5% as compared to 21�54% for Taxol [176].

9.4.6 Periodontal Delivery Systems

The first marketed implantable device for periodontal disease, one of the most
prevalent diseases in the western world, was Actisite, a tetracycline-loaded
ethylene vinyl acetate fiber providing sustained release for 10 days. Reports of
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the extrusionof thedevice from theperiodontal pocket andneed for removal after
treatment limited the usefulness of this system [177]. Atrigel has been used for the
successful formulation of doxycycline hyclate for the treatment of periodontal
disease as the productAtridox. This formulation contains 8.5%w/w doxycycline
hyclate dissolved in 37% w/w PDLLA in NMP [178]. When administered, the
product flows deep into the periodontal pocket, forming awax-like depot when it
comes in contact with the crevicular fluid. Atridox releases doxycycline over a
periodof 7days.Clinical trials demonstrated thatAtridoxwas equally as effective
as scaling and root planing (SRP) in reducing periodontitis [178].

Minocycline HCl has also been formulated into a polymeric delivery system
for the treatment of periodontitis as the marketed product Arestin. Arestin
consists of minocycline HCL-loaded PLGAmicrospheres with a drug loading of
1 mg per 3 mg of polymer [179]. After scaling and root planing, the dry
microspheres are deposited in the periodontal pocket via a syringelike applicator.
Upon contact with the crevicular fluid, the drug is released in a controlled
manner, obtaining local concentrations up to 340 μg/mL after 14 days [179]. In
clinical trials, Arestin with SRP was more effective at reducing probing depth
compared to SRP or SRP with blank microspheres [179].

9.4.7 Ocular Delivery Systems

Posterior segmental ocular diseases, including, age-related macular degenera-
tion and diabetic retinopathy, are the leading cause of visual impairment in
industrialized countries [180]. Treatments for these conditions may be met by
advances in biotechnology; however, the delivery of these therapeutics remains
a formidable hurdle to treating these diseases as the eye has several tissue
barriers that limit effective drug doses from reaching their target tissues. Drugs
formulated in topically applied delivery systems such as solutions, suspensions,
and gels are effective in treating diseases of the anterior segment but do not
reach the posterior segment of the eye in sufficient quantities. To date, the most
effective strategy for treating diseases of the posterior segment is via local or
systemic administration; however, these methods have their limitations. Due
to the small blood flow to the eye and the protective mechanisms of the
blood�retinal barrier, many systemically administered drugs are not capable of
reaching the posterior segment. Those that are capable of passing through the
blood�retinal barrier must be given in large doses in order to reach therapeutic
concentrations in the eye, and therefore only drugs with a wide therapeutic
index are acceptable candidates for this method. Local administration by
intraocular and periocular injection are effective but invasive, and repeated
administration in order to maintain therapeutic drug concentrations may lead
to complications such as retinal detachment, hemorrhages, and endophthalmi-
tis [181]. In order to minimize the number of injections required, it is necessary
to achieve controlled release of the drug in the eye. Intravitreal or periocular
injected polymeric implants and micro- or nanoparticles composed of PLGA
have been used to achieve controlled, localized drug delivery (Fig. 9.5).
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Implants. To date only one biodegradable ocular implant, Posurdex (Allergan
USA, Inc.), is close to market approval. This implant, made of PLGA, can
deliver dexamethasone for the treatment of macular edema due to retinal vein
occlusion over a 1-month period. The device is implanted through a small
incision or puncture in the pars plana. An initial clinical trial of Posurdex using
two drug loadings, either 350 or 700 μg, has been completed [182]. It was found
that after 90 days of implantation a greater proportion of treated patients
achieved an improvement in their best-corrected visual acuity than for
untreated patients. The implant was well tolerated with 11% of treated patients
displaying increased intraocular pressure. Posurdex is currently in phase III
trials for the treatment of retinal vein occlusion and diabetic macular edema.

Micro- and Nanoparticles. A common strategy for the delivery of therapeu-
tics to the posterior segment is via intravitreal or periocular injection of micro-
or nanoparticles. This procedure is less invasive than surgical implantation as
the particles can be injected as a dispersion, typically via a 18- to 30-gauge needle
[183]. Several polymers have been explored for use as intraocular drug delivery
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FIGURE 9.5 Intraocular and periocular polymeric drug delivery systems: (A) intrao-

cular or periocular administered micro or nanoparticles, (B) vitreal implants, (C) scleral

plug, and (D) intrascleral disks [187].
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systems; however, the use of PLA and PLGA remains the most popular due to
their biocompatibility and lack of retinal cytotoxicity [184, 185]. The develop-
ment of vitreal clouding and subsequent loss of vision is of concern with
intravitreal injection of particulates. However, it has been reported that micro-
spheres larger than 2 μm sink in vitreal fluid, alleviating the problem of clouding,
and thus making intravitreal injections of microspheres clinically feasible [186].

Although a microparticle or nanoparticle system has not yet been approved
for intraocular injection, a variety of preclinical studies have shown promise for
anassortment of diseases includingproliferative vitreoretinopathy (PVR), ocular
neovascularization, and cytomegalovirus retinitis (CMV). Antiproliferative
agents including 5-fluorouracil (5-FU), adriamycin, and retinoic acid have
been used as treatments of PVR. Moritera and co-workers demonstrated that,
depending on the molecular weight of the polymer, 5-FU could be released from
PLAmicrospheres for up to 7 days and completely disappeared from the vitreous
humor in 6 weeks [185]. In further investigations using the same PLA delivery
system, a dose of 10 μg of adriamycin resulted in a significant decrease in the
number of detached retinas as compared to controls in a rabbit model [187].
Similarly, Giordano et al. showed that retinoic acid could be delivered at a
constant rate of 6 μg/day for 40 days from PLGAmicrospheres. In a PVR rabbit
model, a single injection of this formulation was effective at reducing the
incidence of retinal detachment after 2 months [188]. After the success of
Vitrasert, ganciclovir-loaded PLGA microspheres for the treatment of CMV
have been investigated to eliminate complications associated with the implanta-
tion and replacement of the device. Veloso et al. demonstrated that ganciclovir
microspheres were capable of controlling disease progression in CMV-inoculated
rabbit eyes [189]. There have been investigations into the use of intravitreally
administered nanoparticles. Bourges et al. demonstrated that, after a single
intravitreal injection of PLA nanoparticles, transretinal migration of the nano-
particles occurred with gradual uptake in the retinal pigment epithelium (RPE)
cells. These nanoparticles were still present 4 months postinjection [190]. Follow-
up studies by the same group demonstrated in vivo that these nanoparticles,
loaded with red nuclear fluorescent protein plasmid, were specifically targeted to
theRPEcells.Gene expressionwithin theRPEcells occurredas early as 4days and
remained detectable for 14 days [191]. Although still in the early stages of
development, this passive targeting mechanism shows potential in the treatment
of diseases affecting the retina, such as macular degeneration.

9.4.8 Thermoreversible Gels for Intratumoral Injection

Thermoreversible gels composed of triblock copolymers demonstrate great
potential as drug delivery systems. The first of these systems investigated were
Pluronic gels used for the delivery of a variety of agents including anticancer
drugs and peptides [192, 193]. The downfall of this approach is the lack of
polymer biodegradability and potential toxicity [194] as well as the rapid
dissolution of the gel, limiting the use as drug delivery systems for controlled
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drug release [195]. Triblocks composed of PEG and PLGA with ABA or BAB
architecture, in which A represents the PLGA block and B the PEG block, also
display thermoreversible characteristics [196, 197]. The added advantage of
biodegradability and the formation of solid, slowly dissolving implants make
these materials good candidates for delivery systems.

A considerable amount of research on the synthesis, characterization, and use
of PEG�PLGA�PEG copolymers as delivery systems has been done by Jeong
and co-workers [198�199]. If the polymer is present as a solution above a
concentration termed the critical gel concentration (CGC), the solution will exist
as a freely flowing sol below a temperature termed the critical gel temperature
(CGT). If the solution is heated above the CGT, the solution undergoes a phase
transition to a nonflowing gel. At sufficiently high temperatures the gel will
undergo another phase change back to a sol. The lower temperature phase
transition (i.e., the sol-to-gel transition) is particularly useful for drug delivery
applications. This property allows for the injection of the material into a body
cavity as readily flowing liquid. Upon heating in the body the polymer turns to a
semisolid gel, forming a depot. Although the mechanism of gelation for these
polymers is not fully understood, it has been attributed to a decrease in the
solubility of the copolymer in water as the temperature increases. This causes an
abrupt increase in aggregation number, resulting inmicellar growth, closemicelle
packing, and partial phase mixing of PEG and PLGA at the CGT [196, 200].

The PLGA�PEG�PLGA triblock, currently marketed as ReGel, has been
used for the release of proteins such as insulin, porcine growth hormone,
granulocyte colony stimulating factor and recombinant hepatitis B surface
antigen [197, 201, 202]. This system remains at the site of injection for up to 1
month with controlled release of the encapsulated therapeutic occurring via a
combination of diffusion and polymer degradation mechanisms, which last
from 1 to 6 weeks [197]. Currently, ReGel is formulated with paclitaxel as a
product known as OncoGel and is being investigated for the treatment of
pancreatic [203], breast [197], and esophageal and primary brain cancers [204].

9.4.9 Drug-Eluting Coronary Artery Stents

Coronary artery disease is the leading cause of death in theUnited Stateswith one
in every five Americans being affected [205]. Percutaneous coronary angioplasty
(PTCA) has become the mainstay in the surgical intervention of coronary artery
disease and has recently overtaken bypass surgery in terms of the number of
annual procedures [206]. A common complication of PTCA is the development
of restenosis, which is awound healing response that results in the renarrowing of
the vessel wall due to elastic recoil, neointimal proliferation, and negative
remodelling [207]. The use of coronary artery stents, which are metal cagelike
structures deployed during PTCA and used to prop open the vessel, can
significantly decrease the occurrence of restenosis and subsequent major adverse
cardiac events (MACE), myocardial infarction, and death (Fig. 9.6) [208]. In
many cases, restenosis still occurs, resulting in the overgrowth of the stent in a
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process termed in-stent restenosis (Fig. 9.6). This often results in the need for
further angioplasty or bypass surgery. Drug-eluting stents emerged in the 1990s
as an elegant method of reducing in-stent restenosis. Typically, these devices are
metal stents that are either fully coated or abluminally coated with a drug-loaded
polymeric coating,which allows for the local delivery of the therapeutic agent at a
controlled rate (Fig. 9.7). The drugs selected for this application inhibit
the proliferation of vascular smooth muscle cells. The first of these devices were
the Cypher and Taxus stents using the drugs sirolimus and paclitaxel, respec-
tively. Both of these devices employed nondegradable polymer coatings, a
copolymer of ethylene and vinyl acetate for Cypher and a block copolymer
of polystyrene and polyisobutylene for Taxus. Compared to bare metal stents,

Coronary
Artery

Dialated
Balloon

Dialated
Balloon

Deployed
Stent

Compressed
Plaque

Compressed
Plaque

Free
Blood Flow

Restricted
Blood Flow

Restenosis

Collapsed
Balloon

Catheter Catheter

Collapsed
Stent

Expanded
Stent

Atherosclerotic
Plaque

Atherosclerotic
Plaque

Atherosclerotic
Plaque

Restricted
Blood Flow

FIGURE 9.6 After the treatment of an atherosclerotic plaque with balloon angioplasty

(I), a bare metal coronary artery stent is inserted using an inflated balloon (II�III).

Bare metal stents maintain free blood flow by decreasing rates of restenosis due to

angioplasty (IV); however, use of these devices may result in significant rates of in-stent

restenosis (V).

Drug/Polymer
Coating

Strut Bridging Element

Stent Strut

Strut

Drug

Drug

Drug

StrutPolymer
Coat

Polymer
Coat

FIGURE 9.7 Polymer/drug coating on a drug-eluting stent may either fully cover the

surface of the strut or only coat the abluminal side.

346 LACTIDE AND GLYCOLIDE POLYMERS

ch009 14 April 2011; 12:16:18



these devices have demonstrated significantly decreased rates of restenosis [146,
209]. However, clinical trials have shown that there is an increased risk of death
and myocardial infarction up to 3 years after treatment due to late stent
thrombosis [210]. Late stent thrombosis involves rapid formation of a blood
clot within the stent due to incomplete endothelialization of the device. Although
the exact mechanisms causing late stent thrombosis have not been determined,
several factors have been implicated, including hypersensitivities to the coating
polymers [211] anddelayed healing of the injury site due to the use of potent drugs
such as paclitaxel and sirolimus [212]. The next generation of stents are aimed at
reducing the risk of late stent thrombosis by utilizing new stent designs and drugs
tailored for the treatment of restenosis as well as more biocompatible, biode-
gradable polymers including PLA and PLGA as coating and strut materials.

The BioMatrix stent uses a stainless steel stent coated with PLA loaded with
Biolimus A9, a sirolimus analog that was specifically designed for the treatment
of restenosis. The drug is loaded only on the abluminal surface of the stent at a
concentration of 15.6 μg/mm of stent. The coating is reported to degrade over a
period of 6�9 months providing controlled drug release. In the first human
trials (STEALTH I trial) it was shown that the BioMatrix stent was more
effective at preventing in-stent late lumen loss and in-stent restenosis as
compared to bare metal stents [213]. Whether this design results in a lower
rate of late stent thrombosis will require a longer study.

Themajority of stent platformsare retrofitted to enable the delivery of drugs to
the arterial wall by simply coating the strut with polymer�drug mixtures. This
can lead todeformationof the polymer coatingduring stent deployment, possibly
causing cracking and disruption of the coating. The CoStar stent developed by
Conor Medsystems is unique in that the stent strut is not coated but rather
contains polymer and drug-loaded wells (Fig. 9.8). This design prevents polymer
deformation during stent deployment. Furthermore, since the polymer is

Strut Bridging Element

Drug/Polymer
Reservoirs Stent Strut

No Drug Drug A Drug B Barrier

I II III

FIGURE 9.8 Medsystems CoStar stent contains polymer/drug-filled wells that can be

customized to directionally release one drug only abluminally (I) or two drugs

abluminally but at different times (II) or at the same time with one released abluminally

and the other luminally (III) [216].
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contained in a well, it limits the contact between the tissue and polymer,
potentially minimizing any polymer-induced inflammation and hypersensitivity
reactions [214]. These wells provide several options for customization to enable
directional and temporal release of drugs as illustrated in Figure 9.8 [215]. This
stent system also provides the capability to deliver two drugs simultaneously by
filling alternating wells with the agents.

TheConor stent has undergone several clinical trials, the first of whichwas the
paclitaxel in-stent controlled elution study (PISCES trial), which investigated the
safety and performance of different doses and release rates from the stent [216].
This study found that target lesion revascularization and MACE were lowest
with stents designed to release drug for 30 days as opposed to those that released
drug for 10 days, regardless of the paclitaxel loading. A follow-up study
(COSTAR trial) also found promising results with the long-release formulation
showing less late loss and binary restenosis. In a recent trial, COSTAR II, it was
shown that CoStar failed to show noninferiority over the Taxus stent [217] and
has since been removed from the market. Since this time, Conor has been using
the same stent platform to develop a drug-eluting stent that will deliver two
drugs, paclitaxel and primecrolimus, as well as sirolimus as a single agent.

It is speculated that the occurrence of late stent thrombosis in the case of drug-
eluting stents may be due to the delay of growth of healthy endothelium over the
stent struts and the nondegradable coating [218]. The need for scaffolding of the
vessel and delivery to prevent initial neointimal growth is temporary and thus,
the use of fully bioresorbable stents may result in less late stent thrombosis as
they allow for the complete disappearance of the biomaterial [219]. The safety of
such stents was demonstrated by Tamai and co-workers who tested a PLLA stent
in humans, showing a similar safety profile as bare metal stents [220]. Abbott
Pharmaceuticals is currently developing a bioabsorbable drug-eluting stent
composed of a PLLA structure coated with everolimus-loaded PDLLA. The
stent is designed to release 80% of its 98-μg loading over 28 days with a peak
tissue concentration of 15 ng/mL occurring 3 hours after implantation. In a
recent clinical trial (ABSORB trial) the stent had a low rate of MACE of 3.3%
and no target lesion revascularizations or late stent thromboses after one year
[219]. Although it is too soon to determine whether these new stents truly are
safer than their metal counterparts, these early findings are promising.

9.4.10 Pulmonary Microparticles

The delivery of drugs via the pulmonary route has been used for decades for the
local delivery of drugs in treating respiratory diseases such as asthma and
chronic obstructive pulmonary disease. For several reasons, this route of
administration also holds promise for the delivery of therapeutics for systemic
circulation. The lungs have a high blood flow and provide a large surface area
for drug uptake [221]. Furthermore, the lungs have lower enzymatic activity
than other areas of the body and inhaled therapeutics avoid first-pass
metabolism [222]. Therefore, the lungs have been investigated for the delivery
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of several biopharmaceticals that suffer from poor bioavailability as a result of
degradation. In addition, drug administration via the pulmonary route is
considerably less invasive than parenteral administration, which is often
required for biopharmaceticals such as proteins and peptides. Inhalation
therapy has the potential to be better accepted by the patient and does not
carry the same risks as injections.

In order for a therapeutic agent to be systemically absorbed via the lungs, the
carrier must reach the alveolar epithelium; however, several mechanisms exist to
prevent foreign bodies from penetrating deep within the respiratory tract. The
airway continually bifurcates through 23 stages before the alveoli are reached.
This tortuous pathway makes it difficult for aerosolized formulations to reach
their target. If the particles are not propelled at the correct velocity or are not of
the correct size, impact with the mouth and throat will occur and clearance by
the mucociliary escalator will remove the particles. If particles do reach the deep
lung, they are subject to subsequent removal by macrophages. In order to
maximize particle deposition in the lungs, several inhaler devices have been
developed; however, the intelligent design of the aerosolized particles has also
been pivotal in the successful delivery of therapeutics via the pulmonary route.

It is well known that the deposition of particles in the lungs is governed by
the aerodynamic diameter, which is defined as the geometric diameter that a
particle possesses on the basis of its in-flight speed, if it is assumed to be
spherical and possess a density of 1 g/cm3 [223]. This factor is dependent on the
size and mass density of the particle. Experimentally, it has been demonstrated
that aerosolized liquid drugs with a mean aerodynamic diameter of 1�3 μm
reach the deep lungs and have the maximal therapeutic effect [224, 225].
Curiously, larger aerosolized particles with geometric diameters of tens of
microns such as coal dust and pollen are capable of achieving lung deposition
[223]. This is attributed to their low mass densities and thus smaller aero-
dynamic diameter. Since the phagocytosis and clearance of particles larger than
2�3 μm is decreased [226], it is advantageous for controlled-release formula-
tions to be as large as possible while retaining lung deposition. In addition,
larger particles are less prone to aggregation, thus requiring less energy to
aerosolize. With these concepts in mind, Edwards et al. designed large porous
PLGA microparticles for the delivery and controlled release of proteins to the
lungs for systemic uptake [227]. These large porous particles with a diameter
of . 5 μm were first reported for the encapsulation and sustained pulmonary
delivery of insulin [227]. The microspheres were composed of 50 : 50 PLGA and
formed by a double emulsification technique. Lung deposition and systemic
bioavailability studies were conducted in rats, demonstrating that a greater
number of porous particles reached and were retained in the deep lung as
compared to nonporous microspheres of the same aerodynamic diameter.
Porous microspheres maintained elevated insulin levels in blood for 4 h and
decreased serum glucose levels for up to 96 h. This technology was used by
Alkermes, Inc. as its AIR pulmonary drug delivery technology for the delivery
of insulin as its product AIR insulin. Due to the low cohesive forces the
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particles can be aerosolized by a small breath-activated device unlike larger
bulky devices such as that of Exubera, which may have been a contributing
factor in its commercial failure. In clinical studies in collaboration with Eli Lily
and Company, AIR insulin was shown to be rapidly absorbed with tmax values
similar to subcutaneously administrated insulin lispro (Humalog) but with a
longer median time for plasma levels to return to baseline [228]. Patients
suffering from moderate asthma or chronic obstructive pulmonary disease had
lower and more variable plasma area under the curve values and decreased
glucodynamic response [229, 230]. Despite the positive efficacy and safety data
of AIR insulin and the promise to provide an alternative treatment for
diabetics, the development of the product was terminated in phase III trials.
The AIR delivery system is currently being investigated for the delivery of
trospium chloride for the treatment of chronic obstructive pulmonary disease
and is undergoing phase II trials. Alkermes is also looking at the feasibility of
delivering parathyroid hormone using the same technology.

9.5 SUMMARY

Lactide and glycolide polymers constitute a diverse and extensive family of bio-
derived polyesters that are commercially available and have been widely investi-
gated for medical uses. By means of specific synthetic routes, including the
formation of copolymers, these polymers provide the benefit that properties can
potentially be tuned for specificmedical requirements. Furthermore, polylactide,
polyglycolide, and their copolymers are resorbable and, since the ultimate
breakdown products are carbon dioxide and water, they have generally pres-
ented few indications of significant toxicity inmedical trials. This has led to FDA
approval for specific formulations and the widespread investigation of these
polymers for uses in drug delivery, orthopedics, sutures, wound dressings, post-
operative barrier films, and various other applications. In view of its significance,
this chapter has focused specifically on the use of lactide and glycolide polymers
and their copolymers in drug delivery, which is already advanced onmany fronts
either through clinical trials or clinical development.Given thehistoryof research
and development in this field to date, it seems certain that new developments in
existing applications and a wide variety of new uses in drug delivery and other
areas of medicine will open up in the coming years.
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polylactones and polylactides. 4. Mechanism and kinetics of lactide homopolymer-

ization by aluminum isopropoxide. Macromolecules 1991;24:2266�2270.

ch009 14 April 2011; 12:16:20



26. Chabot, F., M. Vert, S. Chapelle, and P. Granger. Configurational structures of

lactic acid stereocopolymers as determined by 13C-[1H] n.m.r. Polymer 1983;

24:53�59.

27. Stolt, M. and A. Sodergard. Use of monocarboxylic iron derivatives in the ring-

opening polymerization of L-lactide. Macromolecules 1999;32:6412�6417.

28. Chamberlain, B. M., B. A. Jazdzewski, M. Pink, M. A. Hillmyer, and

W. B. Tolman. Controlled polymerization of D,L-lactide and ε-caprolactone by

structurally well-defined alkoxo-bridged di- and triyttrium(III) complexes. Macro-

molecules 2000;33:3970�3977.

29. Garlotta, D. A literature review of poly(lactic acid). J. Polym. Environ.

2004:9:63�84.

30. Kowalski, A., A. Duda, and S. Penczek. Kinetics and mechanism of cyclic esters

polymerization initiated with tin(II) octoate. 3. Polymerization of L,L-Dilactide.

Macromolecules 2000;33:7359�7370.

31. Joziasse, C. A. P., H.Grablowitz, andA. J. Pennings. Star-shaped poly[(trimethylene

carbonate)-co-(ε-caprolactone)] and its copolymers with lactide/glycolide: Synthesis,

characterization and properties.Macromolecules Chem. Phys. 2000;201:107�112.

32. Grijpma, D. W. and A. J. Pennings. Polymerization temperature effects on the

properties of L-lactide and ε-caprolactone copolymers. Polym. Bull. 1991;25:

335�341.

33. Gilding, D. K. and A. M. Reed. Biodegradable polymers for use in surgery—

polyglycolic/poly(lactic acid) homo- and copolymers: 1. Polymer 1979;20:

1459�1464.

34. Grijpma, D. W., C. A. P. Joziasse, and A. J. Pennings. Star-shaped polylactide-

containing block copolymers. Makromol. Chem. Rapid Commun. 1993;14:155�161.

35. http://www.viscotek.com/pdf/maltodextrins.pdf; accessed August 21, 2008.

36. Middleton, J. C. and A. J. Tipton. Synthetic biodegradable polymers as medical

devices. Med. Plast. Biomat. 1998;2:30�38.
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10.1 INTRODUCTION

Drugs given routinely by oral administration and by intramuscular (IM) or
intravenous (IV) injection are distributed nonselectively to body parts, including
target and nontarget sites, whereas the requirement is only at a particular site in
the body. Several old and new drugs and newmolecular entities are administered
to improve safety and efficacy in new therapies [1]. Disease such as cancer (solid
tumors) [2], thrombosis, restenosis [3], osteomyelitis [4], local infection [5],
glaucoma, and retinal disorders [6] are complicated to treat by systemic therapy.
For example, retinal diseases are complicated to treat with systemically adminis-
tered drugs because of the blood�retinal barrier and potential systemic toxicity.
Hemorrhagic complications occur when antithrombotic agents are administered
systemically in cancer treatment for a localized tumor, resulting in serious side
effects [7].Many strategies have been explored to deliver the drug to a specific site
using a polymer; they act as the best and simple approach. Polymers for localized
application can play structural, functional, or both roles. Functionally active
polymers enhance biocompatibility and medical device operation or the delivery
of pharmacologically active agents [8].

The advantages of using polymers should be considered even given the
following aspects: (1) the toxicity of polymers and their degradation products in
the body, that is, biocompatibility; (2) problems associated with release, that is,
dose dumping or release failure; (3) the discomfort caused by the system itself
because of insertion of the delivery system; and (4) the overall cost of polymeric
drug delivery systems [9]. The polymers used in drug delivery systems generally
are divided into two types: nonbiodegradable and biodegradable [10]. Biode-
gradable polymers undergo self-elimination and avoid the removal of the
polymer system from the site of implantation after its use. Biodegradation can
be enzymatic, microbial, chemical, or simply by hydrolysis [11].

Generally, the polymeric matrix used for drug delivery is hydrophobic, stable,
solid, flexible, and soluble in an organic solvent and degrades in an aqueous
environment [12]. These biodegradable polymers need to be removed, once
the drug has been released [13]. Biodegradable polymers are usually classified on
the basis of type of chemical linkage in the backbone. It includes polyesters,
polyanhydrides [13, 14] polyorthoesters, polyphosphoesters, poly(cyanoacry-
lates), polyphophazenes [15], and natural polysaccharides and polyamides. The
homo- and heteropolymers of these classes has given a new outlook to polymer
therapeutics, so that the modified polymer with all desirable properties can be
prepared and used.

The most essential property of any biodegradable polymer is its degradation
pattern in the biological system, physical state, hydrophobicity, flexibility, and
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ability to retain the encapsulated or entrapped compound. These attributes
preside over the end use of the polymer. Fatty acids are obtained from natural
sources and incorporated in biodegradable polymer chains to obtain the desired
property of flexibility, hydrophobicity, and injectability [16�18]. Any polymer
used for biomedical application is developed on the basis of certain reasonable
medical application. Thus, the polymer should be hydrophobic enough so that
the drug is released in a predictable and controlled manner; be biocompatible
when implanted in the target organ; completely eliminated from the implantation
site in predictable time; have suitable physical properties for device fabrication
(low melting point, usually, solubility); in case of injectable pasty polymers, the
polymer should be fluid enough after drug incorporation to allow easy injection.
More flexible before and during degradation so that it integrates or fragments
during use; and easy to manufacture at a reasonable cost.

Fatty-acid-based polymers possess many properties to claim their utility as
drug delivery carriers. Fatty acids are prepared from oils and fats consisting of
saturated and unsaturated oils such as castor oil constitute a glycerol triester
of 12-hydroxyoleic acid (ricinoleic acid). Oils and fats hydrolyze into fatty
acids and glycerol or fatty alcohols. This process is done by hydrolysis of
triesters and then derivatized into other forms [19].The overall share of the fatty
acid and its derivatives is important in biodegradable polymers for drug
delivery. Fatty acids are a good choice to be included as part of the polymer
chain, apart from the points discussed above, and there is an abundance of
availability.

Polyanhydrides have been used for short-term release of drugs [11, 20, 21].
Recently, intensive research has been carried out describing new polymer
structures, studies on chemical and physical characterization, degradation and
stability properties, toxicity studies, and applications of polymers for controlled
delivery of bioactive agents. It also yielded a tool (Gliadel) in clinical use for
treating brain cancer [22]. Fast degradation and limited mechanical properties
enable the use of these polymers in short-term controlled delivery of bioactive
agents. First, synthesis of polyanhydrides was reported by Bucher and Slade [23].
Years later, Hill and Carothers [24, 25] synthesized aliphatic polyanhydrides and
studied the actions of diacids toward anhydride formation. They prepared
superanhydrides from homologous aliphatic dicarboxylic acid and used them
to spin fibers of excellent mechanical strength. Polyanhydrides prepared from
aromatic acids are found to be hydrolytically stable and have outstanding film
and fiber-forming properties [26]. Conix gives a general method for the prepara-
tion of aromatic polyanhydrides as shown next.

Conix [26] studied a number of aromatic polyanhydrides that had glass
transition temperatures in the range of 50�100�C and were formed into dense
porcelainlike solids that resist hydrolysis even on exposure to alkaline solutions.
Yoda [27, 28] introduced a new class of heterocyclic crystalline compounds in the
polyanhydrides family. He synthesized a variety of five-membered heterocyclic
dibasic acids and polymerized these compounds with acetic anhydride at
200�300�Cundervacuumandnitrogenatmosphere.Theseheterocyclicpolymers
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have melting points in the range of 70�190�C and good fiber and fiber-forming
properties. Aliphatic polyanhydrides were considered as nonimportant materials
due to their unstable nature against hydrolysis. In 1980,Langerwas the first to use
the hydrolytically unstable polyanhydrides for controlled drug delivery applica-
tions [29] and used them as biodegradable carriers in various medical devices.
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This class of polyanhydrides belongs to those polyanhydrides that have the
anhydride bond in the polymer backbone and degrade to shorter chains after
breakdown of the anhydride bonds. In other polyanhydrides the anhydride is a
side group and is not a part of the polymer backbone. For example, poly(malic
anhydride) is a polyethylene chain having anhydride groups as side groups to
the polymeric backbone. After the breakdown of the anhydride bond in malic
anhydride, no change in the initial molecular weight is expected. The difference
in degradation performance of both types of polyanhydrides is shown in the
following:
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Polyanhydrides form a new category of biodegradable polymers in the
biomaterials family having a hydro backbone with hydrolytically labile anhy-
dride linkages. The hydrolytic degradation can be controlled by manipulation of
the polymer composition. These polymers merit attention because they show
no evidence of inflammatory reaction. They degrade in vitro as well as in vivo to
their acid counterparts as nonmutagenic and noncytotoxic products [30, 31].
Polyanhydrides are biocompatible with outstanding controlled-release charac-
teristics [32, 33]. Pharmaceutical research has been focused on polyanhydrides
derived from sebacic acid (SA), 1,3-bis(p-carfilm boxyphenoxy) propane (CPP)
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and the fatty acid dimer (FAD). Recently, the Food and Drug Administration
(FDA) has approved the use of the polyanhydride poly(sebacic acid-co-1,3-bis
(p-carboxyphenoxy) propane) [P(CPP-SA)] to deliver the chemotherapeutic
release of BCNU (1,3-bis[2-chloroethyl]-1-nitroso-urea) for the treatment of
brain cancer [34]. Introduction of the imide group into polyanhydrides enhances
the mechanical properties of the polymers [35�38], while the presence of
poly(ethylene glycol) (PEG) groups in polyanhydrides increases hydrophilicity
and induces fast drug release [39]. Themajor drawback of polyanhydrides is their
storage stability, which requires refrigeration. A number of research articles
published on polyanhydrides have established different aspects with special
emphasis on controlled drug delivery applications [40�43]. Degradation, bio-
compatibility, drug release behavior, and various applications of polyanhydrides
are described herein.

Polyanhydrides are suitable polymers for controlled drug delivery as they
degrade uniformly into nontoxic metabolites that are nonmutagenic, noncyto-
toxic, and noninflammatory [12]. In 1980, Langer was first to explaining the
hydrolytically unstable nature of polyanhydrides for sustained release of drug in
controlled drug delivery applications [30]. Since then, few polyanhydride products
have reached the market or are in different clinical stages. Gliadel, a device to
deliver carmustine (BCNU) to the malignant glioma tumor, is the most successful
application of polyanhydrides [44]. Polyanhydrides are the class of biodegradable
polymers that release the drug by simple hydrolysis; hence, general enzymatic
disparity does not play an effective role on the polymer erosion anddrug release or
its pharmacological effects [45]. These have been investigated as an important
biomaterial, used for short-term release of drugs and have been systematically
investigated for their chemical and physical properties, degradation and stability,
toxicity, and applications in the delivery of bioactive agents [13]. The degradation
profile of these polymers can be modulated from days to months by varying the
type and ratio of the monomers [12, 18].

Due to all the aspects of localized delivery and disease situation, this chapter
focuses on the use of polyanhydrides in localized delivery with special
consideration to their degradability behavior in vitro and in vivo, toxicological
profile, their uses in different disease condition, and recent advances in the
medical field.

10.2 IMPORTANCE OF POLYANHYDRIDES

There is a need to develop more rational approaches for creating superior
biomaterials for drug delivery, particularly biodegradable polymers. To max-
imize the control over release, it is desirable for a system to degrade only from
its surface. These surface-eroding polymers are predictable to release the drug
at a constant release rate; thus, the rate is directly proportional to the polymer
erosion. For a surface-eroding device, the polymer must be hydrophobic with
water labile linkages. Polyanhydrides are believed to predominantly undergo
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surface erosion due to (i) the high water labiality of the anhydride bonds on the
surface and (ii) hydrophobicity, which restricts water penetration into the bulk.
A decrease in the device thickness throughout the erosion process, mainten-
ance of the structural integrity, and the nearly zero-order degradation kinetics
suggest the dominancy of heterogeneous surface erosion [11]. High hydrolytic
reactivity of the anhydride linkage provides an intrinsic advantage in versatility
and control of degradation rates. By varying the types of monomer and
their ratios, surface-eroding polymers with degradation of 1 week to several
years can be designed and synthesized. The hydrolytic degradation rates
can be obtained varying several thousand folds by simple changes in the
polymer backbone and by altering the hydrophobic and hydrophilic balance
of the polymer [46, 47]. Aliphatic polyanhydrides degrade in a few days
while aromatic polyanhydrides degrade over a few years. Degradation rates
of copolymers of aliphatic and aromatic polyanhydrides vary between these
extremes, and this feature of polyanhydrides gives an opportunity for making a
drug delivery system that can provide the release of drugs in a desired time
length of treatment.

Polyanhydrides are important polymer material in various aspects of drug
delivery. The merit and demerit of these polymers are due to the hydrolytic
instability of the anhydride bond that degrades rapidly to form nontoxic diacid
monomers. The main advantages of this class of polymers are as follows:

� They are prepared from easily available low-cost materials and considered
as safe dicarboxylic acid building blocks; many are body constituents or
metabolites.

� They, are prepared in a one-step synthesis without purification.

� They have a definite polymer structure with controlled molecular weight
and degrade hydrolytically at a predictable rate.

� These polymers can be consequently manipulated to release bioactive
agents at a predictable rate for periods of weeks.

� They are easily processable at low-temperature injection molding or
extrusion molding for mass production and have versatile properties,
which can be varied by monomer selection, composition, surface area, and
additives.

� They degrade to their respective diacids and are completely eliminated
from the body within a period of weeks to months..

� They can be sterilized by terminal γ-irradiation with minimal effect on
polymer properties.

Besides the benefits of polyanhydrides, they have some limitations. They
require storage under moisture-free frozen conditions, low mechanical strength,
and film or fiber-forming properties. These polymers undergo spontaneous
depolymerization to low-molecular-weight polymers in organic solutions or
upon storage at room temperatures and above.

372 POLYANHYDRIDES-POLY(CPP-SA), FATTY-ACID-BASED POLYANHYDRIDES

ch010 14 April 2011; 12:17:16



10.3 TYPES OF POLYANHYDRIDES

In the development of erodible materials, the use of copolymers is important.
These copolymers are obtained by using various proportions of monomer ratios
for their different erosion rates, which enables achieving different targets with
the same monomers [11]. This flexibility of the polyanhydrides is due to the
hydrophobicity of the polymer backbone, which provides a wide range of
backbones and ensures biodegradability of the polymer. Due to hydrolytic
sensitivity of the anhydride bond, a minor change in chemical structure of
the backbone would significantly affect the degradation rate of the polymer.
The extent of hydrophobicity of the monomer makes the polymer more stable
due to less penetration of water molecules [13]. The most extensively studied and
used copolymer of polyanhydride is P(CPP-SA) [48, 49]. FDA approved the use
of polyanhydride [P(CPP-SA)] to deliver drugs for the treatment of brain
cancer. This is an example wherein an implantable synthetic degradable polymer
has been accepted for human use [50]. Furthermore, alkane hydroxides studied
in this series are 1,6-bis(p-carboxyphenoxy)hexane (CPH); (carboxyphenoxy)
methane (CPM); and 5-@-carboxyphenoxy)- valeric acid (CPV) and their
copolymers with SA (Table 10.1). Among other aliphatic-aromatic polyanhy-
dride copolymers, some are based on the common diacids isophthalic acid (IPA),
terephthalic acid (TA), and fumaric acid (FA). These copolymers are extremely
soluble in chloroform or dichloromethane, melt at temperatures above 250�C,
and are stable upon storage at 25�C and exposure to 2.5 Mrad of μ-radiation
[51]. Copolymers of fumaric acid with aliphatic diacids such as sebacic acid are
less crystalline and soluble in chlorinated hydrocarbons. The complete degrada-
tion of 143 1.5 mm disks of PFA and PSA occurred in 2 and 15 days,
respectively, while their copolymers also degraded within this range [52].

Another important group of polyanhydrides used for controlled drug release
applications is the fatty-acid-based polyanhydrides [16, 53, 54]. This new class
of aliphatic copolyanhydrides was synthesized from nonlinear hydrophobic
dimers (FAD) of erucic acid and sebacic acid, which have desired physico-
chemical and mechanical properties for their use as a carrier for drugs [16].
Oleic acid and linoleic acids are different fatty acid dimers used with sebacic
acid as drug delivery systems [54, 55]. Polyanhydrides synthesized from non-
linear hydrophobic fatty acid esters, based on ricinoleic acid and sebacic acid,
have the desired physicochemical properties such as a low melting point,
hydrophobicity, and flexibility of the polymer for their localized injectable use
[13]. The properties of polyanhydrides have been modified by the inclusion of
long-chain fatty acid terminals such as stearic acid into the polymer, which alters
its hydrophobicity and decreases the degradation rate. Polyanhydrides are
modified by the introdution of amino acids such as glycine and alanine into
the polymer backbone to increase the mechanical properties. The amino acids
are incorporated by imide bonds at the amino terminus, leaving the terminal
carboxylic acids available for activation. This poly(anhydride-imides) appears
to undergo mainly surface erosion [11]. Crosslinked amino-acid-containing

10.3 TYPES OF POLYANHYDRIDES 373

ch010 14 April 2011; 12:17:16



polyanhydrides based on trimethylimido alanine (TMA-ala) or trimethylimido
glycene (TMA-gly) and sebacic acid were synthesized by copolycondensation
using BTC prepolymer as a crosslinking agent [56].

The improvement of polyanhydride including poly(anhydride-esters),
includes two different types of hydrolytically cleavable bonds in the polymer
backbone: ester and anhydride. In a study, low-molecular-weight carboxylic acid
terminated prepolymers of poly(ε-caprolactone) were coupled via anhydride
linkages; and in another example poly(lactic acid) (PLA) was coupled with PSA
to form a triblock copolymer of PLA (polylactic acid)�PSA (polysebacic acid)�
PLA [57] and used as stereocomplex-based drug delivery carriers.

10.4 SYNTHESIS OF POLYANHYDRIDES

Polyanhydrides have been synthesized by a variety of techniques, namely melt
condensation, ring-opening polymerization, interfacial condensation, dehy-
droion chlorination, and dehydrative coupling agents [58]. Solution polymeriza-
tion in general yields low-molecular-weight polymers. A range of catalysts have
been used in the synthesis of a variety of polyanhydrides by melt condensation.
Mainly, coordination catalysts facilitate anhydride interchange in the polymer-
ization and improve the nucleophilicity of the carbonyl carbon. Significantly high
molecular weights were achieved in shorter reaction time by utilizing cadmium
acetate, earth metal oxides, and ZnEt2H2O. With the exception of calcium
carbonate, which is a safe natural material, but the use of these catalysts for the
production of medical-grade polymers is limited due to its high toxicity [46].

10.5 BIOCOMPATIBILITY AND TOXICITY OF POLYANHYDRIDES

Incorporation of the fatty acid in the biodegradable polymer backbone is
advantageous and restricted for monofunctionality of naturally occurring
fatty acid. Polyanhydrydes based on sebacic acid terminated with oleic, stearic,
linoleic, or lithocholic acid was synthesized [58]. These polymers were developed
to use in situ gelling injectable carriers. Positive results were obtained with the
polymer having more than 70% of ricinoleic acid (RA) content [59, 60] These
were synthesized by transeterification of the PSA chain with RA. It was found
that upon addition of the liquid polymer to water it solidifies to form a stable
semisolid. Polymers obtained by thismethodwere loadedwith cisplatin (5%) and
paclitaxel (5�20%). Drug release was found faster with the pasty polymers as
compared to the solid polymer and the reason is the same as for low-molecular-
weight polymers. Low SA content decreases the crystallinity of the polymer and
allows water to penetrate into the matrix, causing a faster release [61].

Complete release of cisplatin was observed in 400 h for pasty formulation
(Fig. 10.2) [59] Paclitaxel was released for over 100 dayswhile the polymer carrier
was being degraded [60, 62]. The release rate was affected by the paclitaxel
content; at a higher content, the release rate was lowered. High affinity of the
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drug to the hydrophobic matrix and low solubility of the drug in aqueous
medium lead to slow and controlled release of the drug from an in situ formed
implant. As the content of paclitaxel in the polymer is higher, the formulation
becomes more hydrophobic and does not allow water to penetrate and dissolve
the drug and degrade the polymer. The polymer formulations containing
anticancer agents (paclitaxel and cisplatin) were evaluated in vivo in hetero-
trophic (mouse bladder tumor) and orphotrophic (rat prostate cancer) models.
The single administration of the polymer�pactlitaxel formulation intratumo-
rally in amouse bladder tumormodel increased the survival rate of the animals as
compared to untreated animals and to animals treated with paclitaxel dispersion
(conventional administration method).

Some new studies have included ricinoleic acid in the polymer backbone
and most of these reports are of ricinoleic-acid-based-copolyester. One of
these use ricinoleic lactone for the synthesis of copolyester by ring-opening
polymerization (ROP) [63, 64]. Ricinoleic acid lactones were synthesized using
dicyclohexylcarbodimide and (dimethylamino)pyridine as catalyst. Mono- to
Hexalactones were obtained and polymerized with catalysts commonly used for
ring-opening polymerization of lactones, under specific reaction conditions,
resulted in oligomers. ROP of ricinoleic acid lactones is difficult even when using
a highly reactive ring-opening catalyst such as tin octoate, yttrium isopropoxide,
trimethylsilanolates, or (2,4-di-tert-butyl-6-{[(20-dimethylaminoethyl)methyla-
mino]-methyl} phenol)ethylzinc. Polymerization of ricinoleic acid lactones one
repetition maximum-six repetition maximum (1RM-6RM) with more reactive
catalysts, yttrium isopropoxideY(OiPr), resulted inoligomers. Polymerizationof
chromatography-purified 1RM (Mn5 280) with Me3SiONa resulted in short
oligomers of 5 units (MnB1400). The number of end groups (OHorCOOH) that
were noticedby proton nuclearmagnetic resonance (1H�NMR) is lower than the
case of low-molecular-weight oligomers (according to 1H-NMR, degree of
polymerization (DP)5 16.5), due to reversible cyclization to lactones. Polymer-
ization of chromatography-purified dilactone 2RM with Sn(Oct) resulted in the
formation of longer oligomers (Mn5 4400,Mw5 5700, 15- to 20-unit oligomer).
However, copolymerizationwith lactide resulted in copolymers of lowmolecular
weight. Polymers of molecular weights in the range of 5000�16,000 were
obtained with melting temperatures of 100�130�C for copolymers containing
10�50% w/w ricinoleic acid residues. The polymers were off-white in color,
which became yellow with an increase of the RA content. The molecular weights
of the polymers decreased with an increase in the content of the ricinoleic acid
lactone. It was hypothesized thatmore reactive lactide, activated first by catalyst,
polymerizes and only in the end does some ricinoleic acid lactones react.

The reaction is terminated because of the ricinoleic acid lactones’ low
reactivity. This low reactivity can be attributed to the low ring strain and to
the steric hindrance of the ester bond by the fatty acid side chain. In vitro
degradation of RA(cis-12-hydroxyoctadeca-9-eonoic acid)-LA (lactic acid)
copolymers showed that copolymerization with RA had some effect on the
degradation rate and polymer physical properties, which is related to the low
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incorporation of RA in the polymer. Addition of RA to PLA is expected to
improve the hydrophobicity of the polymer and thus the drug release profile.

Polyesters synthesized were compared for release of hydrophilic and hydro-
phobic drug, namely 50-Fluoro uracil and triamcinolone, respectively. 5-FU
release was faster in all cases; the total release occurred in 17 days from polymers
prepared by transesterification and melt-condensation. Slower 5-FU release was
found in polymers prepared by ROP (40% in 17 days). The same pattern was
observed for triamcinolone, only 5% in 17 days fromROPpolymer in contrast to
the 30% from polymer synthesized by transesterfication. The difference was
attributed to the diblock nature of the ROP polymer. Its high crystallinity and
melting point inhibits the water penetration and polymer degradation, which
finally shows up in release profiles [64�66].

Whenever synthetic polymer material is utilized in vivo, the possible tissue
implant interactions were also taken in to consideration. In case of biodegrad-
able matrices, the toxicity of the polymer and its degradation products have to
be evaluated. Moreover, biodegradation to nontoxic products is considered as
the foundation for the biocompatibility of degradable polymer systems. Thus,
poly(L-lactic acid) (PLLA) is defined as a safe biomaterial for in vivo use. This
is because its degradation product L-lactic acid is a natural metabolite of the
body. Even though poly(lactide-co-glycolide) (PLGA) is extensively used and
represents the gold standard of degradable polymers, increased local acidity
due to its degradation leads to irritation at the site of the polymer implant. The
aliphatic�aromatic polyanhydride P(CPP-SA) with a molar ratio of 20 : 80 has
been extensively investigated in vivo as a drug delivery matrix. This polymer is
used clinically for the delivery of the antineoplastic drug carmustine (BCNU)
for the treatment of malignant gliomas in rat brain. The polymer degraded
completely, and no polymer remnants were found after 6 weeks [67].

Poly(esteranhydride)s synthesized from ricinoleic and sebacic acids were used
as a potential controlled delivery carrier for paclitaxel. Toxicity of these polymers
and their formulationswithpaclitaxelwas examinedby subcutaneous injectionof
liquid polymer samples or by implantation of solid polymer specimens into mice
for different time periods. Histopathological examination of the tissue surround-
ing the implant showed minor inflammation 1 week after the injection and no
inflammation 3 weeks after the implantation. Injection of the polymer without
paclitaxel showed no adverse effects [68].

Polyanhydride toxicological aspects deal with the host response in terms
of cytotoxicity, allergic responses, irritation, inflammation, and systemic and
chronic toxicity. Cytotoxicity study of any polymer has been done first in a
sequential program for assessing biocompatibility of a polymer. This is done by
using a tissue culture method [69, 70]. In one of the studies, bovine aortic
endothelial cells and bovine smooth muscle cells were used to evaluate in vitro
biocompatibility of three polyanhydrides P(CPP-SA) 45 : 55, P(TA-SA) 50 : 50,
and P(TA). These cultured mammalian cells were sensitive to the changes in
growth medium and substrate [31]. Study showed the absence of acute toxicity
of these polymers or their degradation products to sensitive mammalian
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cells. Chemical carcinogenesis usually proceeds by a mutagenic route; therefore
mutagenicity testing has been used as a rapid screening test for neoplastic
transformation. Mutagenicity in vitro results and the cytotoxicity results of the
polyanhydride degradation products P(CPP-SA) showed that they are noncyto-
toxic, nonmutagenic, and have a very low teratogenic potential [31].

In intramuscular or dermal applications, polyanhydrides are tested for local
tissue irritation and inflammation by muscle and skin tests. Leong et al. studied
the local tissue response of polyanhydrides [P(CPP) and P(TA-SA) 50 : 50] by the
implantation of polymer samples into the cornea of rabbits [31]. No discernible
inflammatory characteristics were reported in a 6-week implantation period of
polymers in rabbit corneas. Cornea clarity was maintained throughout and the
proliferation of new blood vessels was absent. Histological examinations con-
firmed the absence of inflammatory cells throughout the corneas. Laurencin et al.
administered high doses of P(CPP-SA) 20 : 80 subcutaneously in rats to study the
acute systemic toxicity of the polyanhydrides [71]. Disk polymer implants were
administered subcutaneously for a period of 8weeks at two different doses in two
groups. One group was implanted with one matrix each, and the other group
implanted with three matrices each, whereas the control group did not have a
polymer matrices. The toxicological effects on each individual organ were
evaluated on the basis of blood clinical chemistry, hematological parameters,
and histological evaluation of the organ sites and implant sites. Prenecropsy
examination of all the rats in the study showed no changes in physical appearance
or activity due to implantation of polyanhydride matrices. At the time of
necropsy, gross examination of the body cavities and tissues did not show any
evidence of changes due to the polymer implantation (Fig. 10.1).

Similarly, a histological examination of all organ tissues revealed no
histomorphological evidence of induced systemic toxicity on polyanhydride
copolymer implantation. No reports are available regarding the long-term
carcinogenicity studies on polyanhydrides or their degradation products. How-
ever, Leong et al. showed from histological examination that subcutaneous
implantation of P(CPP) in rats over a 6-month period showed no evidence of
tumor formation [31]. Brain biocompatibility of P(CPP-SA) 20 : 80 was
established in rat brain by Tamorgo et al. [33]. It was experimentally proved
that none of the animals showed any behavioral changes or neurological deficits
suggestive of either systemic or localized toxicity from biodegradable polyanhy-
drides P(CPP-SA) 20 : 80 after implantation in rat brain. Brem et al. also
evaluated the brain biocompatibility of polyanhydride P(CPP-SA) 50 : 50 by
implantation in rabbit brain [33]. The animals were evaluated daily after the
surgery for behavioral changes such as decreased alertness, passivity, impaired
grooming, restlessness, irritability, fearfulness, and focal motor neurological
deficits. None of the animals showed any behavioral changes or neuro-
logical deficits and all the animals survived until they were sacrificed.

It was concluded that P(CPP-SA) 50 : 50, a polyanhydride matrix, can be
used for the interstitial delivery of drugs and is biocompatible in the rat brain.
Thus, various types of in vitro and in vivo toxicity studies on polyanhydrides
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showed these polymers are well tolerated by the body and can be considered
biocompatible [14].

10.6 POLYANHYDRIDES AND DISEASE CONDITIONS

Various polyanhydrides and copolymers play an important role as drug carriers
in localized drug delivery applications in various disease conditions, as shown
in Table 10.1

10.6.1 Cancer

Cancer, or neoplasm, is an abnormal mass of tissue, the growth of which exceeds
and is uncoordinated as compared to the normal tissues. It persists in the same
excessive manner after the cessation of the stimuli that evoked the changes.
Malignant tumors grow very fast, sometimes at an unpredictable speed. It is
accompanied by progressive infiltration, invasion and destruction of surround-
ing tissue, and metastasis, which unequivocally marks a tumor malignant [72].
Various options such as surgical excision, irradiation, and chemotherapy have
been tried on cancer [73] and emphasized that the treatment of most cancer
patients requires a skillful interdigitation of thesemultiple modalities. Each form
of the treatment carries its own risks and benefits. Chemotherapy is an important
component of the armory, but systemically giving chemotherapy can be curative
for some tumors and not particularly effective in treating many malignant

FIGURE 10.1 Light micrograph of local tissue surrounding the implantations of

group of rats implanted with three polyanhydride copolymer matrices at 8 weeks

postimplantation.
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tumors, such as brain and other localized tumors [74]. At the same time, few
common medicines in use have a narrow therapeutic index and a greater
potential for causing harmful side effects, for example, paclitaxel [75]. Of the
60% of cancer patients with localized disease 32% have been estimated to face
recurrence following initial treatment. Around 66% relapse due to local
recurrence and 34% relapse due to distantmetastasis [76].Most of the anticancer
drugs in clinical use do not have specific effects on invasiveness or the tendency to
metastasize; but they are only antiproliferative [73]. Therefore, these drugs
rapidly affect dividing cells, including normal tissues and show dose-limiting
toxic effects. Furthermore, in systemic anticancer drug administrations,

TABLE 10.1 Different Polanhydrides Studied for Various Applications as Drug

Carriers

Disease Polymer

Delivery

system Drugs

Cancer Ricinoleic-acid-based

polyanhydride

Matrix Methotrexate

P(RA-SA) Matrix Cisplatinum

P(CPP-SA) Implant Bromodeoxyuridine

N-(phosphonacetyl)-

aspartic acid

P(CPP-SA) Implant 5-Fluorouracil

P(FAD-SA) Implant Taxol

P(CPP-SA) Implant Camptothecin

P(RA-SA) Injectable

paste

Paclitaxel

Head and neck

cancer

P(FAD-SA) Matrix Cisplatin, 5-FU,

methotrexate, paclitaxel

Osteomyelitis P(OA/LAD-SA) Matrix Gentamicin

Local anesthesia P(FAD-SA) Matrix Bupivacaine HCl

P(CPP-SA) Implant Dibucaine, bupivacaine

Local infection P(DDDA-TA),

P(BA-PA)

Matrix Ciprofloxacin hydrochloride

P(FAD-SA) Implant Cefazolin sodium

Restenosis P(EAD-SA) Implants Heparin

Gene delivery Photocrosslinked

polyanhydride

Matrix DNA

Glaucoma P(CPP-SA) Implants Etoposide

Inflammatory

bowel disease

Poly(anhydride-

esters)

Microspheres Aminosalicylates

Inflammation PLA-PSA-PLA Microspheres Triamcinolone

Hormone

therapy

P(FAD-SA) Microspheres GnRHa

Alzheimer’s

disease

SA copolymer Microspheres Bethanechol

Source: From [135�142].
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enormous toxicity, patient-related factors such as renal and hepatic function,
and bone marrow reserve must be considered, as well as the status of general
performance assessing medical problems. To improve safety and efficacy, drug
targeting at different levels should be also done. Increased delivery of a drug to
the body compartment is the first priority; while the second target is to increase
drug delivery to tumor cells; and intracellular delivery is the third order of target
[73]. First- and second-order targeting is easy to achieve by local delivery of the
drugs through systems such as implants, and the like surgical paste, microchips,
and the like [77]. The addition of polymers to cancer therapeutics is one of the
simple approaches for targeting.

Brain Tumor. Glioblastoma multiforme (GBM) is responsible for 80% of
primary brain tumors, usually found in the cerebral hemispheres [78]. Around
17,000 people are diagnosed with primary brain tumors every year in the United
States. About half of the primary brain tumors aremalignant and about 30%are
GBM [79]. The conventional therapy used for tumor includes diagnosis by a
surgical biopsy and a surgical debulking of accessible tumors followed by
radiation therapy and chemotherapy [80]. Chances of survival are low after
surgical resection alone, the additional radiation therapy extends the survival for
a further 9months. The systemic chemotherapy has also been found less effective
[81], although neurosurgery and neuroradiation therapy have been improved.
The limitations of removal of functional brain tissue and an increased radiation
dose or size of the irradiated field cause acute and chronic adverse effects [77].
Hence some other novel approaches to treat the condition are needed. To attain a
high intratumoral drug concentration in the brain, without systemic side effects,
five potential approaches are suggested. These enhance drug permeability
through the blood�brain barrier (BBB), temporary disruption of the BBB,
the interstitial delivery of drugs via catheters, enhanced delivery of drugs to the
central nervous system (CNS), and the use of polymers or microchips directly
to achieve the therapy. Direct localized delivery using polymers is one of the
simplest approaches [82]. Some anticancer drugs are not capable of crossing
the BBB because of their large size; intolerably high systemic drug levels are
required to achieve the therapeutic doses within the CNS [83]. Localized
delivery resolves the problem associated with permeability of chemotherapeu-
tic agents through the BBB [84]. Using biodegradable polymers, the loaded
drug will release when polymers degrade and preclude the need for removal of
the delivery system after exhaustion, which is an important advantage in case
of drug delivery to brain. Various polyanhydrides and drugs in combination
have been used to obtain the optimum release profile and treat the brain tumor
or glioma.

P(CPP-SA)-based delivery systems have been characterized for a variety
of drugs and used clinically. Controlled-release systems based on an implan-
table wafer have been studied with the drugs mitoxantrone, carmustine
(BCNU), 4-hydroperoxycyclophosphamide (4-HC), paclitaxel, carboplatin, and
adriamycin [85, 86]. The characteristics of drug release from wafers depend
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on the polymer and drug used. A typical controlled release curve for BCNU
is shown in Figure 10.2 [87].

The linear region in Figure 10.2 indicates that the drug release is diffusion
controlled [88]. In drug�polymer systems loaded with a high degree of surface-
associated drug, a burst release phase is observed. P(CPP-SA) wafers of BCNU
and 4-HC have demonstrated release for 50 days. The release of paclitaxel
proceeded at a much lower rate, less than 0.01 mg/day, and for a much longer
period of time (160 days). The slower release rate can be attributed to the
hydrophobicity of the drug, which causes a strong affinity for the polymer.
The controlled release of drugs from these wafers has demonstrated perfor-
mance in many in vitro and in vivo glioma models. Studies have demonstrated
improved performance of these wafers when compared to free drug adminis-
tration in a rat model challenged with an intracranial 9L tumor [89]. Small
cylindrical wafers have been also studied in the same way [85].

Gliadel has been studied for clinical use in initial treatment, treatment of
recurrences, and in conjunction with radiotherapy for malignant gliomas
[90]. In all cases, therapy with Gliadel was well tolerated with no significant
increase in toxicity, infection, or inflammation. The P(CPP-SA) wafer loaded
with BCNU has undergone further characterization and is available clinically
as Gliadel [91]. The Gliadel wafer is 14 mm in diameter and 1 mm thick. It is
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FIGURE 10.2 The cumulative release of BCNU into a well-stirred reservoir as a
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loaded with 7.7 mg of the drug carmustine and implanted intracranially after
surgical debulking of the tumor (Fig.10.3). The majority of studies indicated
a modest improvement in survival for patients with malignant gliomas that
received Gliadel [92]. Further research is directed to improve the Gliadel wafers
by examining dosing and combination therapy [93].

Fatty acid dimer copolymers used the same polyanhydride linkages, offering a
distinct advantage over carboxyphenoxy propane polymer systems. FAD-SA is
typically formed into adisk shapeand then implanted intracranially.Theprimary
use of FAD-SA is the controlled delivery of the drug 4-hydroperoxycyclopho-
sphamide (4-HC) [94]. FAD-SA is used for delivery of this drug because 4-HC is
hydrolytically unstable in P(CPP-SA) wafers [95]. The ability to tailor the
chemical and physical properties of the drug vehicle is one of the advantages of
polymeric delivery.

Gliadel. Gliadel is a polyanhydride implantable polymer drug delivery system,
containing 3.85% carmustine (BCNU). The polymer is composed of polycar-
boxyphenoxy propane : sebacic acid in a 20 : 80 copolymer [poly(CPP:SA)20:80].
The final product is formulated as a 200-mg, round diskwafer, 14mm in diameter
by 1 mm thick, which is approximately the same size as a dime. It is a new drug
product for the treatment of brain cancer. It is a biodegradable polymer implant,

FIGURE 10.3 Intracranial placement of Gliadels wafer. The wafer is implanted in the

cavity left after surgical resection of the tumor. Wafers are dime-sized and impregnated

with carmustine. (Reprinted with permission from [88].)
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used in the treatment of brain cancer in over 20 years. Gliadel polymer implants
are small, white wafers that are left in the surgical cavities created when a brain
tumor is removed. As the wafer slowly erodes in the brain, it releases the cancer
chemotherapeutic drug carmustine (BCNU) directly to the tumor site in high
concentrations over an extended period of time.

The wafers are placed directly into the brain at the time of surgical removal of
a brain tumor, permitting BCNU to be delivered directly at the site of tumor for
an extended period of time. Up to 8 wafers can be placed at one time. This results
in much higher local concentrations of BCNU than the systemic administration.
As a result, antineoplastic activity is significantly increased, and side effects
decreased as compared to systemic therapy. Approximately 62 mg of BCNU
delivered as Gliadel achieves substantially higher local brain tissue concentra-
tions than a 3000-mg intravenous dose. Gliadel provides brain concentrations of
BCNU 100�1000 times higher than the systemic administration. In the current
Gliadel formulation, the duration of drug delivery is 2�3 weeks (the ratio of
PCPP : SA can be varied to shorten or lengthen the delivery).

Prior to its release, the treatment protocol was tested extensively in several
studies worldwide. The first phase III study was in 222 patients (at 27 centers)
with malignant glioma undergoing reoperation for recurrent disease; 145 of
these patients had glioblastoma multiforme. The primary endpoint of the
reoperation trial was survival over 6 months, using a Cox multiple regression
statistical analytical model to adjust for prognostic factors. At the 6-month time
point, 60% of Gliadel patients were alive as compared with 47% of placebo.
These results are statistically significant at p 5 0.01 adjusted for prognostic
factors. Median survival time was increased from 24 weeks with placebo to 32
weeks with Gliadel, statistically significant at p 5 0.05. Independent statistical
analysis, using 45-month survival as the primary endpoint, showed a statistically
significant benefit for Gliadel at p 5 0.005 in a multiple regression analysis.
Long-term follow-up through 71 months showed Gliadel to continue to have a
statistically significant benefit, p 5 0.05 (Cox regression model). No serious
adverse effects caused byGliadel were identified. No clinically important adverse
events attributable toGliadel were identified. The results of this clinical trial were
published in The Lancet, April 22, 1995.

The second placebo-controlled phase III study was conducted in patients
undergoing surgery upon initial diagnosis of malignant glioma. This study was
conducted in 32 patients in Scandinavian centers. The primary endpoints used
to assess efficacy in this study were of one-year survival and overall survival. In
this study, median survival was 58 weeks for Gliadel and 40 weeks for placebo;
18-week improvement in the survival was statistically significant to p 5 0.01.
One-year survival was 63% for Gliadel (10/16) and only 19% for placebo
(3/16). This was also statistically significant to p 5 0.029. After accounting for
the effects of age, Karnofsky score (a measure of patient performance), and
tumor type in a Cox regression model, the effects of Gliadel treatment remained
statistically significant (p 5 0.006). The side effects profile for Gliadel did not
statistically differ from placebo.
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The targeted treatment of cancer with polymer-based products are important
for other cancers beyond brain cancer to treat tumor recurrence after surgical
resection. In this endeavor Guilford is also investigating a number of other
next-generation polyanhydride polymer oncology products for the use in other
cancers. Among other technologies, Guilford is developing a series of polyanhy-
dride polymers in collaboration with The Hebrew University of Jerusalem,
invented byDr. Avi Domb, the original inventor of the P(CPP-SA) polymer used
for Gliadel. These polymers include polymers derived from hydrolyzable diacid
fats, such as PRAM : SA (polyricinoleic acid maleate : sebacic acid). Guilford
plans to develop these polymers with a variety of chemotherapeutic agents for
the targeted treatment of other cancers including prostate, breast, head and
neck, lung, esophageal, hepatic, pancreatic, colon, and others.

Guilford is also developing other physical formulations of polymers for
stereotactic implantation. Such polymer products may potentially be used
for the treatment of inoperable tumors, or for reimplantation of a polymer
therapeutic after the initial surgery and implant. Such products in the form of a
gel or microspheres are implanted by stereotactic injection, without conventio-
nal surgery. These stereotactic products will be explored both for brain and
other forms of cancer [96, 97]. The complications of using the Gliadel wafer
seem to be comparable with those of craniotomy alone. However, increased
difficulty with wound healing, and rare and potential fatal incidents of
malignant brain edema, as well as of chemical meningitis followed by obstructive
hydrocephalus, have been reported. Therefore, the survival benefits of Gliadel
placement should be balanced by the clinician with the concern for possible
toxicity [98].

The limitations of the BCNU wafers are directly related to the limited
penetrance of BCNU, as most of the tumors recur locally, at a short distance
from the wafers. Therefore, it is critical to evaluate valid systemic treatments
that can both address the local and the distant brain involvement and safely be
used in this setting. A number of promising therapies are currently progressing
through clinical trials, based on the good safety profile demonstrated in the
combinations of different systemic chemotherapeutic agents such as temozolo-
mide, carboplatin, PCV (lomustine/procarbazine/vincristine), and so forth [96].

In conclusion, the unique properties of Gliadel, its lack of systemic side
effects, and its documented safety and efficacy justify its use in malignant
gliomas and its potential applications in other intracranial tumors. Large-scale
trials addressing ways to overcome local resistance to BCNU, as well as
multiagent chemotherapy combinations, are currently in different stages.
Further work needs to focus on developing better local delivery systems, with
improved penetrance in the brain tissue by multifactorial mechanisms of BCNU
resistance, and attempting the interstitial delivery of improved chemotherapeu-
tic agents [99].

Frazier et al. studied the efficacy of minocycline local delivery, an antiangio-
genic agent, and systemic BCNU on intracranial glioma [100]. Minocycline was
incorporated in P(CPP : SA) in a ratio of 50 : 50 by weight and found the

384 POLYANHYDRIDES-POLY(CPP-SA), FATTY-ACID-BASED POLYANHYDRIDES

ch010 14 April 2011; 12:17:18



combination of intracranial minocycline and systemic BCNU extended median
survival by 82%as compared toBCNU(bis-chloronitrosourea) alone (Pb0.0001)
and 200% as compared to no treatment (Pb0.004). Tamargo et al. used a
polyanhydride matrix to deliver heparin and cortisone acetate as antineoplastic
agents. They have reported the inhibition of 9 l glioma growth and found that in
the presence of heparin and cortisone, andof cortisone alone, therewas a 4.5- and
2.3-fold reduction, respectively, in the growth of 9 l glioma [101]. Paclitaxel
(taxol) is a potent antiangiogenic having molecular weight of 853.9 Da and poor
BBB permeability. Hence, the use of the implant for intracerebral delivery was
suggested for delivery of taxol [73, 75].Walter et al. have formulated a polymeric
disk of poly(CPP : SA, 20 : 80) with 20�40%of taxol loading and found the taxol
was released up to 1000 h, in vitro [102]. In the study the concentration of
polyanhydride wasmaintained to 75�125 ng taxol/mg brain tissue, within a 1�3
mm radius of the disk and concluded that taxol shows promising results in
malignant glioma when delivered via the polyanhydride system [102]. Another
polyanhydride system for delivery of taxol has been formulatedusingpoly(FAD :
SA, 50 : 50). But due to the hydrophobic nature of the FAD, the release rate was
very slow and therapeutic concentration could not be achieved [5]. 4-HC, a
hydrophilic derivative of cyclophosphamide, with or without T-buthionine
sulfoxine was incorporated in poly(FAD : SA) and found to be effective in rat
intracranial 9 L gliosarcoma and F98 glioma model [103]. Fluorodeoxyuridine,
an antimetabolite, has been optimally released from poly(FAD-SA) in vitro and
in vivo [104]. Aldriamycin incorporated in poly (CPP: SA) has shown improved
(Fig. 10.4)median survival in rat intracranial 91 gliomamodel [96].Williams et al.
[105] have incorporated 5-iodo-2Vdeoxyuridine (IUdR) for radiosensitizationof
experimental humanmalignant gliomas. After the implantation of 50% IUdR-P
(CPP : SA, 20 : 80) either contralateral to the tumor or inside the tumors, followed
by radiation, tumor regression, growth delays to 14 1 3.6 or 24.2 1 0.2 (Pb0.01)
days, respectively. The results evidenced that the biodegradable polyanhydride
holds promise for the controlled release and local delivery for gliomas
radiosensitization.Methotrexate (MTX), a folate antagonist used against several
types of malignancies, shows lack of permeability across the BBB and systemic
side effects, including myelosupression and gastrointestinal necrosis [106].
MTX�dextran conjugate on incorporation inpoly(FAD :SA)offered significant
improvement over controls in rat intracranial 9 L glioma [96].

A platinum analog hydrophilic carboplatin was optimally released by the
polymer and found to be effective in rat intracranial F98 glioma model [107].
Na-camptothecin, a topoisomerase inhibitor, has been incorporated into poly
(CPP : SA) and tested in rat intracranial 9 l glioma model. The median survival
time with 50% (w/w) camptothecin-loaded polymers was 69 days as compared
to 17 days in the control animals (Pb0.0001), and in vitro release of intact
camptothecin was 1000 h [108]. An immunotherapeutic local delivery to
combat malignant gliomas mainly involves the use of cytokines. Several
experiments have recently examined the interaction between local paracrine
IL-2 transduced cells using mouse intracranial F16-B10 melanoma model. It
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shows 70% of animals receiving therapy survived N72 days as compared to
none in controls (Pb0.01).

Head and Neck Cancer. Head and neck cancer, also called squamous cell
carcinoma (SCC) of head and neck (SCCHN) is one of the frequently occurring
cancers in the world [109]. Chemotherapeutic treatment for SCCHN is limited
because of its systemic toxicity. Shikani et al. have used poly(FAD : SA)
incorporated with 5 and 7% w/w cisplatin. In vivo testing was performed on a
nude mouse carrying human floor-of-mouth squamous cell carcinoma xeno-
grafts, as an animal model. After 70 days of implantation, the treated tumor
size was found to be 41.4% of control in the 5% group and 38.1% in the 7%
group, indicating a significant delay of tumor growth as compared to control
or intraperitoneally injected cisplatin [109]. Recently, Li et al. have incor-
porated cisplatin in poly (ester-anhydride) prepared by insertion of ricinoleic
acid in poly(sebacic acid) and reported the total drug release after 400 h [110].
This high sensitivity of all three head and neck SCCs is of interest since these
types of tumors clinically require very large doses for chemotherapy to be
effective, which is associated with substantial systemic toxicity. Polymers do
offer the advantage of delivering high concentrations of anticancer agents
directly to the tumor target in a sustained and continuous fashion, minimizing
toxicity. The potential applications of polymer chemotherapy for the head
and neck area are multiple. After resection of SCC, the surgeon frequently
finds a situationwherepart of the tumor is judged tobeunresectable (e.g., because
of involvement of the carotid artery, skull base, prevertebral fascia, or the
like). In these cases, implanting polymers in proximity of the tumor may

FIGURE 10.4 Gliadel wafer implantation at tumor resection site. Around 7�8 wafers

are placed for localized delivery of BCNU via P(CPP:SA) polymer. (From [107].)
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provide palliation to these patients, without the toxicity of systemic chemo-
therapy [111].

Patients who present with locoregional cancer recurrence despite aggressive
therapy, including surgery and maximal doses of external irradiation, may also
benefit from polymer implantation. In these patients, microspheric polymers may
be injected transcutaneously into and around the tumor stroma. Moreover,
multiple anticancer drugs may be delivered through polymers (either simulta-
neously or sequentially), simulating clinical combination chemotherapy proto-
cols. These injections may be performed repeatedly. An additional application
of polymer chemotherapy includes prophylaxis against tumor recurrence follow-
ing resection. Viable SCC cells have been recovered from the surgical wound
following neck dissection and were shown to be capable of growing as colonies in
vitro; theoretically, thesemay implant andcause cancer recurrence [111].MTX, an
effective treatment for head and neck cancer, has been incorporated in RA-based
polyanhydride as a model drug [53]. The drug release followed first-order kinetics
and the initial molecular weight of the polymer did not affect the release rate
also. It indicates that these carriers are used effectively for cancer treatment.

10.6.2 Osteomyelitis

Osteomyelitis is a bone infection usually caused by bacteria and rarely by fungi.
This bone infection can occur after hip or knee replacement surgery [102]. Bone
infection can also be caused by an adjacent soft tissue infection that has been
infected from other parts of the body through the blood. The treatment of bone
infection mainly involves operative debridement, removal of foreign bodies,
and antibiotic therapy [112]. However, osteomyelitis is a complicated infection
to treat because a sufficient concentration of antibiotic at the site of infection by
systemic administration is not reached. A high parenteral dose of antibiotic
is required for the effective therapeutic drug levels in the bone. In addition, the
prolonged course of treatment can lead to a systemic toxicity of the antibiotic.
Besides, the short half-life of antibiotics and the poor blood circulation to
the infected area makes treatment difficult by systemic therapy. Management of
chronic osteomyelitis using local antibiotic delivery is a novel therapeutic
modality, which achieves elevated antibiotic concentrations at the site of the
infection without systemic toxicity. The methods of local delivery generally
involve the use of nondegradable drug carriers. For example, PMMA-
gentamicin, CHAS antibiotics, and calcium hydroxyapatite ceramic (CHAC)
and apatite-wollastonite containing glass ceramics (AWGC) antibiotics. But
the problem of these delivery systems is that they are not biodegradable and
have to be removed finally [54].

Polyanhydride has been evaluated for local delivery of antibiotics in the
treatment of osteomyelitis [4, 113]. Septacin is a polyanhydride implant of a
copolymer of Erucic acid dimer (EAD) and sebacic acid in a 1 : 1 weight ratio
developed for osteomyelitis. It is a controlled-release implant containing genta-
micin sulfate dispersed into a polyanhydride polymer matrix. Sebacic acid is the
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hydrophilic monomer while EAD forms the hydrophobic component. The
release of gentamicin was observed for a period of about 3 weeks. No residual
drug is detected in the polymer remnants 8 weeks postimplantation. In vivo drug
release from Septacin in rats showed that gentamicin plasma levels were
extremely lowered, indicating the low systemic exposure to gentamicin Figure
10.5. Septacin samples have also demonstrated efficacy in the rat skin abscess and
horse-joint infection models. Results from the human in vivo study also showed
high local drug concentrations at implant sites while systemic exposure to the
drug was minimal [112]. The drug in the polymer matrix was stable for at least 12
months when stored at 25.8�C, but the molecular weight of the copolymer
declined rapidly at this temperature [113].

Recently, another drug carrier using polyanhydride, poly (oleic/linoleic acid
dimer: sebacic acid) poly(OAD/LOAD:SA) was synthesized and mixed with
20% gentamicin to get poly(OAD/LOAD:SA) gentamicin beads. These beads
were shown to release gentamicin over 7 weeks and indicated its usefulness to
treat chronic osteomyelitis [114].

Laboratory-scale injection-molding equipment was utilized to fabricate an
implant consisting of poly(FAD : SA, 1 : 1) and 20% (w/w) gentamicin sulfate.
Characterizations were performed to determine the molecular weight and glass
transition temperature of poly (FAD : SA, 1 : 1). A study was carried out to
investigate the relationships between the in vitro performance, morphology,
and microstructures of the molded implants. It was found that implants
produced with different structures exhibited different physical integrities in
water, that is, cracking or noncracking. For the noncracking implants, a skin-
core structure formed by an oriented skin layer was observed under a polarized
light microscope. The same morphology was not seen in the cracking implants.
The crystal orientation in the skin layer of the noncracking implants was
further identified using a wide-angle X-ray diffraction method (WAXD). No
crystal orientation could be found in the cracking implants by WAXD.
Furthermore, studies were carried out to evaluate the in vitro drug release
for implants showing different degrees of integrity in water. The in vitro drug

FIGURE 10.5 Septacink beads. (From [112].)
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release of the cracking implants was markedly faster than the noncracking
implants due to the pronounced initial drug-burst effect as a result of crack
formation in the implants.

10.6.3 Local Anesthesia

Local anesthesia has wide applications in various clinical areas involving acute
or chronic pain. It is useful to deal with the debilitating postsurgical pain
requiring analgesic medications for 3�5 days after surgery. The desired period
of nerve blockade varied from as little as one day to as long as one week. A
long-acting local anesthetic solution provides local analgesia for only 4�9 h.
Therefore, to provide regional blockade for more than 1 day, a drug delivery
system is required that releases slowly a fixed amount of local anesthesia at the
surgical site for a prolonged period of time. Therefore, controlled-release
devices based on poly(FAD-SA) were prepared. The study was conducted
with rectangular devices consisting of bupivacaine HCl dispersed homoge-
nously in the polymer at 10% w/w of drug loading. The drug released from the
copolyanhydrides of the fatty acid dimer and sebacic acid primarily by surface
erosion and followed the first-order release profiles. The preknown erosion rate
of the fatty-acid-dimer-based polyanhydride achieved the desired drug release
kinetics by altering the geometry of the device [45].

Another polyanhydride matrix has been successfully used for sustained
release of local anesthetics such as dibucaine free base, dibucaine HCl, and
bupivacaine HCl. The drugs were incorporated into polyanhydride copolymer
poly(CPP-SA) matrices (1 : 4). Local anesthetics were released in a sustained
manner yielding 90% drug release over a period of 3�14 days. Local anesthetic
containing a polyanhydride matrix device on implantation near the sciatic
nerve in rats, a reversible neural blockade was observed for 4 days. The study
suggested this technology could lead to prolonged blockade of peripheral
nerves [115].

10.6.4 Gene Therapy

In gene therapy, a sustained DNA (deoxyribonucleic acid) delivery is very
useful with control of the wide range of DNA release profiles. Photocros-
slinked polyanhydrides allowed repeated transfection, with an appropriate
amount of DNA for controlled release. In a study, multifunctional anhydride
monomers (methacrylated end groups) were photocrosslinked and its suit-
ability for DNA encapsulation and delivery was demonstrated. The polymer
showed surface erosion, suggesting the polymers could deliver molecules of a
wide range of sizes at a sustained rate, useful for the high-molecular-weight
DNA delivery. Previous reports on DNA delivery showed that photopoly-
merization was compatible with DNA encapsulation and the protective agent
used reduced the damaging effects of photoinitiated radicals. To improve the
DNA recovery and reduce the damaging effects of polymer degradation,
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DNA was preencapsulated in alginate microparticles to serve as a temporary
coating that quickly dissolved upon microparticle release from the polyanhy-
dride matrix. The results suggested that the reliability of plasmid DNA is
maintained on exposure to ultraviolet (UV) light under the photopolymerizing
condition. The photocrosslinked polyanhydrides have highly predictable
drug release profiles, depending on the polymer erosion rates and implant
geometry [116].

10.6.5 Restenosis

Angioplasty, athrectomy, or stenting procedures cause an adhesion of inflam-
matory cells at the injury site, and these cells have migrated into the arterial wall
[4, 117]. Insertion of a foreign body, such as a stent, aggravates this inflammatory
response. Furthermore, elastic recoil, smooth muscle cell migration, and pro-
liferation enhance the extracellular matrix synthesis, vessel wall remodeling, and
thrombus formation [4, 118]. Ultimately, all these conditions result in the
reobstruction of the artery [119]. To block the initial events in pathogenesis of
restenosis, conventional therapeutic approaches involve the inhibition of platelet
deposition and thrombus formation. It is achieved by using anticoagulants,
anti-inflammatory agents, and antiplatelet agents, whereas the proliferation
of smooth muscle cells and matrix formation are to be prevented by using
antiproliferative agents [120].

Prevention of restenosis by systemic delivery of pharmacologically active
compounds is not effective because of many reasons. It includes drug
inactivation during absorption, patient inability to tolerate the high systemic
concentrations of active agents required to achieve therapeutic levels at the
desired site, and unwanted side effects on organs and tissue that are not directly
involved in the pathology of restenosis [121]. During the clinical trial of
localized high dose, unfractioned heparin showed that the hourly dose of
heparin needs to be reduced by 10-fold [122] than what is demonstrated in the
rat carotid model of angioplasty.

Local delivery of the active agent is found to be beneficial due to the localized
nature of restenosis and other cardiovascular diseases. Different strategies have
been tried by various workers to deliver the drug locally [123]. One of the simple
and commonly used approaches is to implant the drug-loaded polymer around
the area of the interventional procedure so that the drug can be released at a
predetermined rate. In this process, a biocompatible and biodegradable polymer
is needed that is eliminated from the body within 6 months of implantation. All
these criteria are fulfilled by several polymers such as collagen, copolymers of
lactide and glycolide, and polyanhydrides [19]. Poly(FAD : SA) has been applied
perivascularly to release heparin to microvascular anastomoses [124]. The vessel
patency rates were found significantly greater in polyanhydride-heparin-treated
vessels as compared to controls at 24 h and 7 days after surgery [125]. PLA has
been used to coat the poly(FAD : SA) sheets to improve the release profile and
strength of the films. Animal studies of the heparin-releasing devices showed a
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significant reduction of the internal artery diameter in the control group as
compare to the treated group [120].

10.6.6 Glaucoma and Other Eye Disorders

A successful surgery of glaucoma filtration can be prolonged by administering
agents with antifibrotic activity. Lee et al. investigated that fluorouracil 20% by
weight was incorporated in a poly(CPP : SA) disk and tested on 18 rabbits in a
prospective, randomized, double-masked, and placebo-controlled fashion. The
results showed an intraocular pressure (IOP) was lowered in the experimental
eyes during the 5th�17th postoperative day. But, finally, both experimental and
control eyes returned to preoperative levels, and filtration surgery failed in both
the experimental and control rabbit eyes [125]. Jampel et al. incorporated
5-fluorouridine in a polyanhydride disk and reported the success of filtration
surgery in glaucomatus monkeys was significantly longer in the eye that received
polyanhydride with 5-fluorouridine (mean±26.0±9.2 days) than in control
(8.5±4.0 days) [125]. Jampel et al. have also tried taxol and etoposide in a
polyanhydride disk but only taxol had shown remarkable benefits on intraocular
pressure and belb appearance. Taxol�polymer disks had low IOP than control
eyes from 20 days after experimental filtration surgery until death in cynomolo-
gus monkey eyes [6]. Uppal et al. have studied pharmacokinetics of etoposide
contained in a poly(CPP : SA) disk, after glaucoma filtration surgery. The release
of etoposide from the implant was nearly over time, at 30 Ag/day completed
except for a burst between days 6 and 7. After the 12th postoperative day 92% of
etoposidewas released.Drug released in aqueous humor, other ocular tissue, and
in the contralateral eye were negligible [126]. Polyanhydride microspheres have
been used to deliver the drug in a controlled manner in vitreoretinal disorders, to
achieve intraocular drug levels within the therapeutic range [127].

10.6.7 Miscellaneous Applications

Polyanhydrides have been also used for many other applications. Delivery of
proteins and peptides macromolecules via polymer is an important issue. Poly-
anhydridematrices are used for a controlled delivery of proteins or polymer�drug
conjugates [128]. Fluorescent-labeled, macrosized dextran release can be con-
trolled from a polyanhydridematrix by adjusting the particles size dispersed in the
matrix [42]. According toHanes et al., poly(anhydride-co-imides) have an erosion
mechanism that leads to predictable drug release. They used bovine serum
albumin as a model compound and suggested that the polymer may be appro-
priate for delivery of many therapeutic proteins, including vaccine antigens
[129]. Moreover, stability and activity of proteins and peptides can also be
maintained using polyanhydride carrier [41]. Lucas et al. reported water-soluble
protein possessing chondrogenic stimulating activity incorporated in polyanhy-
dride polymeric vehicles. The delivery system was capable of inducing cartilage
and bone up to 50% of the time. It was concluded that polyanhydride could be
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used as a controlled-release delivery vehicle for soluble bioactive factors that
interacts with local cell populations [130]. PSA-b-PEGand poly(TMA-glycine-co-
SA)-b-PEG were used as isolating layers for their good processing properties at
room temperature. These polymers were used in protein delivery due to their pH
sensitivity and appropriate erosion duration [131]. Kubek et al. incorporated
neuropeptide TRH (protirelin) in polyanhydride matrix for anticonvulsant
effects. Rat kindeling model was assessed for a number of stimulations required
to reach each behavioral stage and become fully kindled [132]. The report provides
evidence in support of in situ pharmacotherapy for potential delivery in
intractable epilepsy and possibly other neurological disorders. Recently, Allard
et al. reported a process for an efficient immobilization of proteins onto
copolymers with optimal biological activity and for the controlled production
of active bioconjugates [133]. Cai et al. have synthesized a novel polyanhydride,
P[(CBF)-ASA] poly(5-carboxybutylformamide)-2-acetyl salicylic anhydride,with
5-ASA incorporated in the backbone. They found the potential of colon-specific
5-ASA delivery and degradation characteristics [134]. Using a sebacic acid
copolymer, localized intracerebral neurotransmitter delivery has also been tried
and found that intracerebral polymeric drug delivery successfully reversed lesion-
induced memory deficit and can potentially be used in the treatment for
Alzheimer’s disease and other neurological disorders [135].

The use of polymeric materials for the administration of pharmaceuticals and
in biomedical devices has been increased significantly. Important applications of
biodegradable polymers are in controlled drug delivery systems [135, 136] and in
the form of implants and devices for fracture repairs [137]. Ligament recon-
struction [138], surgical dressings [139], dental repairs, artificial heart valves,
contact lenses, cardiac pacemakers, vascular grafts [140], tracheal replacements
[141], and organ regeneration are some of the devices used [142]. Thus, widening
the scope of these polymers from practical and clinical usability points of view is
necessary. Overall these polymers have remarkable possibilities for use in drug
delivery and other implantation purposes.
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CHAPTER 11

POLY(ε-CAPROLACTONE-
CO-GLYCOLIDE): BIOMEDICAL
APPLICATIONS OF A UNIQUE
ELASTOMER

KEVIN COOPER, ARUNA NATHAN, and MURTY VYAKARNAM

Advanced Technologies and Regenerative Medicine, Somerville, New Jersey
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11.1 INTRODUCTION

Poly(ε-caprolactone-co-glycolide) copolymers represent a unique class of absor-
bable copolyesters that can be tailored for required elastomeric properties using a
proper composition and architecture. Poly(ε-caprolactone-co-glycolide) copoly-
mers are prepared by a ring-opening polymerization of ε-caprolactone and
glycolide using a catalyst (typically stannous octoate), an initiator (typically an
alcohol), and temperatures that yield high-molecular-weight polymers. Careful
attention is paid to the use of molar ratios of catalyst to initiator to monomers to
provide high-molecular-weight polymers.An inert atmosphere is also essential as
the monomers and the formed polymers are susceptible to degradation and side
reactions in the presence of oxygen andwater. Various process steps (as described
below) can be taken to synthesize poly(ε-caprolactone-co-glycolide copolymers
with random, segmented, or blocky architectures and unique physicochemical
properties. Several synthesis procedures are given below that describe the
synthesis of poly(ε-caprolactone-co-glycolide) copolymer with different shapes,
which have been utilized for sutures, suture coatings, other implantable devices,
and tissue engineering applications. This chapter provides a review of the
synthesis, physicochemical characteristics, and biomedical applications of poly
(ε-caprolactone-co-glycolide) copolymers.

11.2 MONOCRYL SUTURE

11.2.1 Introduction

Synthetic absorbable sutures are available as braided or monofilament con-
structs. Braided absorbable sutures are made, for example, from 90 : 10 poly
(glycolide-co-L(2) lactide), sold by Ethicon, Inc. under the trade name Vicryl or
from polyglycolide (Dexon) [1�4]. Issues with braided sutures include tissue
drag and the trauma this may cause, as well as the possible infection in the
interstices of the braid [5, 6]. Absorbable monofilament sutures such as PDS Il
[poly(p-dioxanone); Ethicon, Inc.] or Maxon [poly(trimethylene carbonate-co-
glycolide)] limit these issues [7, 8]. However, these monofilament sutures do not
handle as well as braids. Monocryl monofilament sutures (a segmented block
copolymers of ε-caprolactone and glycolide) have been shown to display
excellent handling properties, minimal resistance during passage through tissue,
and excellent tensile properties [4, 9, 10]. Their preparation and physical and
biological properties are reviewed.

402 POLY(ε-CAPROLACTONE-CO-GLYCOLIDE)

CH011 14 April 2011; 12:17:59



11.2.2 Monocryl Suture Synthesis

Monocryl polymer is prepared by a two-step synthesis [11]. A prepolymer of
ε-caprolactone and glycolide is first prepared to give an amorphous or low
crystalline soft segment. The prepolymer is then polymerized in the presence of
additional glycolide to create crystalline segments attached to the already-
formed soft segments. The resulting polymer forms a segmented block
copolyester. The overall composition of the copolymer is 25 mol% ε-capro-
lactone and 75 mol% glycolide. The chemical formula of the segmented block
copolyester is shown in Figure 11.1.

Inmore detail, the segmented copolymer of ε-caprolactone and glycolide with
a 45 : 55 mole : mole middle block and a 25 : 75 overall composition is prepared
using a typical scheme to form copolyesters from lactone monomers. A flame-
dried, 250 mL, three-neck, round-bottomed flask is charged with 28.54 g (0.250
mol) ε-caprolactone, 35.52 g (0.306 mol) glycolide, 0.114 mL distilled diethylene
glycol (1.2 mmol per mole of total monomer), and 0.0505 mL of stannous
octoate (0.33 M in toluene, 60,000 : 1 molar ratio of monomer:catalyst). The
flask is fitted with a flame-dried mechanical stirrer and an adaptor. The reaction
vessel is purged with nitrogen followed by vacuum and repeated three times. The
reactionmixture, under a blanket of nitrogen, is heated to 190�C andmaintained
at this temperature for about 17 h under stirring.

In the second stage of the polymerization, 51.54 g (0.444 mol) of molten
glycolide is added to the prepolymer in the reaction flask. The temperature of
the reaction mixture is raised to 230�C to dissolve the prepolymer into the
molten glycolide. After about 10 mm at 230�C, the copolymer is uniformly
mixed with glycolide. The temperature of the reaction mixture is dropped to
200�C and maintained there for about 2 h. The copolymer is isolated, ground,
and dried for 16 h at 110�C under vacuum to remove any unreacted monomers.
The conversion of monomer to polymer is typically greater than 99% with
inherent viscosity of more than 1.6 dL/g. Large-scale polymerizations are
conducted using the same general scheme.

11.2.3 Monocryl Suture Polymer Extrusion: Filament Preparation

After the poly(ε-caprolactone-co-glycolide) Monocryl copolymer is synthe-
sized, the polymer is formed into filaments for use as sutures. Monocryl is

O
O

O

x

O
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FIGURE 11.1 Monocryl: Segmented block copolyester of ε-caprolactone and

glycolide.

11.2 MONOCRYL SUTURE 403

CH011 14 April 2011; 12:17:59



melt spun using standard extrusion equipment. Extrusion of these copolymers
occurs at temperatures of 10�50�C above their melting point. Typcially,
Monocryl is extruded at a temperature of 230�C. The extrudate filaments that
form from the molten polymer are cooled, rolled up on a spool, and allowed to
crystallize at room temperature for up to 2 weeks. The filaments are then drawn
five to seven times to improve tensile properties. The strands are cut to length and
needles are attached.The needle and suture are then put into folders andplaced in
their packages, sterilized and sealed [9�11].

11.2.4 Results and Discussion

Mechanical Properties. The physical properties of Monocryl suture (Table
11.1) are listed along with those of Vicryl, PDS II, and Chromic Gut. Monocryl
is the strongest of all the absorbable monofilament sutures (normalized for
cross-sectional area). Monocryl is also more pliable than many other mono-
filaments. This results in excellent handling during surgical use.

Surgeons prefer a suture that can pass smoothly through tissue to minimize
trauma. A rough strand presents considerable resistance during tissue passage,
making it difficult to use as a continuous running suture. Smooth surface
monofilaments have less tissue drag compared to braids. Monocryl has a
stiffness (Table 11.2) that is considerably less than other monofilaments. This
yields a suture that passes through tissue more easily.

TABLE 11.1 Physical Properties: Monocryl Suture Compared to Vicryl, PDS II, and

Chromic Gut

Material/Diameter

(mils)

Straight-Pull Strength

(Ib) (psi)

Knot-Pull Strength

(Ib) (psi) Elongation (%)

Monocryl/15.03 16.14 (91,100) 8.11 (45,700) 39

PDS II/13.93 10.77 (70,700) 7.37 (48,400) 51

Chromic gut/15.70 9.07 (46,700) 4.51 (23,200) 22

Vicryl/13.74 15.28 (103,000) 7.97 (54,000) 24

Source: From [9�11].

TABLE 11.2 Stiffness Properties: Monocryl Suture Compared to Maxon, PDS II,

and Chromic Gut

Suture Diameter (mils) Young’s modulus (psi) Stiffness (lb in2 3 10k)

Monocryl 15.03 113,000 2.8

Maxon 15.81 380,000 11.6

Chromic gut 15.70 358,000 10.7

PDS Il 13.93 211,000 3

Source: From [9�11].
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The in vivo breaking strength retention of Monocryl suture 14 days post-
operatively is 20�30% of its initial tensile strength. This makes it ideal for
healing the soft tissue since it allows the tissue some support while not shielding
the tissue from stress (Table 11.3).

Biological Properties. In animal studies, Monocryl suture has been found to
pass through tissues with little resistance. Knot security is good based on the
tactile feedback from the suture. Animals recover uneventfully from surgery
without evidence of pain or discomfort while body weights remain stable with
no treatment-related changes. Upon necropsy, all surgical incision lines heal
normally with no evidence of dehiscence.

Pharmocokinetic studies have also been performed on Monocryl using a 14C
radioactive labeled caproyl moiety. The absorption profile of the 14C-labeled
Monocryl suture decreased linearly (zero-order kinetics) up to week 10 with the
radioactivity in the implantation site at week 10 corresponding to 5.6�9.4% of
the implanted dose inmales and females, respectively. Byweek 14, the absorption
was nearly complete with the radioactivity corresponding to 0.15 and 0.24% of
the implanted dose in males and females, respectively [9, 10].

The antibacterial properties of Monocryl have also been studied using
Triclosan, a known antimicrobial agent [12, 13], as a coating on the suture. The
study evaluated the in vitro efficacy of Monocryl suture with Triclosan against
bothgram-positive andgram-negative bacteria, includingStaphylococcus aureus,
and Staphylococcus epidermidis. The study used a zone of inhibition assay. The
suture alsowas tested againstEscherichia coli in a colonization assay in adynamic
model simulating in vivo conditions. Results showed that Monocryl with
Triclosan demonstrated significant in vitro efficacy against a range of bacteria.
The suture sustained in vitro efficacy for 11 days [13].

Conclusions. Monocryl suture possesses the highest straight tensile strength
and best handling properties of all the available monofilament absorbable
sutures. The in vivo performance of the suture has been evaluated for breaking
strength retention, absorption, tissue reaction, and pharmacokinetics. Tissue
reaction and absorption were assessed by intramuscular implantation of sizes

TABLE 11.3 The in vivo Breaking Strength Retention of Monocryl Suture

Suture Size

Mean Breaking Strength,

0 days (Ib)

Mean Breaking Strength,

14 days (Ib) BSR (%)

5-0 4.55 1.19 26.3

4-0 6.55 1.45 22.2

3-0 10.92 2.81 25.8

2-0 15.59 3.86 24.7

0 19.43 4.85 24.9

1 25.60 6.20 24.2

Source: From [9�11].
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2-0 and 6-0 Monocryl suture into rats. The tissue reactions of the sutures were
minimal. Absorption of the sutures was complete between 91 and 119d
[3, 9�11]. Multiple surgical procedures were performed in Beagle dogs to judge
the surgical performance of the sutures. Monocryl with Triclosan has been
shown to be effective against a host of bacteria [13].

11.3 SUTURE COATINGS

11.3.1 Introduction

Multifilament surgical sutures such as Vicryl poly(lactide-co-glycolide) multi-
filament suture typically require a surface coating to improve the pliability and
knotting characteristics of the suture. Coatings based on ε-caprolactone dis-
solved in an appropriate organic solvent have been used. The coating solution is
typically applied to the surface of the suture using conventional techniques, and
then the solvent is removed. Polycaprolactone is a biocompatable polymerwith a
relatively low melting point, a property that is essential for good coating
characteristics. Additionally, sutures coated with polycaprolactone exhibit
enhancedpliabilityandhandlingcharacteristics.Unfortunately,polycaprolactone
homopolymer is essentially nonabsorbable because it retains some of its mass and
mechanical integrity in vivo for periods up to one year, which is too long for
numerous surgical applications. It was determined that compositions of capro-
lactone, glycolide, and glycolic acid have properties useful as suture coatings and
are described below.

11.3.2 ε-Caprolactone, Glycolide, and Glycolic Acid Suture Coatings

In an effort to improve the bioabsorbability and other properties of polycapro-
lactone coatings, the polymer composition can be modified by incorporating
copolymerizable monomers or lubricating agents. In the past, suture coatings
based upon copolymers of at least 90% ε-caprolactone and a biodegradable
monomer andoptionally a lubricating agent have beenprepared [14, 15]. Examples
of monomers for biodegradable polymers include glycolic acid and glycolide, as
well as other well-known monomers typically used to prepare polymer fibers or
coatings for multifilament sutures. Sutures coated with such copolymers are
reported to be less stiff than sutures coated with other materials, and the physical
properties of the coated suture are also reported to be acceptable.

However, adequate bioabsorbability of homopolymers and copolymers of ε-
caprolactone for suture coating applications was still a challenge. One solution
that has been developed is a copolymer of ε-caprolactone, glycolide, and glycolic
acid [14, 15]. The copolymer is characterized by a concentration of glycolic acid
such that the intrinsic viscosity of the copolymer is low (0.15 to about 0.60 dL/g).

Surprisingly, the use of glycolic acid as a comonomer into the copolymers
increases the rate of absorption of the copolymers. This increase in the rate of
absorption is achieved while maintaining tissue drag, knot tie down, and tensile
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properties. These copolymers can be used for coating bioabsorbable, multi-
filament surgical sutures such as Vicryl.

By adjusting the intrinsic viscosity of the copolymer by varying the concentra-
tion of glycolic acid, a copolymer coating is achieved that forms a film on the
outer surface of the suture and penetrates the interstices of the multifilament
fibers. The penetration of the coating polymer onto individual fibers of the
multifilament increases the pliability of the suture and enhances its knotting
characteristics, especially the ease with which a knot can slide down the length of
a suture during surgery.

The coating is prepared by dissolving the copolymer into an organic solvent
(chloroform, ethyl acetate). The concentration of the copolymer in solution is
15 wt%. Generally, concentrations greater than 20 wt% polymer provide
coating solutions that are too viscous to achieve adequate penetration of the
coating solution into the interstices of the fibers, and concentrations below
10 wt% are inadequate to properly coat a sufficient amount of copolymer onto
the suture. Once a solution of the copolymer is prepared, a suture is coated
using a dipping process. After the coating is applied, the solvent is removed by
drying at an elevated temperature under vacuum.

11.4 DERMAL TISSUE REPAIR

11.4.1 Introduction

Another area that poly(ε-caprolactone-co-glycolide) copolymers may provide
benefit is in tissue engineering. Several tissue engineering scaffold concepts with
poly(ε-caprolactone-co-glycolide) copolymers have been developed in our labora-
tories. Poly(ε-caprolactone-co-glycolide) as an acellular tissue engineering scaf-
fold for a wound-healing matrix in chronic wounds for dermal tissue repair has
been developed. A 0.5-mm-thick porous scaffold sheet made from an elastomeric
copolymer [35/65 poly (ε-caprolactone-co-glycolide)] using a novel phase separa-
tion process has been developed. Extensive bench-top testing and in vitro and
in vivo studies resulted in the selection of an optimal material composition with
excellent physical parameters of porosity, morphology, and thickness.

The approach was similar to that developed by Yannas and Burke [16];
however, the primary distinction was to focus on a completely synthetic biocom-
patible and bioabsorbable material instead of an animal-derived material. We also
wanted to focus on chronic wounds—including venous stasis ulcers, diabetic foot
ulcers and pressure sores as the target indications as opposed to burns. Most
approaches so far using biodegradable synthetic scaffolds [17�19] or animal-
derived materials [20] have involved cell expansion and seeding onto the scaffolds,
resulting in an in vitro cultured substitute for skin. These products have hadmixed
clinical success and are far from optimum [21]. All of these approaches have one or
more drawbacks from a viable product standpoint: limited shelf life, difficult
handling and storage, and costs due to the difficult step of cell culturing process.
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Earlier efforts with completely synthetic bioabsorbable scaffolds such as PGA
(Dexon) and 90/10 PGA/PLA copolymers (Vicryl) meshes for skin tissue en-
gineering met with disappointing results in terms of a poor take in a wound bed
[22]. The challengewe facedwas to design and develop amatrix that would have an
acceptable take in a wound bed and provide a three-dimensional (3D) matrix for
cellular proliferation and growth leading to dermal tissue repair and wound
closure. Given this, three important aspects of the scaffold design were studied:
material composition selection, scaffold porosity and morphology, and thickness
and flexural rigidity of the implant.

To develop materials with these aspects, the elastomeric copolymers synthe-
sized are more than an order of magnitude lower in stiffness and peak stress
and at least an order of magnitude greater in percent elongation compared
to polyglycolide (PGA), polylactide (PLA) and polycaprolactone (PCL) poly-
mers. Our hypothesis in using these unique highly elastomeric copolymers
for soft tissue applications is that the scaffolds made from these polymers will
provide a compliant microenvironment in the wound bed. Such a 3D environ-
ment will provide a “provisional matrix” for cell attachment, migration,
proliferation, and deposition of extracellular matrix leading to tissue repair
and wound closure.

Another aspect of the material selection process was the degradation profile or
time for complete absorption in vivo. Three choices would provide a range of
absorption profile—from a few months to a couple of years. Table 11.4 outlines
the approximate time it takes for these materials to completely resorb in vivo
based on the outcome of two long-term studies (one in rat and the other in swine).

11.4.2 Scaffold Porosity and Morphology

After demonstrating the ability tomake porous scaffolds from the three material
compositions, we conducted a pilot in vivo study using a pig full-thickness
excisional wound model. It was rationalized that we would need a 2-mm-thick
scaffold for full-thickness wounds. The foams were prepared from the previously

TABLE 11.4 Physical and Biological Properties of Elastomeric Polymers

Polymer

Tensile Modulus

(MPa)

Elongation at

Break (%)

Degradation

Profile (months)

PCL�PGA 35�65 (mol-mol %) 60 1800 3�4

PCL�PLA 40�60 (mol-mol %) 23 1100 18

PCL�PGA 35�65 (mol-mol %) &

PCL�PLA 40�60 (mol-mol)

Blend (50�50 wt%) 36 1500 18

PGA 7000 17 3�6

PLA 2700 7 24

PCL 400 80 .24

Source: From [23, 24].
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listed copolymers, using a lyophilization process developed in our laboratories
[25]. These scaffolds had poor tissue in-growth and a majority of the scaffolds
sloughed out of thewounddue to a combinationof lowporosity andhighflexural
rigidity. Based on this pilot 8-day study, the 50/50 blend was chosen as the
primary composition because it provided slightly greater cellular infiltration and
granulation tissue in-growth into the scaffold than the other compositions. There
was no statistically significant difference between the 50/50 blend and the 35/65
PCL/PGA case. The 40/60 PCL/PLA did not provide any exceptional result and
was deemed not optimal because of its extremely long-lasting absorption profile
(18 months or greater).

For the next in vivo study, the scaffolds were modified in terms of porosity,
morphology, and thickness. The starting polymer solution concentration was
lowered from 10% (w/w) to 5% (w/w) and lyophilization cycle was modified to a
quench cycle insteadof a slowcontrolled cooling cycle.Matrices thatwere 0.5 and
1.0 mm thick were implanted. Strong evidence was found that scaffold physical
characteristics (porosity, morphology, and thickness) play an important role in
scaffold incorporation in the wound bed.

A 90-day long-term in vivo study was then conducted where scaffolds made
from 35/65 PCL/PGA and the 50/50 blends were compared. The 35/65 PCL/
PGA degraded much faster, and by day 28 the scaffold fragments resulted in
granulation tissue overgrowth. By day 90, there was complete absorption of the
35/65 PCL/PGA scaffolds while the 50/50 blend still had approximately 50% of
the material remaining in the wound and a granulomatous response was still
apparent. The 35/65 demonstrated minimal response of residual inflammation
following total absorption. It was concluded that shorter absorption time of 35/
65 PCL/PGA provided greater advantage in a wound-healing situation than
any slight benefits that the 50/50 blend might have in the initial stages of
cellular infiltration and proliferation.

The safety and biocompatibility of these scaffolds made from the three
compositions were evaluated in a long-term (18-month) rat study [26]. In this
tissue reaction and absorption study, the scaffolds were surgically implanted
at two sites—intramuscular and subcutaneous. All three compositions were
deemed safe and biocompatible with acceptable tissue reaction. Both the EtO
and γ-sterilized scaffolds made from 35/65 PCL/PGA copolymer were comple-
tely absorbed 90 days after implantation.

11.4.3 Results and Discussion

Scaffold Porosity and Morphology. The scaffold’s porosity, pore size, and
morphology form the basis of the 3D architecture that cells encounter in the
wound bed. Within the wound environment the 3D structure of the scaffold
would provide support for rapid cellular invasion and extracellular matrix
deposition by the invading cells. The primarymechanismof action of the scaffold
is through its ability to provide 3D interconnecting pores that facilitates rapid cell
migration and tissue regeneration [27]. The importance of scaffold morphology
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has been previously described regarding cell migration and vascularization of
tissues [28, 29]. The scaffold facilitates the process of granulation tissue formation
and re-epithelialization by enabling the cells to migrate and synthesize new
dermal matrix in the wound defect. Despite recent advances in tissue engineer-
ing, the current state of understanding on the effect of scaffold porosity
and morphology in wound healing can be described at best as empirical. Our
approach was to study porosity and morphology through in vivo studies.

Additionally, several techniques such as mercury porosimetry, helium
picnometry, capillary flow permeability, liquid porosimetry, confocal micro-
scopy, and image analysis to characterize the foams in terms of porosity and
pore size distribution were studied. Of these techniques, helium picnometry has
been identified as the optimal technique for measuring porosity in an accurate
and repeatable fashion.

From this analysis, it was found that the current scaffolds have a porosity of
about 94%. A strong correlation between the porosity values and the starting
concentrationof thepolymer solutionwasalsodetermined.For example, the foams
prepared from 5% (w/w) polymer solutions have porosity values around 94%,
while the foamsmade from10%(w/w) solutions haveporosity values around 88%.
This is understandable since thepolymer solution is frozenduring the lyophilization
process and results in phase separation of the polymer and the solvent phases. The
subsequent sublimation step and the drying step remove the solvent phase
completely and therefore, leave an interconnected porous foam. This high correla-
tion between solvent fraction and the porosity also confirms that the pores are not
closed but open.

Pore size is a more difficult parameter to characterize due to the pore size
distribution. To monitor the modal pore diameter mercury porosimetry was
used. It has been reported that if a majority of the pores are greater than 10 μm,
then they should support cellular in-growth and good nutrient transport. In the
current studies, the modal pore size is well over 10 μm for all our scaffolds
tested and hence should support cellular in-growth.

11.4.4 Conclusions

Making bioabsorbable elastomeric porous scaffolds for tissue engineering
requires a careful selection of biocompatible polymers that exhibited the right
mechanical properties and absorption profile. The two copolymers based on
ε-caprolactone were expected to provide a “fast” (glycolide-based) and a
“slow” (lactide-based) absorption profile. Furthermore, the crystalline glyco-
lide and lactide domains form a network in the amorphous matrix that makes
the copolymer elastomeric in its behavior.

A variety of porous foams were fabricated and the type of microstructure
obtained in the scaffold depended on factors such as the polymer�solvent
interaction, concentration, and kinetics of phase separation. Highly porous
foams with a porosities ranging from 75 to 90% and pore size ranging from 50
to 150 μm were produced by this technique.
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In vitro mechanical testing of these foams at 0, 7, 14, and 28 days was
performed. The ε-caprolactone copolymers with glycolide or lactide had similar
molecular weights and mechanical characteristics but differed in the resorption
profile as expected. The high porosity, inherent interconnectivity of the pores,
and the large surface area of this material provide an excellent scaffold for
cellular invasion and attachment. Furthermore, due to the high surface area,
the foam undergoes a rapid degradation that might provide the necessary space
for tissue in-growth.

11.5 BUTTRESSING MATERIAL

11.5.1 Introduction

In patients who suffer from emphysema and other lung diseases, staple-line
buttressing has been developed for lung volume reduction (LVR) and resulted in
decreased patient morbidity and shorter hospital stays. Additionally, a growing
need exists for a staple-line buttress material that provides hemostasis and/or
pnemostasis in several surgical procedures involving soft tissues such as gastric
bypass, gastric banding, andhysterectomy. Ideally, thebuttressmaterial for these
applications needs to be supple, thin, compressible, and biocompatible with low
force to fire and easy to cut using a stapler. Existing materials either lack one or
more of these features or aredifficult to attach to the staplers. Biologically derived
products such as BioVascular’s bovine pericardium have potential immunologi-
cal issues and are difficult to use, while Gore’s ePTFE Seamguard are permanent
implants that become encapsulated [30]. To address these issues, a unique foam
buttress material for surgical staplers from a bioabsorbable, elastomeric copo-
lymer was developed.

11.5.2 LVR 35/65 Properties

As a thin film, the copolymer of 35% ε-caprolactone and 65% glycolide exhibits
unique elastomeric properties with a tensile modulus of 2350 psi at 300%
elongation and elongation to break greater than 600% [23, 24]. The elasticity
of this copolymer andof foamsmade thereof is ideally suited for soft tissue repair.
When used as a staple-line buttress, the foam will deform without tearing at the
staple line.

A novel lyophilization process was developed tomake thin foams (0.5�1mm)
from the copolymer solution using a freeze-dryer. The buttress material made by
this process is very porous and has an overall porosity of 80�90% with
interconnecting pore morphology (Figure 11.2) [23, 24]. The buttress material
is attached to the cartridge and the anvil of a stapling device. When the surgical
stapler is used, the staples pierce through the foam buttress material and are
formed by the staple pockets on the anvil. The high porosity combined with the
inherent elastomeric nature of the copolymer allows the buttress material to
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compensate for tissue thickness variations. The skin on one surface of the foam
buttress virtually ensures that there are no air or blood leaks at the staple legs. The
in vitro degradation profile of the foam indicates that approximately one third of
its strength is lost by day 3 and another third by day 7. This rapid loss of
mechanical strength is suitable in many wound-healing situations where the
natural tissue heals completely in 3 weeks. The breaking load when normalized
for thickness indicated no inherent differences in the rate of degradation as a
function of thickness (Fig. 11.3) [23, 24].

A long-term tissue reaction and absorption study showed that buttress
material is absorbed in vivo in 120 days. The tissue reaction was the normal

FIGURE 11.2 Scanning electron micrograph: Cross section of the foam buttress

material. (From [23, 24].)
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foreign body typewith granulomatous inflammation andwith fibrous encapsula-
tion that was usually less than 50 μmthick. This study established the biocompat-
ibility of the foam buttress material and is consistent with the findings of other
copolymers made from ε-caprolactone and glycolide [9�11].

11.6 SUMMARY

Poly(ε-caprolactone-co-glycolide) copolymers represent a unique class of
absorbable copolyesters that with the proper composition and architecture
have properties that provide useful elastomeric characteristics. Such copoly-
mers have utility as sutures, suture coatings, and tissue engineering constructs
given the elastomeric properties our research has found.
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12.1 INTRODUCTION

Humans have attempted wound closure since 1100 BC, when abdominal incisions
on mummies were closed with leather ligatures [1]. Sutures, staples, and clips are
still used for wound closure and tissue reconstruction. Thus, the field of surgical
sutures is expanding very much. Several new products have been developed to
improve the results. An avoidance of bleeding during surgery is performed to
minimize the morbidity and length of stay. As hospital administration and
government regulators desire less invasive procedures, the challenges in surgery
are increasing. Moreover, the operations are performed with minimum invasive
incisions, using endoscopic, laparoscopic, and robotic approaches. In this
process, tools that can reduced the bleeding by blood clotting, vessels sealing,
or gluing tissues are gaining increasing importance. Traditionally, wound repair
has been performed using sutures. Tissue adhesives were approved and used as
alternative for wound closure in several countries. Numerous studies have
reported that the use of tissue adhesives is faster, less painful, and more
economical than suturing. However, some cases tissue adhesives result in
more wound infection than with suturing. The cosmetic outcome of tissue
adhesive is better than suturing. The technique of tissue adhesive in wound
repairing is useful and skilled for several wound management [2].

Cyanoacrylate medical adhesives were developed as an important tool for
the classical suture because of their good cosmetic effect. They also reduced
pain and recovery period and hence preferred by patients. These techniques are
more efficient, offer low surgery time-and, therefore, reduce cost. Still cyanoa-
crylate technology has some demerits. Lower homolog of the cyanoacrylate
family form brittle adhesive layers in vivo, which may cause polymer biode-
gradation by adverse tissue response. Higher cyanoacrylates form flexible
bonds, which are more biocompatible and expensive. Therefore, there is a
need to get high-quality medical adhesives based on cyanoacrylates at an
affordable price. For this, the alkoxycarbonyl group of the cyanoacrylate
monomers are modified to different ester residue chain length compounds.
Short-chain derivatives show a higher degree of toxicity. Inflammation and
histological toxicity are related to the cyanoacrylates and alcohol degradation
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by-products. As the concentrations of these breakdown products are directly
proportional to the rate of degradation, slow degradation rate results in the
decrease of toxicity to the tissues [3].

Recently, several cyanoacrylate tissue adhesives have been developed and
reported [4]. Cyanoacrylate tissue adhesives are liquid, which polymerizes on
contact with tissue surface in an exothermic reaction forming a strong flexible
film that opposed the wound edges. As the cyanoacrylate tissue adhesives have
been available outside the United States for several decades, their use has been
restricted by the inferior mechanical properties of the butyl-cyanoacrylates,
limiting their use to small low-tension lacerations and incisions. In 1998
the development and introduction of strong and more flexible 8-carbon
2-octylcyanoacrylate was the major achievement in the wound closure field.
Food and Drug Administration (FDA) approval and multiple studies have
consistently demonstrated that wound closure with 2-octylcyanoacrylate
(OCA) is comparable with other wound closure devices and offers several
additional benefits. The use of tissue adhesives might seem intuitive, but
improper wound selection and technique may result in suboptimal results [4].

At present, commercially available cyanoacrylate tissue adhesive is only the n-
butyl-2-cyanoacrylate. Although n-butyl-2-cyanoacrylate is an effective tissue
adhesive, it also has certain limitations. It produces brittle adhesive film and
increases the cytotoxicity. Recently, n-octyl-2-cyanoacrylate was formulated to
correct these deficiencies. Slowdegradation of cyanoacrylate polymers lowered the
concentration of by-products and produced less inflammation. Additionally,
plasticizers are added to increase tissue compatibility, which flexes with the skin
and remains inherent for longduration.This strongandflexiblebondmayallow its
use in longer incisions. This technology has proposed the production of several
cyanoacrylate adhesives of different ester radical lengths. It is achieved by
introducing a new degradation and stabilization system of cyanoacrylate oligo-
mers, that is, depolymerization. As compared to other methods the cyanoacrylate
technology is cleaner, faster, and simple. Various cyanoacrylate homologs with
the C1�C8 range length are obtained using this technology for medical adhesives
applications with diverse setting times, bond strengths, degradation rates, and
biocompatibilities. The technology is also used in the synthesis of nanostructured
homo- and copolymeric poly(cyanoacrylates). Its usefulness in drug delivery and
targeting systems and in several other medicinal applications are discussed here.

The use of polyglycerol sebacate acrylate (PGSA) as a biodegradable and
biocompatible tissue adhesive has been reported [5]. Clinical applications of
“topical tissue adhesives” synthetic cyanoacrylate in various medical devices
was approved by the U.S. FDA 1976. It includes cyanoacrylate liquid bandages,
dental cements, and the like [6]. A series of lipophilic derivatives of gemcitabine
poly(amino poly(ethylene glycol) cyanoacrlate-co-hexadecyl cyanoacrylate (poly
(H2NPEGCA-co-HDCA)) nanospheres and nanocapsules has been synthesized.
More lipophilic derivatives such as 4-(N)-stearoylgemcitabine, are incorporated
to a high yield. A cytotoxicity study was done on two human cancer cell lines and
compared to gemcitabine and free 4-(N)-stearoylgemcitabine [7].
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A folic acid multifunctional nanodevice (MND) is used as ligand, which
conjugated to the terminal amido group of polyamino polyethylene transfer and
deoxyribonucleic acid (DNA) condenser. The experimental result shows opti-
mum complexation ofDNA, that is, about 97%. TheMND loading polydiribose
nucleic acid protamine sulphate (pDNA/PS) shows the luciferase activity over 0.5
ng luciferase/mg protein in KB cells. MND shows the highest transfection
efficiency in KB cells as compared to A549 cells and other formulations such as
LipofectAMINE or free pDNA/PS. Transfection efficiency of controlled multi-
functional nano devices (CMNDs) is found greater than in lipid film coated with
poly(HNPEGCA-co-HDCA) and dioleoyl phosphotidyl ethanolamine (DOPE).
In addition, during encapsulation MND also shows low cytotoxicity. Overall,
MND works as a more potential nonviral vector used for DNA delivery [8].

Microencapsulated transferrin-conjugated PEGylated polycyanoacrylate
nanoparticles transferrin-polyethylene glycol nanoparticles (TF�PEG nano-
particles) have been developed to determine the stability of pDNA at various
conditions in vitro targeting cell association. The open circular forms of pDNA
increased on emulsifing pDNA with organic solvent. Poly(aminopoly(ethy-
lene glycol) cyanoacrylate-co-hexadecyl cyanoacrylate) [poly(H2NPEGCA-
co-HDCA)] shows a slight influence on pDNA in 0.1 M NaHCO3 at high
concentration. K562 cell binding affinity of TF�PEG nanoparticles was found
greater than of nontargeted PEG-nanoparticles. The results indicate that TF-
PEG nanoparticles were useful in pDNA delivery to target cells [9].

PEG-coated biodegradable polycyanoacrylate nanoparticles (PEG nanopar-
ticles), conjugated to transferrin for paclitaxel delivery have been developed.
PEGylated paclitaxel-loaded nanoparticles were prepared using solvent a
evaporation technique. Actively targeted nanoparticles (ATN) were prepared
by coupling transferrin with PEG nanoparticles. The result shows an average
encapsulation efficiency of these ATNs. A low-burst effect of paclitaxel-loaded
ATN released only 16.2% of the drug within the first phase. Subsequently,
paclitaxel release profiles display a sustained-release phase. The amount of
cumulated paclitaxel release over 30 days was 81.6%. ATN exhibited a markedly
delayed blood clearance in mice, and the paclitaxel level from ATN remained
much higher at 24 h as compared to free paclitaxel injection. On intravenous (IV)
administration, the distribution profiles of ATN in S-180 solid-tumor-bearing
mice shows tumor accumulation of paclitaxel increases with time, and the
paclitaxel concentration in the tumor was about 4.8 and 2.1 times higher than
those from paclitaxel injection and PEG nanoparticles at 6 h after IV injection.
Tumor burden on ATN-treated mice was found much smaller as compared with
free paclitaxel. In addition, the life span of tumor-bearing mice was significantly
increased with the treatment with ATN. Thus, PEG-coated biodegradable
polycyanoacrylate nanoparticles conjugated with transferrin could be an effec-
tive carrier for paclitaxel delivery [10].

Nanoparticles of poly(isobutylcyanoacrylate) with dispersed insulin in a
pluronic acid solution has been developed. The results show that particle diameter
was reduced by increasing the Pluronic acid concentration. Nanoparticles
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prepared in the presence of 2.5% Pluronic acid results in particles of 85-nm
diameters and 59% intraparticular insulin load without the use of the oily core.
Streptozocin-induced diabetic rats were used for in vivo study. Subcutaneous
injection of insulin nanoparticles prolonged the duration of glycol (cyanoacrylate-
co-hexadecyl cyanoacrylate) [poly(H2NPEGCA-co-HDCA)] to synthesize poly
(polate-HNPEGCA-co-HDCA), protamine sulfate (PS) for nuclear hypoglyce-
mic effect from 6 to 72 h. As compared to nonencapsulated insulin, oral
absorption of the entrapped insulin was found significantly better [11].

Butylcyanoacrylate adhesive scaffold is used in a porcine model to enhance
the tensile strength of tissue samples repaired ex vivo. The cyanoacrylate-doped
scaffold repairs approximately 30% organ tissues and approximately 20%
vascular tissues. These scaffold-enhanced adhesives offer a quick application
with less skilled professionals, paraprofessionals, and bystanders in the
emergency department [12].

A technique of latent fingerprints using controlled cyanoacrylate vapor
exposure in fuming cabinets is used for artifacts recovered in investigations of
a forensic crime scene. This technique involves the deposition of monomeric
cyanoacrylate under warm, moist conditions on the object to polymerize
and produce a white film that renders the fingerprint visible. Raman spectro-
scopic studies show several bands in the spectra of poly(ethyl-cyanoacrylate),
indicating the presence of residual monomer and other species formed of
the polymerizing material. The possible effect of unreacted monomer and
other polycyanoacrylate film impurities on spectral analalysis are also high-
lighted [13].

Spray drying is the technique used to deliver particles to the lungs via a dry
powder inhaler (DPI). Lactose was used as the excipient and spray-dried with
gelatin and polybutylcyanoacrylate nanoparticles. Some of the carrier particles
were found hollow, whereas others had a continuous matrix. Gelatin nano-
particles incorporated the matrix and sometimes accumulated at one end of
lactose. Polycyanoacrylate nanoparticles formed clustered at different spots
within the lactose carriers. Dispersion of the powder with passive inhaler and
impact measurements showed that incorporation of the nanoparticles did not
affect the fine particle fraction (FPF) or mass median aerodynamic diameter
(MMAD). The nanoparticles were delivered to the lungs via carrier particles,
which further dissolve in an aqueous environment of lung epithelium. This
allows for new drug-targeting strategies using nanoparticles for pulmonary
delivery of drugs and diagnostics [14].

Molecular simulation of doxorubicin with butyl-polycyanoacrylate has
been used in brain drug delivery. Aggregation and desegregation mechanism
of doxorubicin release can be summarized as follows: Oligomeric polyalkyl
cyanoacrylates (PACAs) are lipophilic entities that facilitate scavenge of
amphiphilic doxorubicin already during polymarization. The establishment
of hydrogen bonds between the ammoniumN�H function and the cyano groups
is noteworthy. The cohesion in PACA nanoparticle comes, therefore, from a
blend of dipole�charge interaction, H bonds, and hydrophobic forces [15].
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Poly(bu-cyanoacrylate) (PBCA) nanoparticles coated with polysorbate 80
drug were also delivered to the brain. These carriers can penetrate the
blood�brain barrier (BBB) and deliver various drugs, that is, proteins and
peptides. In this process hydrophilic and lipophilic compounds were eliminated
from the brain with glycoprotein. The suspension of polysorbate-coated PBCA
nanoparticles is introduced into the blood. Apolipoproteins of the blood
plasma adsorb on the particle surface and interact with low-concentrate
receptors. Lipoproteins situate in endothelial cells of cerebral vessels, thus
stimulating endocytosis [16].

Nanoparticles (NPs) of PBCA and poly(octyl-cyanoacrylate) (POCA) have
been developed to study biodistribution in mice by loading radioiodine 125I-
labeled radio iodine (IUDdR). Nanoparticulate injection to the brain increases
the counts because of IUdR bioavailability in the brain when IUdR was loaded
into NPs. The result shows nanoparticles crossed the blood�brain barrier and
reached brain tissues [17].

Thermosensitive poly(cyanoacrylate) nanoparticle applications at high
hydrostatic pressure (HHP) were also studied. Poly(cyanoacrylate) nanoparticles
appeared to be extremely baroresistant. This process allowed the successful
inactivation of vegetative bacteria, yeast, and fungi. HHP act as a new method
for polymer drug carrier sterilization [18]. The combination of polycyanoacry-
late with bone morphogenetic protein-2 (rhBMP-2) nanoparticle injection is
prepared by an emulsion method. Their biological activities were tested in vivo
as well as in vitro. The rhBMP-2 polycyanoacrylate nanoparticle was found to
be homogeneous and stable. In vivo study showed 80% of bone morphogenetic
protein (rhBMP) gets released in 10 days. The addition of the rhBMP nano-
particle to the marrow stromal cell (MSC) system increases ALP levels in MSC
culture significantly [19].

It was found that the PEGylated polyalkylcyanoacrylate nanoparticles easily
penetrate into the central nervous system to a larger extent than other formula-
tions because of their long-circulating properties in blood. Thus, PEGylated
polycyanoacrylate nanoparticles are used as a brain delivery reported system in
neuroinflammatory diseases [20]. Pharmacokinetic study of poly(bu-cyanoacry-
late) nanoparticles loaded with sulfonated aluminum phthalocyanine (Photo-
sense) as a delivery system has been reported [21]. Poly(bu-cyanoacrylate)
nanoparticles (PBCA nanoparticles) loaded with the hexapeptide dalargin has
been studied. These nanoparticles were coated with apolipoproteins AII, B, CII,
E, or J without or after precoating with polysorbate 80. The antinociceptive
threshold was measured by the tail-flick test on I.V. injection to mice. The
antinociceptive effect was found to be reduced in apolipoprotein-E-deficientmice.
Transportation of drugs loaded to poly(bu-cyanoacrylate) nanoparticles with
apolipoproteins B and E across the blood�brain barrier has been achieved [22].

Recently, biodegradable poly(ethyl-cyanoacrylate) (PECA) nanospheres were
used to deliver insulin orally. Screen absorption enhancers are used to protect
insulin loaded PECA in vivo after the oral administration to streptozotocin-
induced diabetic rats. Orally administered insulin absorption was evaluated using
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the hypoglycemic effect. Blood glucose level is significantly reduced on oral
administrations of protease inhibitor with insulin-loaded PECAnanospheres [23].

Polycyanoacrylate adhesives were also used in inguinal hernia repair.
Total extraperitoneal (TEP) repair is the most commonly employed technique
by laparoscopic surgeons [24]. In this system biodegradable poly(iso-bu-
cyanoacrylate) (PIBCA) collides with pilocarpine particles. Incorporating it
in a Pluronic F127 (PF127), a gel delivery system has been developed. Its ability
to prolong the release of pilocarpine is evaluated. The poly(isobutyl cyanoa-
crylate) nanocapsules (PIBCA-NC) of pilocarpine dispersed in the PF127MC
gel delivery system showed significant potential to prolong a delivery of
pilocarpine and other hydrophobic drugs [25].

Allopurinol-loaded poly(Et-cyanoacrylate) nanoparticles were tested against
Trypanosoma cruzi using in vitro cultures of epimastigotes. High concentration of
unloaded nanoparticles on zero-line cell cultures has been used for cytotoxicity
study. The result shows that the poly (Et-cyanoacrylate) nanoparticles are good
carriers of drugs against T. cruzi. Allopurinol-loaded nanoparticles significantly
increased the trypanocidal activity in comparison to the free drugs [26].

12.2 CURRENT NEED IN MODERN SURGICAL APPROACHES

The modern practice of surgery is facing two problems. High-cost devices and
an aging population. Both these factors push the technical frontiers of surgical
practices to a more challenging level. These surgical conditions favor smaller
and minimally invasive procedures. These procedures are tried with smallest
incisions using laproscopic, endoscopic, and robotic technologies. In addition,
it is assumed that reduction in blood transfusions may result in superior
surgical outcomes [27�29]. It means that reducing the need for transfusions not
only reduces the costs but also improves the results [30, 31]. In this process
the devices used may decrease bleeding, reduce operative time, and improve the
quality of surgical tissue. Such devices may successfully perform the modern
surgical approaches with several improvements and reduced costs.

12.2.1 Current Challenges

Surgeons use modern procedures and devices for painless and fast surgery.
Good skill and knowledge is necessary for excellent results. The modern devices
are continuously in demand for improved outcome. So, there have been
continuously increasing technical challenges for improved results. To improve
the outcomes of these modern devices, certain effective hemostats, sealants, and
adhesives should be developed and used [32].

12.2.2 Ideal Materials

The ideal material should possess important properties that enable its use by
surgeons. Safety, efficacy, usability, cost, and approvability [33] are the five
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important factors that should be taken into consideration when developing
ideal devices. The material used must be safe and its metabolites should not
be dangerous to patients. It should be free from infectious disease transmis-
sion. While using these materials and their metabolites, no carcinogenic or
immunogenic response should be occurring. Second, the material must be
effective when used for its labeled indication. Adjunctive materials cannot be
used as substitutes for excellent surgical technique. Surgeons should not
employ this product when suture is required. Some surgeon’s don’t apply
such sealants and adhesives properly because of the lack of sufficient
knowledge and experience. Efforts should be taken to setup standards for
the efficacy of those devices that are not widely used. Third, the material
must be easily usable and easily applied by the surgeons. It is also easily
reconstituted by circulating in the operating room (OR). Fourth, cost and
cost-effectiveness remain important considerations. If a product shortens the
operative procedure and length of hospitalization, it will reduce costs [34].
Cost�benefit, however, remains an underutilized method of analysis in the
clinical trials of these products. Such analysis gains an increasing importance
in the future. Finally, the approval for this product is also an important
aspect. FDA approval of these materials increases their clinical use by
surgeons.

12.2.3 Education on the Use of Adhesives and Sealants

The education of surgeons is a long and challenging process. Surgical procedures
are generally learned by observation, performance, and instruction. New
materials must be presented by teachers in a clear manner so that surgeons in
training get benefits. Established surgeons need to know about new materials.
Their education should not be in a verbal or written form such as lectures,
articles, books but by hands-on workshops or laboratory work. Also being
aware of the use of new materials in medicine may be useful in facilitating new
approaches. An important contribution of surgical success is the fast adoption of
new and effective modalities. Several new materials are available to those willing
to achieve proficiency in this area [32].

12.2.4 Cyanoacrylates

To date three cyanoacrylate products have been approved by U.S. FDA. The
approved commercial cyanoacrylates are 2-octyl cyanoacrylate (Dermabond,
J&J) and the two commercial forms of n-butyl-2-cyanoacrylates (Indermil,
Covidien, Norwalk, CT; and Histoacryl and Histoacryl Blue, Tissueseal, Ann
Arbor, MI). Dermabond, Indermil, and Histoacryl and Histoacryl Blue are
used for surgical closure of skin incisions [35�37]. Additionally, Dermabond
and Indermil are also approved as barries to bacterial skin penetration [35,
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36]. These cyanoacrylate formulations are used for holding skin edges
together. In the presence of hydroxyl groups, these adhesives polymerize
within 30 s. The cyanoacrylate formulations are recommended for use with
deep dermal sutures for skin closure. This is because dehiscence can occur if
the cyanoacrylates are attached to the skin. Currently, cyanoacrylates are
approved for topical use only and are not for internal use. When placed on
the skin, the cyanoacrylate releases heat by an exothermic reaction and may
cause discomfort in some patients. Only thin layers, applied externally to
minimize heat and encourage wound healing effects, are recommended. They
are not to be used in high-tension areas, across joints, on mucosal surfaces,
at mucocutaneous junctions, or at dense hair areas. These cyanoacrylates
sloughed during the process of skin exfoliation and do not require removal.
Safety concerns of these materials include eye injury [35�37]. Specific
precautions need to be taken to avoid dripping these products onto the eye
or eyelids. If inadvertently applied onto the eyes, the eyes are flushed with
saline and the ophthalmic treatment is applied. An ophthalmologist should be
consulted and the eyes are kept moist. Debonding is likely to occur within
3 days, facilitated by periods of weeping. In this situation surgical removal
may help. These materials should not be applied to patients who have
hypersensitivity to cyanoacrylates, formaldehyde, or D&C violet No. 2. Their
use in infected, gangrenous, decubitus, or poorly healing wounds should be
avoided. Cyanoacrylates should not be employed below the skin because
foreign body reactions may occur. Application to wet or alcohol-containing
wounds should be avoided because moist wounds may increases the rate of
polymerization. Cyanoacrylates are easy to remove with acetone, petroleum
jelly, warm soapy water, or 5% sodium bicarbonate. Accidental spillage can
be absorbed with talc. Several clinical trials for the efficacy of cyanoacrylates
in skin closure have been performed and reported [38�41]. These materials
are stored at room temperature [22�C (72�F)] for limited periods of time,
although each one of them recommends long-term storage at a specific
temperature range. Dermabond should be stored below 30�C (86�F) and
Indermil and Histoacryl stored at 2�C (36�F) to 5�C (41�F). Multiple thin-
layer application techniques are recommended to avoid heat discomfort. The
material should not be scrubed at the sites of application. It sloughs in 5�10
days, and patients show its effect after 48 h.

All cyanoacrylates are marketed in 0.5-mL ampoules of various
forms. Dermabond is also sold as an applicator pen in a high-viscosity
formulation designed for easy application. Indermil ampoules are attached to
an intravenous access catheter to facilitate application. A significant use of
cyanoacrylates for esophageal and gastric varices [42] and clinical trials
of internally usable cyanoacrylates have been performed [43, 44]. Cyanoacry-
lates are relatively inexpensive as compared to other tissues. (See Figs.
12.1�12.3.)
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12.3 IMPORTANT APPLICATIONS OF CYANOACRYLATES

Certain important applications of cyanoacrylates have been studied and
reported recently. Some of them are discussed in the following sections.

12.3.1 Topical Skin Adhesives

Every year about 7million traumatic lacerations [45] and 26 to 90million surgical
incisions are performed by surgeons, emergency physicians, and primary care
practitioners [46]. Traditionally, these wounds and incisions are closed with

FIGURE 12.1 Octyl cyanoacrylate (Dermabond, Johnson & Johnson) (From [32].)

FIGURE 12.2 n-Butyl-2-cyanoacrylate (Indermil, Covidien). (From [32].)
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sutures, staples, or surgical tape. Recently, this can be done using tissue
adhesives. A wound closure device should be easily used, painless, and faster,
should result in excellent cosmesis, be nonremovable, and be cheaper [47].
Although, none of the available devices meet all of these needs, the topical
cyanoacrylate tissue adhesives offers an ideal wound closure device. The
cyanoacrylates were synthesized first in 1949 by a German chemist [48]. After
10 years wound closure with a cyanoacrylate was reported [49]. At first, short-
chain cyanoacrylates were crudely manufactured and found to be toxic in
pharmacological doses [50]. Long-chain derivatives are comparatively nontoxic,
thus more sophisticated manufacturing techniques have been developed of pure
nontoxic monomers and used as adhesives clinical practice.

Preparation, Structure, and Mechanical Properties. The cyanoacrylates
are obtained by condensing formaldehyde and cyanacetate [51]. The resultant
cyanoacrylate monomer was distilled to get a pure form and to remove toxic
by-products formed in the synthesis [52]. Furthermore, the monomer was
formulated with stabilizers, plasticers, and additives to improve its biocompat-
ibility, stability, and clinical performance [52]. The basic cyanoacrylate mono-
mer is a low-viscous liquid. On contact with anionic substances, such as blood,
it polymerizes to long chains forming a solid film that bridges the wounds and
holds the apposed wound edges together [52]. The adhesive film generally
sloughs off within 5�10 days as the epidermis regenerates. Although the
monomers are formulated to improve their performance, their properties are
based on the number of carbons in their side chain (Fig. 12.4). In general, the
strength and several other physical properties of cyanoacrylate adhesives are
directly related to the length and complexity of their alkyl side chain. Short,
straight-chain derivatives (ethyl or butyl cyanoacrylate) form tight and stronger
bonds as compared with complex or long-chain derivatives (propoxypropyl

FIGURE 12.3 n-Butyl-2-cyanoacrylate (Histoacryl and Histoacryl Blue, Tissueseal).

(From [32].)
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cyanoacrylate and octylcyanoacrylate). Although these tight bonds are used as
an interface bond, they tend to form brittle bonds that fracture prematurely
when used as a topical bridge leading to lower clinical tensile strength than the
longer chain derivatives [53].

Overall, the cyanoacrylate topical skin adhesives are important wound
closure devices. They also work as a microbial barrier and as an occlusive
dressing. Their mechanical properties, advantages, and disadvantages helps the
clinician to determine their proper use. Although they are easy to use and offer
many potential advantages to both patients and practitioners, they are not
suitable for all type of wounds. Careful and meticulous wound evaluation,
preparation, and closure are required regardless of wound closure device to
achieve optimal results [53].

Advantages and Disadvantages of the Cyanoacrylate Adhesives. Cya-
noacrylate topical adhesives possess several advantages over traditional devices.
Application of the adhesives is comparatively rapid and painless; hence no local
anesthetics are necessary. In addition, as the cyanoacrylate adhesives slough off
within 5�10 days, removal of devices is not required. This procedure may be
painful and threatening, especially in children. Although the cyanoacrylate
adhesives are expensive, when all other expenses are included, the other sutures
are more expensive [54]. The use of such adhesives reduces the risks of needle
sticks [55] and prevents the suture mark formation on either side of the wound.
They save the operative time, especially with longer incisions and lacerations.
Most of the surgical patients prefer topical adhesive to sutures or staples [56, 57].
In a study of emergency patients it was found that two thirds of patients had a
prior or current laceration and preferred sutures to adhesives [58].

Ethyl-2-cyanoacrylateo
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o
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Methyl-2-cyanoacrylate

2-octyl cyanoacrylate

2-Butyl cyanoacrylate

FIGURE 12.4 Structure of the cyanoacrylate tissue adhesives. (From [53].)
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In the early 1960s it was demonstrated that a moist wound environment was
optimal for wound healing [59, 60]. Both the butyl-cyanoacrylates and octylcya-
noacrylates create an occlusive wound healing environment, a barrier to micro-
bial penetration [61, 62], and decreased the wound infection rates in comparison
with other sutures [63]. Its resulted in the use of cyanoacrylate adhesives as
consumer liquid bandages [64]. Commercially available octylcyanoacrylate
liquid bandage does not have enough tensile strength for wound closure. The
cyanoacrylates also show antimicrobial properties both in vitro and in animal
models [65�67].

Even though the topical skin adhesives have several advantages, they also
have certain disadvantages compared to the other wound closure devices. On
exposure to moisturem, they result in adhesive failure; hence cyanoacrylate
adhesives are not used in mucous membranes such as the mouth. The adhesives
are also not to be used over hair-bearing areas.

12.3.2 Tissue Glues

Tissue glues are used in surgery to promote adhesion, hemostasis, and wound
healing. Broadly, these tissue glues may be synthetic or biologic. Synthetic tissue
glues are mainly derived from cyanoacrylate and used for skin approximation.

Principles of Wound Healing. The wound-healing foundation involves
mainly three phases: inflammatory, proliferative, and remodeling. The inflam-
matory phase is initiated because of tissue injury with extravasations of blood
and leads to hematoma and platelet aggregation. Activated platelets play an
important role by initiating the clotting cascade by releasing growth factors and
cytokines. The coagulation cascade leads to the formation of a stable crosslinked
fibrinmesh. Thematrix formedby the fibrinmesh provides the regenerative space
and scaffolding for cell migration and proliferation [68].

First, Neutrophilic cells migrate to the wound region, providing both protec-
tion from infection and removal of debris. This is followed by monocytes that
differentiate into macrophages and T lymphocytes whose role is still unclear
[69�71]. The beginning of the proliferative phase starts with the proliferation of
blood vessel endothelial cells at the site of injury. In this process the migration of
fibroblasts, which form the extracellular matrix and undifferentiated mesenchy-
mal stem cells provide the basis of regeneration. Remodeling is the third and final
phase of wound healing. It is characterized by the reshaping and reorganization
of the newly formed duplicate tissue of the original preinjured one. The process of
remodeling is lengthy andmay take up to 2 years before reaching its original state.
Several groups of compounds have been used for the purposes of clotting,
adhesion, and ultimately wound healing [68].

Cyanoacrylates. Cyanoacrylates are synthetic adhesives used topically for
skin closure since 1959. Only one cyanoacrylate derivative, 2-octylcyanoacry-
late (Dermabond; Ethicon Inc., Somerville, NJ)] is approved by the (FDA).
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2-Octylcyanoacrylate has been used for skin closure in hand surgery, oral
surgery, head and neck surgery, and cosmetic surgery [72, 73]. These tissue
adhesives are used for long incisions with minimal tension [74]. On comparison
with sutures, Dermabond shows no difference in cosmoses at 3 months with
reduced time for closure and less pain [75]. The available class of adhesive is
recommended for topical use only because permeation into human tissue may
be toxic and generate an inflammatory response. The preclusion of use within a
healing wound is the major limitation for soft-tissue surgical applications [76].

12.3.3 Glue for Gastric Varices

Bleeding gastric varices treatment is one of the frontiers of endoscopy. Hemo-
static methods used for esophageal varices are not suitable for gastric varices.
This is because of their large size and extensive distribution. Tissue necrosis
results in endoscopic interventions that cause significant complications. Conse-
quently, patients with gastric variceal bleeding are referred for a transjugular
intrahepatic portosystemic stent shunt (TIPS) or surgical shunt procedure.

Cyanoacrylate glue was found to be ideal for endoscopic treatment of gastric
varices. Native cyanoacrylate is a liquid similar to water, hence it lends itself to
intravariceal injection.Cyanoacrylates onaddition toaphysiologicmediumblood
polymerizes quickly, forming a hard substance. This results not only in rapid
hemostasis in cases of active bleeding, but it also prevents the recurrence of
bleeding from the treated varix. Because of their efficacy and safety, cyanoacry-
lates are used in specific clinical situations such as pregnancy and in children [77].

Indication. Most of the cyanoacrylate studies for gastric varices fail to provide
subset analyses on the basis of location or morphology. Gastric varices treated
were fairly homogenous with a fundal location in 94% and a nodular or
tumorous type in 94% [78]. In another study 50% of varices included in the
endosonography arm were gastroesophageal in location, and a stratification of
results according to location or morphology was not provided [79]. On the basis
of currently available data, cyanoacrylate injection is better compared to TIPS
at a significantly lower cost. Factors that increase the risk associated with TIPS,
including advanced liver disease, jaundice, and renal failure, favor the use of
cyanoacrylate therapy. It is not clear whether eradication of esophageal varices
increases the risk of bleeding from gastric varices.

Equipment and Injection Technique. At present, no standard equipment
or injection technique is available. The injector used has a liver-lock metal
fitting because, since histoacryl is caustic in nature, it may crack a plastic hub.
The dilution ratio of Histoacryl to Lipiodol has varied among studies. The
rationale for diluting Histoacryl with Lipiodol is delayed to avoid an instant
polymerization reaction. A series of new cyanoacrylate homolog with pro-
longed polymerization time are available that are suitable for undiluted
injection [80].
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Treatment Protocol. It is necessary to standardize the protocol for the
endpoint of treatment. The purpose of cyanoacrylate injection is the oblitera-
tion of visible varices. The term “obliteration” is more accurately described as
“eradication.” Complete obliteration needs the cyanoacrylates to induce
mucosal necrosis at the site of injection. During the second period the rates
of late-onset recurrent bleeding were significantly lower. The investigators give
endosonography credit for the improved results. Although it is not proved, this
modal is superior in the determination of variceal obliteration. Fluoroscopy is
rarely used to monitor the intravariceal injection of cyanoacrylate. To provide
real-time monitoring of cyanoacrylate injection technically the use of a convex
array echoendoscope is possible [80].

Safety. Cyanoacrylate injection has been found amazingly safe. However, cases
of severe complications including cerebral stroke, pulmonary embolism, portal
vein embolism, splenic infarction, and retrogastric abscess have been reported.
Moreover, further investigations are essential tominimize and eliminate the riskof
embolization. In one of the investigation, the patient, who had a cough, was found
to have small pulmonary emboli on the chest radiograph [79]. Similarly, after
histoacryl injection, embolic deposits were found on the chest radiograph of one
patient who developed a cough. Two cases of visceral fistulae after Histoacryl
injection were also reported with some new unreported complications [81]. One
gastric varices patient on cyanoacrylate treatment showed the complication of
empyema of the left pleural cavity after 6 months. A fistulous association between
the gastric fundus and pleural cavity was also documented. Operative investiga-
tion showed the gastric fundus to be adherent to the diaphragm with inflamma-
tion. This suggests that an injection of Histoacryl into the stomach wall
may caused this complication, as histoacryl is known to be ulcerogenic to the
tissues. In a second case, Histoacryl injection to a bleeding esophageal varix
patient was complicated by a fistulous tract to the right para-mediastinal region,
which resulted in fatal pulmonary abscesses.

The issue of safety also extends to equipment and personnel. A clogging case
of the endoscope accessory channel requires repairing. Clogging occurs even
though precautionary lubrication with silicone oil can be done to prevent
adherence of Histoacryl. All personnel should wear protective goggles to avoid
serious eye injury as a result of cyanoacrylate spraying [80].

Future Studies. One study shows the efficacy andoverall safety of glue injection
of cyanoacrylate for gastric varices. However, several questions regarding the
indications, equipment, technique, treatment protocol, and safety remain un-
solved. The hemostatic efficacy of glue injection coupled with high mortality
associated with nonendoscopic treatments is in favor of glue injection. Optimal
management of the stable patient without active bleeding needs further study.
Results of endoscopic treatment using sclerotherapy or band ligation are different
for the subsets of gastric varices. A random trial by comparing cyanoacrylate
injection to sclerotherapy or band ligation is warranted for junctional varices.
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Future studies must consider the control for varix obliteration as the endpoint
of treatment. Finally, future studies must address the risk of embolization.
Although the risk is small, embolization can be fatal. Certain modifications in
injection technique and new cyanoacrylate compounds may reduce or eliminate
this risk [80].

12.3.4 Endoscopic Therapy of Peptic Ulcer Bleeding

Gastroduodenal ulcer is the root of upper gastrointestinal bleeding. Even
complete eradication of Helicobacter pylori (HP), the rate of ulcer bleeding
remains unchanged [82, 83]. However, in western countries, the epidemiology is
changing with an increasing rate of HP-negative ulcers. To a certain extent the
rate of drug-induced ulcers with a malignant clinical course is increasing. In
gastroduodenal ulcerations, the rate of complicated ulcers (bleedings and
perforations) mostly remains unchanged. Consequently, the mortality rate
remains constant at between and 7 and 10% [84]. Surgery was frequently
required in ulcer patients with ongoing bleeding or high-risk features to solve
the situation [85]. However, the endoscopic therapy has been recognized for the
treatment of these ulcers [86, 87]. It is important to acknowledge the role of
endoscopy in acute upper gastrointestinal (GI) bleeding situations. General
care, endoscopy, surgery, and radiological service with selective embolization
needs a multidisciplinary panel of expertise to offer the optimal treatment.

Indications. Endoscopy plays an important role along with the initial
monitoring of patients with cute upper GI bleeding. This comprises partly
the determination of subsequent care (out-patient, general ward, intensive
care), partly a precise diagnosis, and partly endoscopic therapy. All these are
very important elements in endoscopy, usually integrated in a single endoscopic
procedure. On the basis of endoscopic findings and results of therapy, the
subsequent handling is precisely planned, and the prognosis is more precisely
conveyed to the patient and any caretakers. A low-risk endoscopic stigmata
patient was associated with a significant lowering of hospital cost, without any
adverse effects. Even if discharge is not possible, triage helps for care within the
hospital. However, such triage benefit requires strict adherence of the recom-
mendations [88]. Early endoscopy increases the chances of an intermittent
hemorrhage from an obscure focus. Sometimes, a stable situation may be
acutely aggravated by manipulation of the ulcer in the duodenal bulb. In such
an emergency the operating theater is required, in addition to abundant
intravenous access and cross-matched blood. Analysis and comparison of the
different modalities is very difficult. Several available comparative studies are
flawed by expertise, and/or preferences. Local preference, expertise, and
availability will be major determinants in the choice of method.

Injection Therapy. Injection therapy is used to create a hydrostatic pressure,
tissue edema, vasoconstriction, and inflammatory changes in ulcer region, with
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acute and long-lasting effects. Technically, it is the easiest method to learn
and implement, although injections are more precise. Acute angulation of
the endoscope tip does not affect the efficacy of the injection. One injection
rarely reduces the viability to make another. More importantly, the injections
must be placed at the anticipated location of the feeding vessel going into the
ulcer [89].

Cyanoacrylates Used. Histoacryl (N-butyl-2-cyanoacrylate) is a well-known
tissue adhesive possessing a variety of medical applications. It is regularly used
in gastric varices treatment in Europe, while its role in bleeding peptic ulcers is
more undetermined. A mixture of 0.5 mL of Histoacryl glue with 0.8 mL of
Lipiodol is injected in small boluses directly into the bleeding vessel. After
injecting the glue, the sterile water boluses are used to empty the residual glue in
the needle. The substance rapidly hardens with an inherent risk of endoscope
damage. Moreover, the glue/lipiodol mixture is viscous and offers significant
resistance to injection. To avoid premature solidification of the glue, care must
be taken to do the procedure quickly [89].

Comparing the Histoacryl study with saline/epinephrine injections, 126
patients with bleeding or nonbleeding visible vessels were randomized. Initial
hemostasis was achieved in 92 and 95%of patients, with slightlymore rebleeding
in the epinephrine group. In active bleeding ulcers, the benefit of Histoacryl was
more assured. Because of the rare but feared complication, most doctors use this
substance only as a last resort before surgery. The substance is unavailable in
several countries, including the United States. [90].

12.3.5 Endoscopic Surgery in Pediatric Practice

In open and endoscopic surgical practice, tissue adhesives or glues are classified
in three categories on the basis of their origin that is, biological, synthetic,
and genetically engineered polymer protein glues [91]. All cyanoacrylate
(CA) and noncyanoacrylate polymeric sealants are animal-derived hemostatic
agents considered to be of biological origin. Cyanoacrylates are introduced in
surgical procedures and used as embolic agents by interventional radiologists
and endoscopists. Several studies shows CAs are easy to use as compared to the
other tissue adhesives [92].

Discussion. Perfect hemostasis in open surgery is one of the main problems in
pediatric laparoscopic surgery. Several tools (i.e., titanium or reasorbable clips,
ultrasonic scalpel, and bipolar and tripolar forceps) have been developed to
solve this problem. Tissue adhesives employed in pediatric surgery reduced the
risk of postoperative complications, especially in cases of parenchymal resec-
tion or vascular anastomoses. Glues are found to be good for controlling
bleeding in the case of intervention on the spleen or liver. These advantages are
of greater applicability for pediatric laparoscopic surgery. The use of adhesives
proved to be of great interest and efficacy. In particular, in esophageal or
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gastric perforation Glubran has two advantage, sealing and consolidation. It
acts within a short time with an application on sutures and anastomoses; thus
rapid consolidation and sealing of the suture is possible. Glubran is easy to use,
does not polymerize in the needle, acts rapidly, and does not give foreign body
reactions. This glue is extremely useful in organ perforation to consolidate the
suture or control the hemostasis in case of bleeding. In addition, not only are
tissue adhesives useful in abdominal surgery, they are also used in thoracic
surgery and urology. As per reports from medical teams during the Vietnam
War and unpublished literature, CAs may be associated with the occurrence of
malignant tumors on the liver or spleen. Initial experimental study on the
carcinogenicity of CAs have failed to find any association with malignant
transformation (Figs. 12.5 and 12.6.) [93].

12.3.6 Colorectal Variceal Bleeding

Colorectal variceal bleeding is rare but may be massive and fatal. Its initial
appearance includes severe, painless rectal bleeding in most cases. Bleeding
from esophagogastric varices is the major complication of portal hypertension.
In contrast, ectopic varices may also develop in the duodenum, ileum, cecum,
ascending, descending, and rectosigmoid colon, and abdominal stomas. Most
common sites for colorectal varices are the rectum and cecum. No significant
difference in the prevalence of lower gastrointestinal (GI) varices in patients
with cirrhosis, noncirrhotic portal fibrosis, or extrahepatic portal venous

FIGURE 12.5 Glue is extremely useful in cases of complications, such as in this

perforation of the right side of the valve during a Nissen fundoplication. NV, Nissen

valve; N, needle; L, liver; D, diaphragm; P, perforation. (From [93].)
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obstruction was observed. Theoretically, by repeated endoscopic variceal scler-
otherapy (EVS) obliteration, esophageal varices may increase the flow through
other portosystemic collaterals and subsequent varices formation and bleeding.
Hepatic venous pressure and the severity of cirrhosis are similar in cirrhotic
patients with or without anorectal varices. Sustained reduction of portal venous
pressure is achieved. Substantial perioperative complications restrict the use of
surgical procedures in high-risk and advanced cirrhotic patients. Ligation of the
inferiormesenteric vein is used as an alternative to the portocaval shunt, although
it increases the chances of esophageal varices development. Under certain
conditions, colectomy is lifesaving, although it carries postoperative morbidity
and mortality resulting from hepatic failure and sepsis.

Once bleeding is recognized, endoscopic sclerotherapy with different sclero-
sants has been used.Althoughactive bleedingmay be arrested, rebleeding remains
a problem.Major complications reported with sclerotherapy of colorectal varices
have been necrosis and perforation. A massive hemorrhage from rectosigmoid
varices were treated by endoscopic injection of N-butyl-2-cyanoacrylate tissue
adhesive, achieving temporary hemostasis. The cyanoacrylate glue injection may
offer an approach to controlling active bleeding from colorectal varices, allowing
time to stabilize the patient and to plan definite therapy (Fig. 12.7) [94].

12.3.7 Tissue Adhesives in Corneal Cataract Incisions

Introduction of clear corneal incisions manifest a new era in cataract surgery.
The beginning of clear corneal wounds, phacoemulsification experienced a new

FIGURE 12.6 Glue was adopted to close a patent processes vaginalis in a congenital

inguinal hernia. N, needle; IIR, internal inguinal ring. (From [93].)
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breakthrough, with reduced surgical time, faster postoperative recovery,
reduced rates of astigmatism, and less complications associated with scleral
tunnels such as conjunctival manipulation and hyphemas [95].

Clear Corneal Incisions and Endophthalmitis. Several ophthalmic sur-
geons have recognized advantages of corneal incisions. Use of these incisions
now far exceeds and may dominate the field of cataract extraction. The
American Society of Cataract and Refractive Surgery (ASCRS) performed a
survey in July 2003 that demonstrated that 72% of the respondents used clear
corneal incisions for phacoemulsification. No-suture closure was the preferred
technique for 92% of the responding physicians [96]. Although clear corneal
wounds are the favored incision in cataract surgery, recent scrutiny increased
the risk of postoperative endophthalmitis with these wounds. Recently, a
multinational prospective study conducted by the European Society of Catar-
act and Refractive Surgery (ESCRS) demonstrated that the risk for contracting
endophthalmitis following phacoemulsification cataract surgery was 0.38%
[97]. Several studies have been conducted to compare the incidence of post-
operative endophthalmitis in clear corneal incisions compared with the tradi-
tional scleral-tunnel incisions.

FIGURE 12.7 Rectosigmoid varix with stigmata of recent hemorrhage, protruding

thrombus, at one of the bleeding sites (From [94].)
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Tissue Adhesives and Clear Corneal Incisions. Synthetic and biological
tissue adhesives have been utilized for various purposes in ophthalmology,
including corneal perforations, wound repair, amniotic membrane transplanta-
tion, and even as sealants for glaucoma and plastics procedures. Cyanoacrylate-
based glues have been most widely used as adhesives in the treatment of corneal
perforations. Several studies have been published on the efficacy of cyanoacry-
late-based glue as a substitute for sutures in clear corneal incisions. A series of
prospective interventional cases in which 2-octyl cyanoacrylate with parabens
was used as a wound sealant after clear corneal cataract surgery has been studied
[98]. In each case, the wound was sealed with one or two drops of 2-octyl
cyanoacrylate with parabens. All 51 eyes had watertight wounds after the
application of 2-octyl cyanoacrylate with parabens. On the first day of post-
operation, 45 eyes (88%) had tissue adhesive still completely covering the
wound, two eyes (4%) had tissue adhesive over portions of their wounds, and
four eyes (8%) had no adhesive noted on their wounds. Frequently, the
complaint was a transient foreign body sensation, found in 31 patients (61%).
Other side effects included focal or diffuse bulbar conjunctival hyperemia and
retention of glue on the second postoperative visit [98].

Novel Tissue Adhesives. Many new novel adhesives have been developed as
an alternate modality to sealing corneal wounds. A modified chondroitin sulfate
aldehyde adhesive was compared with standard sutures for sealing corneal
incisions in rabbit eyes. This study measured the tensile strength of the wounds
and the leakage through the wounds with intraocular pressure variation. Results
showed the adhesive was an effective sealant for corneal incisions and may be
superior to sutures for this purpose [99]. The efficacy and clinical tolerance of a
new acrylic copolymer tissue adhesive, adhesives of alicanate (ADAL), in
corneal surgery has been evaluated [6]. In this study, corneal incisions in rabbit
eyes were sealed with ADAL bioadhesive, hydrated with a balanced salt
solution, or closed with 10-0 nylon sutures. The incisions undergo weekly tensile
strength testing and clinical, histopathologic, and confocal microscopic evalua-
tions. Clinical evaluation showed no incision leakage or anterior chamber
reaction in any of the groups. The patients in the ADAL group showed a
mild increase in wound neovascularization and opacification with slight greater
inflammatory reaction as compared with the hydrated group. Tensile strength
during the first week was significantly greater in the ADAL group than in the
other groups. Thereafter, all groups had similar tensile strength [100].

12.3.8 Adhesives for Tissue Reconstruction

Sutures, staples, and clips are considered the gold standard for wound closure
and tissue reconstruction. These devices have the same function as employed in
ancient times to surgical tools [101]. Use of sutures is essential for closure of a
wide variety of simple wounds. However, in many cases the suture is either
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unable to effect repair or the repair interferes with the functional rehabilitation
of the site [102]. An example of this includes closure of dura mater [103],
urethral defects [104], lung tissue [105], nerve repair [106], hernia repair [107],
blood vessel anastomosis [108], and traumatic injuries [109]. In these cases,
various surgical “glues” have been used, including synthetic polymer glues such
as cyanoacrylate or polyethylene glycol (PEG) laser-activated albumin solders,
and chitosan adhesives [110].

Cyanoacrylate Glues. Cyanoacrylates are the esters of cyanoacrylic acid
[(C5H5NO2)CH2QC(CN)COOCH3]. Acrylate double bond plays an impor-
tant role in the polymerization (hardening) of this glue. Cyanoacrylate mono-
mers polymerizes on contact with water or a weak base, such as cell membranes
and tissue. The process of hydroxylation takes place through the elimination
of oxygen from the substances being bonded [111]. Modification of the alkyl
side chain has been done to produce cyanoacrylates with different bonding
properties. The compound becomes more biocompatible as the ester chain
increases from one carbon to higher numbers. On the contrary, short-chain
esters (,4C) or their degradation products are toxic [111]. Cyanoacrylate
derivatives with short side chains degraded rapidly into cyanoacetate and
formaldehyde. These degradation products accumulate in tissues and produce
significant histotoxicity confirmed by both acute and chronic inflammation.
The longer alkyl chains of glues (e.g., N-butyl-2-cyanoacrylate) lower the
degradation significantly, limiting accumulation of products to be effectively
eliminated by tissues.

Cyanoacrylate glues have been successfully applied in ophthalmology to
repair corneal perforations. A small skin patch is usually glued to the cornea,
which has suffered perforation. The procedure improved visual outcomes
without re-epitheliazation into the damaged zone [111, 112]. Cyanoacrylate
glues also prevent collagenase production, which leads to stromal melting, and
possess bacteriostatic activity against gram-positive organisms [113]. The
major concern of these glues is toxicity of cyanoacrylate because of direct
contact with the corneal endothelium and lens. The efficacy of N-butyl-2-
cyanoacrylate in corneal perforations was also compared with fibrin glue in a
randomized clinical trial [114]. Both glues were effective in the closure of
corneal perforations up to 3 mm in diameter, although fibrin glue provides
faster healing and significantly induced less corneal vascularization. It
required a significant longer time for the formation of the adhesive plug.
Cyanoacrylate glues are also used as conventional suturing for wound closure.
A random trial was conducted to compare 2-octylcyanoacrylate with standard
subcuticular suture for surgical incision closure. The glue was found easy to
use without any complications. Despite these positive results, intracutaneous
absorbable sutures are still preferred for skin closure as they usually guarantee
no tissue dehiscence and a better wound cosmesis than cyanoacrylate glue
[115�117].
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12.4 SURGICAL APPLICATIONS OF CYANOACRYLATE ADHESIVES

12.4.1 Biochemistry of Cyanoacrylate

Adhesive cyanoacrylate is a compound synthesized by the condensation of
cyanoacetate and formaldehyde in the presence of a catalyst. Cyanoacrylate
adhesive film develops by rapid polymerization, triggered by an hydroxyl group
on the surface being glued. In this process, water acts as a catalyst to activate
the anionic polymerization [118]. The good wetting potential of proteins makes
CA compounds extremely adhesive to biological tissue, even being sufficient
adhesive used in tissue grafting. This phenomenon takes place because CA
compounds retain their adhesive qualities in the presence of moisture. Further-
more, in biological applications also they show bacteriostatic and hemostatic
activity. Diluted CA surgical glues allow the antimicrobial activity against
cultures of Bacillus subtilis when used over a 3-week period clinical study [119].

12.4.2 Surgical Applications

Several surgical and medical applications of CA and their homologs are studied.
CA has been primarily used as a tissue adhesive for surgical and traumatic wound
repair. A randomized controlled trial showed no detectable differences in the
cosmetic result or complication rate at 3months, whenwound closure was carried
out either mechanically or chemically [120]. Wound closure study incurred an
additional benefit of much faster than traditional suturing [120]. Instead
of mechanical suturing CA compounds may also help to reduce the incidence
of keloid formation, an important cosmetic consideration for certain racial groups
where this complication often occurs.Widespread replacement of sutureswithCA
compounds has significant benefits, beyond the cosmetic improvements experi-
enced by patients. From an occupational health and patient safety perspective,
there would bemuch to gain, as the risk of percutaneous exposure incidents (PEI)
could be largely lessened by a reduced necessity for sharp instruments, such as
suture needles. The risk of PEI is known to be high in surgical settings. In one
study, 87%of surgeons reported experiencing a percutaneous injury at some stage
during their career, whereas the risks posed by PEI related to blood-borne
pathogens, such as the human immunodeficiency virus (HIV), hepatitis B virus,
and hepatitis C virus. Significant psychological and economic costs are also
associated with this particular hazard [121]. To avoid these problems, at least one
recent study has found that the possibility of successfully integrating CA and its
homologs into non-“sharps”-based operations [121]. The less sharps-intensive
procedures would be a positive step in reducing PEI hazards within the operating
room, hospital emergency department, and elsewhere.

12.4.3 Toxicity in Clinical Use

The toxicity of medical-grade CA is lower in domestic compound due to the
lower proportion of impurities. It does not mean that surgical-grade CA
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compounds have no toxicity. When used as a tissue adhesive, CA may cause
inflammation and tissue necrosis in vivo. Thrombotic events have been
described with CA-associated necrosis. An other study describes that the
toxicity of CA adhesive was an important contributor to postoperative arterial
occlusive lesions in several patients who had undergone surgery for non-
ruptured cerebral aneurysms, using CA and 100% cellulose cotton for repair.
More recently, intimal thickening occurred due to inflammatory reactions,
results in successive narrowing, or occlusion of the intracranial arteries [122].

In addition, due to CA compounds calcification has been observed in an
earlier animal experiment using human cadaveric dura. In certain studies, CA
derivatives have been found to be histotoxic to tissues. The CA polymer degrades
to formaldehyde and cyanoacetate compounds, and accumulated within treated
areas. Certain evidence suggests that formaldehyde released fromCAmay be toxic
to cells both in vitro and in vivo. This degradation rate canbe reduced by increasing
the alkyl chain length from methyl cyanoacrylate (MCA), ethyl cyanoacrylate
(ECA), isobutyl-CA, to isohexyl-CA radicals. Lowering the degradation process
reduced the number of releasing toxic by-products. Improvements in CA tissue
adhesive delivery systems reduced the amount ofCAbeing usedwith high accuracy
of its application.Aside fromclinical toxicity, the actualmetabolic processes in vivo
and the overallmetabolismofCA remain unknown.However, some radiolabel has
been detected in rat urine following dermal application and oral administration of
MCA, aswell as in the feces of rats following oral administration ofMCA.Despite
this, no toxicokinetic information is available for ECA. Furthermore, clinical
and experimental research into the metabolic fate of CA is clearly needed [118].

12.4.4 Cytotoxicity

Numerous clinical and experimental studies have investigated the cytotoxicity of
CA and their derivatives. CA found to be cytotoxic to cells in vitro both with
direct contact and in extract dilution assays of cell culture [123], even though a 1 :
10 dilution of surgical CA glue was shown to be nontoxic to L929 cells following
polymerization [119]. The polymerization or setting reaction of CA is exothermic,
causing cell damage in cell cultures. When filter paper is used as the vehicle to
minimize direct cell contact with the adhesive, this particular form of CA was
found to be cytotoxic to human oral fibroblast cell culture. Earlier work proposed
that CA adhesives may form lipid hydroperoxides, which activate prostaglandin
and thromboxane biosynthesis. This may explain the existence of certain
thrombosis, associated with necrosis on the use of CA adhesives in vivo. The
use of prostaglandin H synthetase inhibitors, such as acetylsalicylic acid (aspirin)
and indomethacin reduce the cytotoxicity of CA up to eightfold in vitro [118].

12.4.5 Toxicity Resulting from Occupational Exposure

Cyanoacrylates are also widely used in various industries because of their
adhesive properties and easy handling. However, their volatility and chemical
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reactivity may produce a hazardous atmospheric environment for workers.
Several conditions are recognized for increasing CA toxicity in the workplace,
including preexisting dermatological, allergic, respiratory, and neurological
conditions, as well as accidental applications and skin contact. Experience of
skin patch testing for acrylate allergies, including allergies to ECA, has been
recently reported. However, in this study no allergic reactions of ECA
compounds were reported. The precise allergic mechanism among humans
requires further clinical investigation of CA, believed to be of the Th2 type.
Apart from cutaneous reactions, CA was also associated with pulmonary
symptoms. Despite this caveat, some researchers have reported peripheral
neuropathy associated with CA exposure. Accidental application to eyes, ears,
and mouth, having the potential to compromise respiratory function, appeared
in the scientific literature. The toxic effect of CA therefore should not be
underestimated in the working environment [118].

12.4.6 Genotoxicity and Carcinogenic Potential of Cyanoacrylates

Although, as previously noted, the accurate in vivometabolic processes ofCAare
not still clearly understood, there is the possibility of some long-term risk of these
compounds. For example, methyl-2-CA adhesives were found to have direct
mutagenic effects in standard in vitro Salmonellamicrosomemutagenicity assay.
In certain studies, volatile compounds produced frommethyl-2-CA shown to be
mutagenic to a strain of S. typhimurium (strain TA100). Additional concerns
have been raised that methyl-2-CAmay pose a potential carcinogenic hazard. At
present, no published reports with clinical data on the long-term toxicity/
carcinogenicity effects of either MCA or ECA are available [121], whereas the
possibility of CA-induced neoplasia raises some concerns in toxicology and
occupational health. Further studies will be needed to provide conclusive data on
the genotoxicity and carcinogenic potential of CA compounds [118].

12.5 CONCLUSION

In recent years CA and their homologs are being used in surgical and medical
practices, posing a certain risk to medical staff and patients. As a result, various
adverse effects are known to be occurring by exposure to CA. Although CA
adhesives show cytotoxicity in vitro, only commercial CA adhesives release
cytotoxic substances for a prolonged period. At present insufficient evidence to
prove CA carcinogenic to humans is available, although it may show toxicolo-
gical effects on the neurological and respiratory systems in addition to contact
dermatitis and urticaria. These effects are harmful to surgical and other medical
staff, and they should avoid direct contact with CA compounds. Healthcare
management also considers the adoption of appropriate environmental control
measures, such as acid carbon filters. At a molecular level, increasing the alkyl
chain length of CA reduces the toxicity by slowing the degradation rate of the
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molecule and thereby reducing the toxic substances released. Even though the
metabolism and the harmful effects of this material and its metabolites still
require further investigation, CA and its compounds have been widely used for
surgical and medical practice in recent years.
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13.1 INTRODUCTION

Poly(ethylene glycol) (PEG) is a simple polymer. It is one of the most frequently
used polymers in biomedical applications. PEG is useful in medical application
because of its high solubility in water. It is important to note that solubility
characteristics are dependent on the molecular weight of the polymer. These
properties led to a number of useful application: (i) the addition of PEG to
aqueous solutions of proteins frequently induces crystallizations, (ii) the addition
ofhigh concentrations ofPEG induces cell fusion, (iii) the immobilizationofPEG
on polymer surfaces greatly reduces protein adhesion, and (iv) the covalent
coupling of PEG to proteins decreases their immunogenicity and increases their
half-life in plasma.

The biotechnology revolution has produced novel peptides and proteins that
havebecome important newdrugs.More than80polypeptidedrugs aremarketed
in theUnited States, and 350more are undergoing clinical trials. About one third
of drug candidates in clinical trials today are polypeptides. It has been forecast
that the protein engineeringmarketwill rise to $118billion (12%of pharma sales)
in 2011 compared to $67 billion in 2006 (10% of pharma sales) [1].

Recombinant DNA (deoxyribonucleic acid) techniques using Escherichia
coli and other organisms also allow for the production of polypeptide drugs in
large quantities. Despite such tremendous advances, polypeptide drugs possess
several shortcomings that limit their usefulness. These disadvantages include
susceptibility to destruction by proteolytic enzymes, a short circulating half-life,
short shelf life, low solubility, rapid kidney clearance, and their propensity to
generate neutralizing antibodies [2]. In addition, most polypeptide drugs must
be delivered by injection, either subcutaneously or intravenously [2].

Many scientists have experimented to overcome the problems associated with
polypeptides as drugs. Various research workers have attempted to improve the
clinical properties of polypeptides by altering their amino acid sequences to
reduce degradation by enzymes and their antigenicity potential, by fusing them
to immunoglobulins or albumin to improve half-life, and by incorporating them
into drug delivery vehicles such as liposomes [3�5]. Although sometimes
successful, these methods have limitations, as illustrated by the studies on
liposomes. Liposomes not only deliver drugs to diseased tissues, such as tumors,
but also rapidly enter the liver, spleen, kidneys, and reticuloendothelial systems,
and drugs leak from them while in circulation. In addition, liposomes activate
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complement, and this causes pseudoallergic reactions that damage heart and liver
cells [6]. PEGylation is an alternative method that can overcome some of these
deficiencies [7, 8] by attaching PEG chains to polypeptides or other candidate
molecules. In fact, liposomes are now PEGylated to improve the delivery of
encapsulated drugs, such as the anticancer agent doxorubicin [9].

Many different approaches have been adopted in attempts to utilize drugs
more effectively; in particular, PEGylation provides benefits that are derived
from their covalent attachment to bioactive species. Theoretically, PEGyla-
tion can be used to target any active molecule, but it is usually applied to
macromolecules such as peptides, proteins, oligonucleotides, and small organic
molecules. Proteins are the most actively studied targets for PEGylation. When
PEG is attached to the surface of a protein, the resulting increase in size reduces
renal clearance and increases stability by enhancing resistance to proteolysis
and prolongs protein circulating times [10]. PEGylation also reduces drug
immunogenicity, antigenicity, and toxicity and provides additional benefits by
minimizing injection volume wastage due to adsorption at injection sites and by
enhancing solubilities [11]. In addition to these pharmacological advantages,
PEGylation offers commercial advantages because it transforms molecules into
PEGylated equivalents and, thus, reduces one threat posed by biosimilars.

PEG is biocompatible, relatively nontoxic, and soluble in aqueous and many
organic solvents [12]. PEG has been approved by the U.S. Food and Drug
Administration (FDA), and its safety is assured by its established usage in drugs,
foods, and cosmetics. A PEGylated drug has at least 600-fold lower toxicity
associatedwithPEG-related adverse events inman.WhenPEG is associatedwith
proteins or other biological molecules, it is unlikely to induce toxicity such as
renal tubular necrosis [11]. No critical renal toxicity of PEGylated drugs have
been reported. Initially, PEGylation with lowmolecular weights (, 12 kDa) had
substantial levels of PEG diol impurities. However, PEGs available today have
monodispersity. Diol impurities have been eliminated during chemical synthesis.
As a result, current research is directed toward the selectivity of protein
PEGylation [12].

Despite the fact that protein drugs are capable of exerting potent effects, their
usages are restricted by application problems. In most cases, parenteral admin-
istration routes are required, andevenwhen theyareoptimallydelivered, proteins
are rapidly degraded within hours or even minutes by enzymes or are rapidly
excreted. Immunogenicity and antigenicity are also problems presented by
protein drugs, and solubility becomes a crucial issue when preparingmedications
for injection because low solubility can cause precipitates to form at physio-
logical pH values, whichmay substantially reduce their bioavailability and cause
inflammation. Furthermore, even though protein drugs are generally adminis-
tered parenterally, their bioavailabilities are poor, and their developments are
challenging. Moreover, because they must be administered frequently, they
tend to be associated with poor patient compliance. Recent developments have
increased the proportion of biopharmaceuticals in the pharmaceutical market,
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and available biopharmaceuticals now include enzymes, peptides, proteins,
antibodies, and oligonucleotides. Thus, means of improving the bioavailabilities
of protein drugs are being actively researched.

Oligonucleotides (e.g., antisense oligonucleotides and aptamers) are obvious
PEGylation targets because they are rapidly degraded by nuclease enzymes
in vivo and are rapidly eliminated from blood. Hence, PEGylation technology
can enhance stabilities and prolong half-lives. It was also applied to small
organic molecules, such as cytotoxic drugs, and some of these are on clinical
trials.

PEGylation could also be used to improve the characteristics of commonly
used anticancer drugs, such as docetaxel, paclitaxel, and camptothecin, which
have poor solubilities and high toxicities and require frequent administration.
In addition, the vasculatures of cancer tissues have heterogeneous endothelial
linings, which can encourage the accumulations of supramolecular entities such
aspolymers and liposomes [13].Thus, it is hoped thatPEGylatedhigh-molecular-
weight anticancer drugs will selectively accumulate in cancer tissues and that this
will lead to sustained drug release.

13.2 CHEMISTRY OF PEGYLATION

PEGylation is now a well-recognized tool that can improve the properties of
protein and peptide drugs. PEG is formed from repeating units of ethylene
glycol, and the polymer can have linear or branched chains of different molec-
ular weights. PEG is synthesized by the anionic ring-opening polymerization of
ethylene oxide using anhydrous alkanols such as methanol, methoxyethoxy
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FIGURE 13.1 Structures of polyethylene glycol (PEG) molecules, monomethoxy�
PEG (m-PEG) and branched chain m-PEG. (Redrawn from [15].)
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ethanol as initiator to yield diol PEG,ormonoalkyl-cappedPEGsuchasm-PEG,
respectively (Fig. 13.1). m-PEG is useful for protein modification as it does not
give rise to crosslinking [14]. The presence of trace amounts of water during
polymerization resulted in a number of diol PEGs as an impurity. The amount of
the diol PEG can exceed 10%,whichwill increase heterogenicity of the conjugate
synthesis. An extensive variety if conjugation chemistry has been used to prepare
PEGylated protein. The PEGmust first be functionalized and then binding to the
protein can be accomplished by a hydroxyl, amino, or carboxyl group present in
the protein [2, 15]. A summary of the PEG derivatives and their properties is
shown in Table 13.1.

Some linking chemistry used to synthesize the first generation of PEG
conjugates involving PEG�dichlorotriazine, �benzotriazole carbonate,
�succinimidyl carbonate, and�tresylate had poor selectivity. They preferentially
reacted with lysine and also displayed side reactions with the hydroxyl groups of
serine and tyrosine and the imidazole side chain of histidine. This formed
unstable sulfamate and imidazole carbamate linkages, respectively. The product
was a heterogeneous mixture of conjugates with undesired linkages that can be
easily degraded [2]. The first-generation PEGylation often involved a random
reaction resulting in either steric hindrance or direct blocking of the protein active
site. In this way, PEGylation leads to a reduction in bioactivity [16].

13.2.1 PEG�Dichlorotriazine

The cyanuric chloride method was the most frequently used first-generation
method to activate PEG. PEG proteins were prepared by modification of
bovine serum albumin (BSA) with PEG�dichlorotriazine [Fig. 13.2(a)]. This
resulted in a conjugate with reduced immunogenicity and antigenicity [10, 17].
The classical approach couples one triazine ring per PEG molecule, despite the

TABLE 13.1 PEG Derivatives and Their Properties

PEG Derivatives Properties

First generation

PEG�dichlorotriazine Crosslinking due to remaining chloride

PEG2�chlorotriazine Crosslinking due to remaining chloride

PEG�succinimidyl succinate Succinate left attached to protein

PEG�carbonylimidazole Low reactivity

PEG-p-nitrophenyl carbonate Toxic by-product of 4-nitrophenol

PEG�trichlorophenyl carbonate Toxic by-product of 2,4,5-trichlorophenol

Second generation

PEG�aldehyde It labels only α-amino group

PEG-N-hydroxysuccinimidyl ester Highly reactive toward amino groups

m-PEG orthopyridyl disulfide (OPSS) Attach to free cysteine on peptides

Heterobifunctional PEGs Need water exclusion to prevent diol formation
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fact that cyanuryl chloride derivatives are known as some of the least selective
protein modifiers. Cyanuric chloride can react not only with amino groups but
also with Sulfhydryl groups, and this is most likely responsible for the loss of
activity of many proteins [18].

13.2.2 PEG2�Chlorotriazine

PEG2�chlorotriazine was employed for conjugation with proteins to avoid
crosslinking [Fig. 13.2(b)]. The lower reactivity of the remaining chlorine
translates into a more selective modification of lysine and cysteine residues
without further side reaction [2]. Since this reagent is derived from trichloro-
s-triazine, it reacts by replacement of its two most reactive chlorides with
PEG-O residues and leaving the least reactive third chloride [8]. The
PEG2�chlorotriazine is more effective than PEG�dichlorotriazine in render-
ing proteins nonimmunogenic without compromising biological activity. The
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FIGURE 13.2 Method for the activation of PEGmolecules: (a) PEG�dichlorotriazine,

(b) PEG2�chlorotriazine, (c) PEG�succinimidyl succinate, (d) PEG�carbonylimidazoyl

formate, (e) PEG-p-nitrophenyl carbonate, (f) PEG�trichlorophenyl carbonate, (g)

PEG�aldehyde, and (h) PEG�succinimidyl active ester. (Adapted from [15].)
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m-PEG�dichlorotriazine is easy to prepare and produces stable products with
both amino and thiol groups [17].

13.2.3 PEG�Succinimidyl Succinate

PEG�succinimidyl succinate [Fig. 13.2(c)] is synthesized by conjugation of
m-PEG with succinic anhydride and links the carboxylic acid to the succini-
midyl ester. The ester linkage is highly susceptible to hydrolysis after the
polymer has been attached to the protein. Therefore, this drawback leads to
loss of the benefits of PEG attachment [2].

13.2.4 PEG�Carbonylimidazole

Using PEG�carbonylimidazole derivatives to react with amino groups, carba-
mate linkages can be generated between the protein and PEG [18]. PEG�
carbonylimidazole [Fig. 13.2(d)] gives a slower reaction rate compared to
chloroformates and requires a longer reaction time of up to 72 h [17].

13.2.5 PEG�p-Nitrophenyl Carbonate and PEG�trichlorophenyl
Carbonate

When the hydroxyl groups of PEG are activated by p-nitrophenyl chloroformate
or 2,4,5-trichlorophenyl chloroformate, these activated PEGs can be used
for conjugation. This conjugation method requires a very high pH (8.5�9.2) for
the coupling step of PEG-p-nitrophenyl carbonate and PEG�trichlorophenyl
carbonate. The reaction can be monitored by a colorimetric analysis for the
phenolate ion leaving group. Both reagents exhibit lower reaction rates
than N-hydroxysuccinimide-activated PEGs [Figs. 13.2(e) and (f)]. This enables
exploitation of the different amino group reactivities in the protein and to stop the
reaction at a desired degree of modification. A carbamate derivative is obtained.
There is an interesting difference between these two carbonate-activated PEGs.
PEG�nitrophenyl carbonate has a pale yellow color, whose intensity increases
with the conjugation reaction due to the release of p-nitrophenol. PEG�trichlor-
ophenyl carbonate is a colorless product. The extent of amino groupmodification
can be followed directly by colorimetric analysis, which quantifies the residual
aminogroups in the reactionmixturewithout theneed for removingexcess reagent
or reaction by-products [17].

A second-generation PEGylation chemistry rapidly developed to avoid a
randomly modified protein surface, unstable linkages, side reactions, and lack
of selectivity in substitution. m-PEG�propionaldehyde (Fig. 13.3), PEG�
carboxylic acid and PEG-N-hydroxysuccinimide ester were used for amine
conjugation to give a stable secondary amine or amide likages [2]. High-
molecular-weight branched PEGs were also used to enhance pharmacokinetic
and pharmacodynamic properties of the protein conjugates [19]. Table 13.2
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summarizes the influence of PEGylation on the pharmacokinetic and pharma-
codynamic properties of several therapeutic polypeptides.

13.2.6 PEG�Aldehyde

This reaction gives a highly stable amine linkage between PEG and protein after
Schiff base formation followed by cyanoborohydride reduction [17] [Fig. 13.2
(g)]. A positive charge is critical for retention of biological activity. The reaction
rate of the Schiff base formation is relatively slow, sometimes up to a day is

m-PEG-OCH2CH2 H2N R
Condensation

Reduction

CH

O

m-PEG-OCH2CH2 H2NCH

N R

R�

m-PEG-OCH2CH2 H2OCH

N R

�

m-PEG-OCH2CH2CH2NH R

�

FIGURE 13.3 Reductive amination using PEG�propionaldehyde. In the first reac-

tion, m-PEG�aldehyde is covalently linked to an amino group on the protein. The

linkage formed in the first step, a so-called Schiffs base linkage, can be reversed by

hydrolysis. This linkage, however, is rapidly stabilized to a stable, nonhydrolyzable

amine linkage in a second step by sodium borohydride reduction. (Redrawn from [15])

TABLE 13.2 Influence of PEGylation on Pharmacokinetics and Pharmacodynamicsa

Pharmacokinetic Effect Pharmacodynamic Effect

Interferon-α2a

Sustained absorption In vivo antiviral activity increased

12�135 times

Increased half-life (from 3�8 h to 65 h) Antitumor activity increased 18-fold

Decreased volume of distribution (from

31�73 L to 8�12 L)

Improved sustained response to chronic

hepatitis C

Decreased systemic clearance (from

6.6�29.2 to 0.06�0.10 L/h)

Interleukin-6

Increased half-life (from 2.1 to 206 min) Thrombopoietic potency increased 500

times

Tumor Necrosis Factor

Increased half-life (from 3 to 45�136

min)

Antitumor potency increased four times

aInfluence of PEGylation on pharmacokinetics and pharmacodynamics of some therapeutic

proteins, compared with corresponding native proteins.

Source: Adapted from [15].
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necessary for complete reaction leading to inactivation of labile molecules. It
has been found that the best reaction takes place with α- and ε-amino groups of
protein at neutral or mildly alkaline pHs, while good selectivity for the α-amino
terminal of amino acid occurs at pH 5�6.

13.2.7 PEG�N-Hydroxysuccinimidyl Ester

To react PEG�N-hydroxysuccinimidyl ester [Fig. 13.2(h)] with a protein, an
anhydride such as succinic anhydride is added followed by activation with
N-hydroxysuccinimide in the presence of carbodiimide [18]. This reaction is
highly reactive toward amino groups. The kinetic rate of conjugation depends
on the number of �CH2 groups linked to the carboxyl group. However, it is
important to note that changing the distance between the active ester and the
PEG backbone by the addition of methylene units has a profound influence on
the reactivity toward amino groups and water [2]. For example, the succinimi-
dyl ester of carboxymethylated PEG (PEG-O-CH2-COOH) is extremely
reactive with a half-life of hydrolysis rate of 0.75 min. This makes it impossible
to use in the conjugation process [20]. In contrast, the half-life of hydrolysis for
the propanoic acid (PEG-O-CH2-CH2-COOH) derivatives of PEG is 17 min
[21]. Reactivity of the PEG active esters toward amino groups and water can be
decreased by introducing an α-branching moiety to the carboxylic acid [2].

13.2.8 m-PEG Orthopyridyl Disulfide (OPSS)

Although there are far fewer cysteine residues than lysine groups on polypep-
tides, the thiol groups of cysteine are ideal for specific modifications. Moreover,
cysteines can now be added to polypeptides precisely where they are desired by
genetic engineering [22]. The preparation of a highly active, long-circulating
and stable conjugate of interferon-β (IFN-β) illustrates how such structural
manipulation can lead to the development of a PEGylated drug. In this case, a
two-step method with m-PEG orthopyridyl disulfide (OPSS) was used [23]. In
the folded structure of the native IFN-β, the free cysteine residue at position 17
is proximal to the surface but is hidden [24]. Consequently, a PEG derivative of
high molecular mass cannot be directly attached to this residue. Instead, one
active group of the smaller, low-molecular-mass (2 kDa) difunctional reagent
di-OPSS�PEG is first attached to the hidden cysteine of IFN-β, followed by
coupling of a high-molecular-mass m-PEG thiol to the other active group of
OPSS�PEG. Although many proteins might not benefit from site-specific
PEGylation, in others, such as antibody fragments, it is crucial that the PEG be
attached at a site distant from the binding site.

13.2.9 Heterobifunctional PEGs

Heterobifunctional PEGs contain two different terminal groups. They have
advantages in immunoassays as well as drug targeting, liposomes, or viruses to
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specific tissues [25]. Heterobifunctional PEGylation is expected to release drugs
from PEGs in a mild condition within cells [26]. PEG polymers in second
generation have branched structures. Branched PEGs are increased inmolecular
weights up to 60 kDa or more [27]. Branched PEGs protect attached polypeptide
drugs from the immune system and proteolytic enzymes [28].

Another improvement in the second-generation PEG polymers is the use of
branched structures, in contrast to the solely linear structures found in the first-
generation PEGs. Branched PEGs of greatly increased molecular masses—up
to 60 kDa or more, compared with the 12 kDa or less found in the first-
generation PEGs—have been prepared. A branched PEG “acts” as if it is much
larger than a corresponding linear PEG of the same molecular mass [27].
Branched PEGs are also better at cloaking the attached polypeptide drug from
the immune system and proteolytic enzymes, thereby reducing its antigenicity
and likelihood of destruction [28].

13.3 PEGYLATION TECHNOLOGY AND PEGYLATED DRUGS

Peptide, protein, and small organic molecule-based drugs are generally removed
from the bloodstream via renal ultrafiltration. The maximum size of native
globular protein in terms of renal elimination is around 70 kDa [29], and because
the majority of drugs havemolecular weights of substantially ,70 kDa, they are
likely to be removed by the kidneys. Peptides and proteins bind weakly to plasma
proteins and are rapidly removed from the systemic circulation when adminis-
tered intravenously. PEGylated drugs have increased in molecular weight [29].
This ability of PEG to increase molecular dimensions provides the theoretical
basis for reduced renal ultrafiltration, extended half-life, and increased bioavail-
ability associated with PEGylation [Fig. 13.4(a)].

Steric hindrance caused by the hydrodynamic volume of PEG molecules also
prevents proteolytic enzymes, antibodies, and the macrophages of liver reticu-
loendothelial cells from attacking the drug. As a result of this “shielding effect”
[Fig. 13.4(b)], enzymes fail to recognize protein substrates, and antibodies and
macrophages fail to recognize proteins. As a result, PEGylation not only reduces
immunogenicity and antigenicity by suppressing proteolysis and immune system
recognition but also prolongs half-life and increases bioavailability.

In addition, the hydrophilic PEG molecule, with repeating units of ethylene
oxide, can bind to two or three water molecules, can be utilized to enhance
the solubilities of essentially insoluble small organic molecules such as doceta-
xel, paclitaxel, or camptothecin, and provides advantages during manufacture.
Furthermore, the enhanced solubility conferred by PEG can be useful for the
development of therapeutic antibodies that must be solubilized [Fig. 13.4(c)].

Specific PEGylation method is an essential part of PEGylation technology. It
is important because if conjugation is nonspecific, then PEG bonding may mask
the active sites of peptides or small drugmolecules and prevent receptor binding,
which would substantially reduce their biological activities. It can be envisaged
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that the negative effect is greatest when PEG attachment sites are located near
active sites. On the other hand, increases in the molecular size of conjugates by
increasing the molecular weight of PEG, improves pharmacokinetic properties.

Molecular size
increasing effect

(a)

(b)

(c)

Increased
hydrodynamic volume

Drugs

Metabolic/
Immunogenic site

Shielding against
the recognition of
macrophages or antibodies and
the proteolytic attack of
enzymes

Drugs

Drugs

PEG

Stoke’s
radius

“Extension of circulating life span
due to reduce glomerular filtration”

“Reduction of immunogenicity,
toxicity, proteolysis, and tissue uptake”

Shielding effect

Stabilization effect

PEG

PEG

Amphiphilicity
and flexibility

Increase of chemical
stability and solubility

“Improvement of physicochemical
properties”

FIGURE 13.4 Benefits of PEGylation technology: (a) prolong plasma resident time,

(b) decrease immunogenicity, and (c) increase stability. (Adapted from [30].)
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Finally, biological half-life and bioavailability of PEGylated drugs outweigh the
disadvantage of reduced biological activity. Thus, PEGylated drugs are more
superior than their non-PEGylated counterparts.

For the application of biopharmaceuticals in human PEGylation therapy, the
covalent coupling of PEG chains to drugs, has been the important innovation of
the last few years. Pioneering work in this field was performed by Davis and
Abuchowski, who laid the cornerstone for the commercial success of this technol-
ogy [31]. PEGylation increases the hydrodynamic radius of a biopharmaceutical
product and shields its peripheral surface. Thus the stability of these conjugates
against proteases is increased, their immunogenicity is reduced, and their renal
excretion is decelerated. Consequently, PEGylation secures a prolonged half-life of
the biopharmaceutical, reduces side effects, and finally increases efficiency of the
therapy.

Even though many attempts have been undertaken to develop new polymers
with improved properties, none of these new substances has been able to compete
with PEG for this application. This can be explained by the biocompatibility of
PEG and the good experience with PEG as a low-cost additive for the pharma-
ceutical product and for the cosmetic industry over the last decades. Since
PEGylation is a permanent modification of the biopharmaceutical product, the
relevant national and international authorities for drug approval make high
demands on the PEG reagents and the final PEGylated product. Major require-
ments are the specification of the degree of PEGylation, analysis of the dispersity
index, and determination of the PEGylation sites. Thus, an ideal PEG reagent
fulfills at least the following criteria:

� Monodispersity or at least a dispersity index close to 1, in order to assure a
reproducible high quality

� Availability of one single terminal reactive group for the coupling
reaction, in order to avoid crosslinking between drug molecules

� A nontoxic and nonimmunogenic, biochemically stable linker

� Branching for optimal surface protection [32]

� Options for site-specific PEGylation

13.3.1 Problem of PEGylated Drugs

The continuing increase in the polydispersity of PEG becomes a quality
problem for PEGylated drugs. As a consequence of the production process,
long and linear PEG chains used for PEGylation today are only available as a
mixture of PEG chains with different chain lengths. But now efforts are under
way to solve this problem by using monodisperse starting materials.

Many efforts have been undertaken to achieve an efficient and stable coupl-
ing of PEG chains to the biopharmaceutical product. Very successful devel-
opments have been achieved with regard to the variability of the coupling
chemistry and the availability of specialized linkers [2].
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Site-specific mono-PEGylation is of significant relevance in order to provide
highly reproducible products that maintain maximum activity. In the majority
of cases, high-molecular-weight PEG chains (10�40kDa) are used for the
mono-PEGylation of proteins. At best, it is possible to attach one single PEG
chain to the N-terminal amino group of a protein by reductive amination.
Especially with small proteins, such as cytokines, it is possible to apply genetic
methods to introduce rare amino acids, which then can be used for the coupling
of PEG [33]. Preferred for this purpose is a cysteine residue that can be
specifically PEGylated at the thiol group by maleimide coupling.

Some examples have also been published in which the site-directed PEGyla-
tion has been achieved by an enzyme-catalyzed reaction with a transglutaminase
[34]. Branched PEG reagents show superior protecting properties compared
with linear molecules. Today there are only a few commercial examples of such
branched PEGmolecules because very often their synthesis is complex and time
consuming.However, some important progress in this field is expected in the next
few years.

After two decades of experience, PEGylation technology can be regarded as a
proven and testedmethod for the drug delivery of biopharmaceuticals, especially
proteins. Already today, biopharmaceuticals are a multibillion-dollar market
that is expected to grow rapidly within the next decade. The sales of several
PEGylated drugs such as PEG-Intron have reached $3 billion, comparable to the
sales of conventional synthetic blockbusters. However, the development of PEG
technology is by no means finished. Recent publications reveal that some
questions still remain to be resolved. In particular, there is a requirement for
new synthetic routes to provide functionally expanded PEG reagents of repro-
ducible high quality. Site-specific conjugation will be one of the major topics for
the coming years, especially with regard to technically applicable and commer-
cially reasonable solutions.

Many investigations are under way to explore new fields for the application of
PEGylation. These are manifold and not limited to protein drugs or biophar-
maceuticals. In the area of oncology, for example, the coupling of conventional
synthetic drugs (so-called “small molecules”), such as Ara-C [35] or camptothe-
cin, to polymers resulted in a significant reduction of toxicity and an increased
selectivity for tumor tissue. The latter phenomenon is based on a nonspecific
accumulation of largemolecules inmalignant tissue. This effect is called the EPR
effect: enhanced permeability and retention. Other promising applications for
PEGylation are PEGylation of liposomes, nonviral gene shuttles, nanoparticles,
oligonucleotides, and surfaces for technical or medical devices [14].

Due to the increasing relevance of biopharmaceuticals and the high regulatory
demands for their approval, innovative and specialized drug delivery systems
have gained considerable importance. Thus, intelligent drug delivery systems
such as PEGylation will determine the commercial success of the pharmaceutical
industry in the future. With its broad applicability, high efficiency and com-
parably low costs, PEGylation will maintain a leading position. As a result,
PEGylation, alone or in combination with other drug delivery technologies, will
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be an essential part of a successful strategy for the development of biopharma-
ceutical drugs.

A polydisperse drug conjugate is produced when PEG is conjugated to a low-
molecular-weight drug because of the intrinsic polydispersity of PEG. This
influences product consistency and clinical effects [36]. Therefore, research is
continuing in producing homogeneous products with consistent activity. Initial
efforts made to minimize the polydispersity of PEG focused on its synthesis and
purification.Also, improvement in separation andpurification technologywould
help. Other efforts are conjugating PEG at specific target sites. Furthermore,
enzymes are utilized to improve the specificity of conjugation [34, 37]. PEGyla-
tionmay occur at thiol groups, atα and ε amino groups. However, most proteins
have few thiol groups, and even when present these groups are likely to be
associated with active sites. However, carboxylic groups can cause problems
because they activate amino groups [38]. Nevertheless, due to improvements in
genetic engineering techniques,wenowcanmake sequence-specificmodifications
using thiol-reactive PEGs [39]. A recent technology is based on protein sequences
with PEG-like properties that are genetically fused to biopharmaceuticals, thus
avoiding the need for chemical conjugation [40]. This technology increases
hydrodynamic radius and thus increases the apparent molecular weights of
pharmaceutical proteins by approximately 15-fold [41].

PEGylation utilizes high-molecular-weight PEG with various shapes
prompts us to be aware of the possibility of hepatotoxicity and altered clearance
of the PEGylated drug. PEGylation technologies are now targeting an ever-
increasing range of medications. Research on small organic molecules is
considered to be somewhat more complicated than the development of PEGy-
lated protein drugs. Generally, PEGs have only one or two reactive groups, and
the numbers of functional groups present on small molecules, such as taxol and
camptothecin, are relatively small compared to peptides and proteins, which
means that the drug payloads of PEGylated small molecules are much lower
than those of peptides or proteins. From the comparatively large dimensions of
PEGs, conjugation may prevent small drug molecules reaching therapeutic
concentrations at target sites. Finally, the PEGylation of small organic anti-
tumor agents could increase their toxicities by prolonging their half-lives in vivo.

To alleviate the problems associated with the permanent PEGylation of
small organic molecules, extensive research is being conducted on the temporary
PEGylation of proteins (“releasable PEGylation”), especially of PEG prodrugs
for the delivery of antitumor agents [42, 43]. A prodrug is a biologically inactive
entity that requires enzymatic transformation in vivo to release the active
principle [44]. In addition to greater solubility, PEG prodrugs of small organic
molecules provide advantage over parent drugs, such as improved efficacy
and reduced toxicity due to site-specific delivery. Paclitaxel prodrugs, conju-
gated with high-molecular-weight PEG, show EPR and low toxicity due to
increased accumulations in tumors with a relatively slow rate of cleavage of
the ester bond or a more controlled ester bond hydrolysis [45,46]. However, the
PEG prodrugs of antitumor agents utilize hydrolytically unstable bonds or
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enzymatically labile spacers to obtain optimal drug release and control activity
and toxicity. An excessively rapid prodrug breakdown may lead to a spike in
drug levels and possible toxicity, whereas too slow a rate of release might
compromise efficacy [14]. For example, Enzon dropped pegamotecan (PEG-
camptothecin) during phase IIb trials in 2005 due to a lack of efficacy [47].

13.3.2 Novel Applications of PEGylation

PEG can be crosslinked to form polymer networks that swell in water. These
swollen materials are hydrogels and suitable for medical applications. The
biocompatibility of hydrogels makes them ideal for wound-healing applications
[48]. In 2000, the FDA approved a surgical sealant FocalSeal to prevent air
leaks in the lungs. FocalSeal employs PEG that is applied as a liquid and is
then transformed into a waterproof hydrogel seal by irradiation. The sealant
protects wound sites from leaking during tissue healing [49, 50]. Another
example is SprayGel, which prevents postoperative adhesion formation [51].
It is sprayed onto the wounds and acts as a protective barrier during healing.
This material degrades and dissolves at a programmed rate. Other PEG-based
hydrogels deliver encapsulated drugs as implants. Degradable linkages between
hydrogels and incorporated drugs allow drugs to be slowly released in the
body [48].

These are just a few of the biomedical applications of PEGylation either
approved by the FDA or undergoing investigations. Although proteins and
peptides have been the main targets for PEGylation, other molecules, including
small-molecule drugs, cofactors, oligonucleotides, lipids, saccharides, and
biomaterials, can be PEGylated as well. Other candidates include PEGylated
insulin with a lengthened circulation time and reduced immunogenicity [52];
PEGylated antibody fragments for immunotherapy or tumor targeting [53]; and
PEGylated superoxide dismutase for the treatment of ischemia reperfusion
injury or burns [54]. The benefits of PEGylated catalase, uricase, honeybee
venom, hemoglobin, pyrolidone, and dextran are also under investigation [55].
Other research workers are designing PEGylated nanoparticles to cross the
blood�brain barrier [56] or use PEGylated DNA-containing liposomes with
tethered antibodies to provide targeted gene therapy [57].

13.4 SAFETY AND TOXICITY DATA OF PEGYLATED DRUGS

Toxicology studies with PEGylated drugs are normally carried out in animals
before testing in humans. These provide excellent evidence for the safety of
PEG-containing molecules. Such safety studies are normally accompanied with
corresponding metabolism and biological fate of the molecule in humans.
These studies are very difficult to conduct on the PEGylated material, and this
leaves possible concern about the PEGylated portion of the molecule and its
impact on human safety.
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Preclinical toxicology studies performed with PEGylated proteins have also
not revealed any PEG-specific toxic findings. For example, with PEG interferon,
the toxicity profile was evaluated in cynomolgus monkeys dosed subcutaneously
for 4 weeks either twice weekly (dose up to 562.5 μg/kg) or daily (doses up to 600
μg/kg) and for 13 weeks administered twice weekly (doses up to 150 μg/kg). PEG
interferon was well tolerated. The characteristic pattern of interferon-α toxicity
was observed with PEG interferon. These effects included suppressive effects on
the hematopoietic system and increased in liver enzymes (Pegasys). With Peg-
Intron, repeated-dose toxicity studies were performed in cynomolgus monkeys
using subcutaneous doses administered every other day for 1 month. Important
findings included decrease in all types of blood cells, serum proteins, calcium,
phosphorus, and potassium. The findings observed in PEG-Intron-dosed mon-
keys were similar to those produced by Intron A. There was no unique toxicity
due to the PEGylation. Greater incidence and/or severity of the findings were
noted in the high-dosed monkeys given PEG-Intron compared with those
given Intron A. This is in accordance with the prolonged exposure and higher
AUC values obtained using PEG-Intron. Treatments with PEGylated proteins
such as PEG interferon-2-α (40 kDa; Pegasys) and PEGylated asparaginase
do not reveal any specific adverse events linked to the PEG moiety [58, 59].
Overall, the acute or chronic administration of PEG with a range of molecular
weights by a range of routes has not led to any major toxicities, and signs of
toxicity that dooccur are only apparent at high doses. In light of this information,
PEG can be considered to have a toxicological profile of very low concern
in animals.

The FDA has approved PEG for use as a vehicle or base in foods, cosmetics,
and pharmaceuticals, including injectable, topical, rectal, and nasal formula-
tions. PEG shows little toxicity and is eliminated from the body intact by either
the kidneys (for PEGs ,30 kDa) or in the feces (for PEGs .20 kDa) [60].
PEG lacks immunogenicity [61], and antibodies to PEG are generated in rabbits
only if PEG is combined with highly immunogenic proteins [62]. No one has
ever reported the generation of antibodies to PEG under routine clinical
administration of PEGylated proteins. However, under extreme experimental
conditions, antibodies to PEG have been generated in animals as a result of the
injection of PEG�protein conjugates [63].

13.5 CLINICAL APPLICATION OF PEG

PEGylated drugs in the market or currently under development can be cate-
gorized by native drug type, that is, as enzyme, peptide, protein (except enzymes,
antibodies, and antibody fragments), antibody, antibody fragment, oligonucleo-
tide, or small-organic-molecule-based entities. At present, there are nine prod-
ucts on the market that utilize enzymes, proteins, oligonucleotides, or antibody
fragments. The development of PEGylated pharmaceuticals originates from
pegademase (Adagen, Enzon Pharmaceuticals), a PEG�bovine adenosine
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deaminase, which was approved by the FDA in March 1990. This approval was
followed by the approvals of pegaspargase (Oncaspar, Enzon), peginterferon-α
(PEG-Intron, Schering-Plough; Pegasys, Hoffman-La Roche), pegfilgrastim
(Neulasta, Amgen), and pegvisomant (Somavert, Pharmacia & Upjohn). More
recently, certolizumab pegol (Cimzia, UCB), a PEGylated antibody fragment
product, and pegaptanib sodium (Macugen, Pfizer), a PEGylated aptamer (an
oligonucleotide), were also commercialized (Table 13.3). PEGylated versions of
adenosine deiminase, asparaginase, IFN-α, G-CSF, and EPO, have also been
commercialized with improved bioavailabilities, whereas PEGylation was found
to be essential for the therapeutic applications of human growth hormone (hGH)
analogs, pegaptanib, and anti-TNF-α Fab0. Research on the PEGylations of
small organicmolecules is ongoing, but no approved products have been released
to date.

The PEG polymer, along with its associated water molecules, acts like a shield
to protect the attached drug from enzyme degradation, rapid renal clearance,
and interactions with cell surface proteins, thereby limiting adverse immunolo-
gical effects. PEGylated drugs are also more stable over a range of pH and
temperature changes [64] compared with their unPEGylated counterparts.
Consequently, PEGylation confers on drugs a number of properties that are
likely to result in a number of clinical benefits, such as sustained blood levels that
enhance effectiveness, fewer adverse reactions, longer shelf life, and improved
patient convenience [65]. However, PEGylation can produce a decrease in the in
vitro activity of proteins, but generally this negative effect is offset in biological
systems by an increased half-life. PEGylation can influence the binding affinity
of therapeutic proteins to cellular receptors, which results in changes in the
bioactivity of polypeptides [13].

Anticancer agents have been most actively pursued and can be categorized
as: (i) PEG derivatives of previously marketed anticancer agents such as
irinotecan, (ii) derivatives of therapeutically beneficial drugs awaiting suitable
application methods, such as arginine deiminase, arginase, and glutaminase,
and (iii) PEGylated monoclonal antibody medications, such as alacizumab.
PEGylation has also being applied to drugs other than anticancer agents, such
as drugs for gout, thrombosis, opioid-induced bowel dysfunction, and diabetes.

In addition to the nine PEGylated products on the market, several are in
clinical trials. In particular, many PEGylated drugs developed to treat cancer
and chronic disorders are in the pipeline (Table 13.4). These PEGylated drugs
are best classified according to the native drug, that is, as protein, enzyme,
peptide, antibody fragment, and small organic molecule based.

13.5.1 Marketed PEG Conjugates

Pegademase Bovine. The FDA has approved several PEGylated polypep-
tides as therapeutics and more are undergoing clinical investigation. In 1990,
pegademase (Adagen) received approval for the treatment of severe combined
immunodeficiency (SCID), a disease associated with an inherited deficiency of
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adenosine deaminase [66]. Before the availability of pegademase, SCID patients
were transfused with red blood cells containing adenosine deaminase. However,
blood transfusions raised the risks of iron overload and transfusion-associated
viral infections [67, 68]. Pegademase has a better pharmacokinetic profile than
its non-PEGylated counterpart. Because pegademase carries about 1800 times
more adenosine deaminase activity per milliliter than red blood cells, the drug
achieves higher blood levels of the missing enzyme [66]. However, pegademase
has been reported to cause immune function problems and the benefits of its
long-term treatment have yet to be elucidated. Furthermore, the high cost of
treatment ($200,000�$300,000 per annum per patient) is an obvious disadvan-
tage [69, 70].

Pegaspargase (PEG-L-Asparaginase). A further established PEGylated
enzyme drug is, for example, PEG-asparaginase (Oncaspar) (5-kDa linear PEG
attached at multiple sites) for the treatment of acute lymphoblastic leukemia
in children. The major advantage of Oncaspar is a prolonged plasma half-
life and a strongly reduced immunogenicity compared to the non-PEGylated
asparaginase. Other PEGylated enzymes to be mentioned are uricase, glutami-
nase, arginine deiminase, and glucocerebrosidase. These drugs are still under
clinical development.

Oncaspar contains the PEGylated enzyme L-asparaginase, used clinically in
combination with chemotherapy for the treatment of acute lymphocytic leuke-
mia, acute lymphoblastic leukemia, and chronic myelogenous leukemia. Leuke-
mic cells cannot synthesize asparagine and depend on outside sources of this
amino acid; asparaginase, therefore, kills leukemic cells by rapidly depleting
them of asparagine [71]. Un-PEGylated asparaginase causes allergic react-
ions and generates neutralizing antibodies that shorten its half-life [72]; PEGyla-
tion, however, extends the half-life from the 20 h observed for un-PEGylated
asparaginase to 357 h for pegaspargase. In addition, pegaspargase reduces
adverse immune responses, thus improving patient compliance [73].

Peginterferon-α-2b. Cytokines are commercially the most important bio-
pharmaceuticals today. Even their efficiency has been improved by PEGylation.
Blockbuster products are PEG-α-Interferon-2b (PegIntron) and PEG-α-
Interferon-2a (Pegasys) [74], which are used for the treatment of infections with
hepatitis C virus. Both proteins have a very similar amino acid sequence;
however, they may be distinguished by the kind of PEG chains used for
PEGylation. PegIntron has been conjugated with a linear PEG molecule with a
molecular weight of 10 kDa, while Pegasys has been modified with a branched
reagent consisting of two 20-kDa PEG chains. Pegasys is superior to PegIntron
because of a higher specific activity and a prolonged plasma half-life.

In 2001, peginterferon-α-2b (PegIntron) became available as a once-a-week
treatment for hepatitis C. Chronic hepatitis C virus (HCV) infection is the
leading cause of liver cirrhosis and liver cancer [73] and the principal reason for
liver transplants in the United States. An estimated 2.7 million Americans are
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chronically ill, with the virus, and about 35,000 new infections arise each year.
Hepatitis C causes 8000�10,000 deaths yearly, and the number of deaths is
estimated to increase to 38,000 by 2010 [75]. The molecular mass of IFN-α-2b is
19 kDa, whereas the molecular mass of PegIntron is 31 kDa. Peginterferon-α-
2b consists of 14 positional isomers of a 12-kDa linear PEG and IFN-α-2b.
Forty-seven percent of the isomers of peginterferon-α-2b involve unexpected
conjugations at His(34), which makes peginterferon-α-2b more heterogeneous
than peginterferon-α-2a (45�50% of peginterferon-α-2a is monosubstituted)
[76�78]. Clinical studies show PEG-Intron to be superior to unPEGylated
IFN-α-2b (Intron-A). PegIntron gives significantly higher virological respon-
ses and allows the reduction of dosages from three times a week to once
weekly. PegIntron has a sevenfold lower clearance rate and a fivefold greater in
vivo half-life than Intron-A. A standard three-times-weekly administration of
Intron-A causes peaks and troughs in blood levels of interferon. In comparison,
once-weekly administration of PegIntron produces more constant and longer-
lasting blood levels of interferon, which results in the better suppression of
viral replication [79]. In a pivotal phase III monotherapy trial of 1219 chronic
hepatitis C adult patients, subjects received PEG-Intron once weekly at doses
of 0.5, 1.0, or 1.5 μg per kilogram body weight, or a standard dose of Intron-A
given three times a week. All patients had chronic hepatitis C with compensated
liver disease and were positive for hepatitis C viral RNA (ribonucleic acid).
The treatments lasted 48 weeks, and the efficacy endpoint was the sustained
elimination of detectable hepatitis C viral RNA. At the end of therapy, 33, 41,
and 49% of the respective PEG-Intron treatment groups showed detectable loss
of viral RNA, compared with 24% of Intron-A recipients. The investigators
concluded that all three PEG-Intron doses were as safe as, but superior to,
Intron-A [80]. The IDEAL trial (Individual Dosing Efficacy Versus Flat
Dosing to Access Optimal Peginterferon Therapy), which was the first large,
randomized, clinical head-to-head comparative study, detected no significant
differences between combination therapies based on peginterferon-α-2b plus
ribavirin (Rebetol, Schering-Plough) and peginterferon-α-2a plus ribavirin
(Copegus, Hoffman-La Roche) in terms of primary endpoints (sustained viral
response and viral levels 6 months after cessation of treatment). Further-
more, their safety and tolerabilities were also comparable [81]. However,
peginterferon-α-2a has a higher market share because peginterferon-α-2b is
dosed on a body weight basis, whereas peginterferon-α-2a is not. As a result,
peginterferon-α-2a is more frequently utilized to treat hepatitis C [82]. Never-
theless, some reports have suggested that peginterferon-α�ribavirin combina-
tion therapy has higher risks of neutropenia and thrombocytopenia than
interferon-α�ribavirin combination therapy [83], although both therapies
have been reported to have similar side-effect profiles [84, 85].

Meanwhile, there are other successful commercial examples of PEGylated
drugs. Many others are under clinical development or close to approval. The
first ever PEGylated drug on the market was Adagen (PEGylated adenosine
deaminase), produced by Enzon, which is used for the treatment of a severe
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combined immune deficiency in children and adolescents (SCID disease),
caused mainly by the lack of the body’s own adenosine deaminase. Adagen
was approved under the orphan drug act in 1990 on the basis of a clinical trial
with 6 patients. This method of therapy, called enzyme replacement therapy, is
the starting point for the treatment of many genetically caused diseases of
metabolism. The market success of such an enzyme drug for human therapy
very often heavily depends on an efficient PEGylation.

Peginterferon-α-2a. Second-generation clinical PEG conjugates started to
appear in the early 1990s. A competing treatment for chronic hepatitis C
utilizes IFN-α-2a coupled to PEG. The first formulation in 1999 used a first-
generation linear PEG of 5 kDa. In the first clinical trials, this PEGylated drug
was administered to patients with chronic hepatitis C once weekly and comp-
ared with its un-PEGylated counterpart administered three times a week. The
PEGylated IFN-α-2aproducednoclinical advantages [86].A second-generation,
branched PEGof 40 kDawas then coupled to IFN-α-2a [87]. Peginterferon-α-2a
consists of four major positional isomers formed by branched succinimidyl PEG
and two 20-kDa linear PEG chains, which are attached at one site (PEG2-NHS)
to Lys(31), Lys(121), Lys(131), or Lys(134) of IFN-α-2a. Moreover, due to the
different PEG molecular weights used and the number of isomers formed,
the pharmacokinetic profiles of these two products are dissimilar [88�90]; for
example, the half-life of peginterferon-α-2a is approximately twice that of
peginterferon-α-2b. However, their pharmacodynamic profiles are comparable
[91]. This version (Pegasys) was subjected to clinical investigation by Hoffmann-
La Roche. Once weekly injections of Pegasys produced nearly constant blood
concentrations of IFN-α-2a and renal clearance is reduced 100-fold relative
to un-PEGylated IFN-α-2a. PEGylation increases the half-life of IFN-α-2a from
9 to 77 h [92]. A phase III trial of 531 patients with hepatitis C compared
Pegasys administered once weekly with un-PEGylated IFN-α-2a administered
three times a week for 48 weeks. Undetectable levels of hepatitis C viral
RNA occurred more in the Pegasys group (68%) than in the other group
(28%). Compliance was also better in the Pegasys group, with 84% of
patients completing the study, compared with 60% of patients receiving the
un-PEGylated drug. The reduction of dosing injections for Pegasys can result in
improved patient compliance. The investigators concluded that “a regimen
of peginterferon α2a given once weekly is more effective than a regimen of
interferon α2a given three times weekly” [93] (Page 1666).

Another randomized study compared Pegasys with un-PEGylated IFN-α-2a
in 271 patients with chronic hepatitis C and liver cirrhosis. Two doses of
Pegasys (90 or 180 μg injected once weekly) were compared with un-PEGylated
IFN-α-2a injected three times a week.

At the end of 72 weeks, hepatitis C viral RNA was undetectable in 8, 15, and
30% of the patients treated with un-PEGylated IFN-α-2a, 90 μg of Pegasys
and 180 μg of Pegasys, respectively. In addition, liver biopsy samples showed
histological improvements of 31, 44, and 54% for the same respective drugs and
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doses [94]. Before the development of PEGylated interferons, the optimal
treatment for chronic hepatitis C combined interferon and the antiviral agent
ribavirin, which results in enhanced clinical outcomes over interferon alone [73,
95, 96]. Studies were undertaken to assess whether combining PEGylated
interferons with ribavirin also offers clinical advantages. A small pilot study of
Pegasys plus ribavirin in 20 patients with chronic hepatitis C found that
sustained virological and biochemical responses occur in 9 out of 20 patients.
The genotype of hepatitis C appears to affect the outcome: Just 5 of 16 patients
infected with genotype 1 achieved sustained responses, whereas all 4 patients
infected with other genotypes responded [81].

A phase III study investigated the response of 1530 patients with hepatitis C,
who received PEG-Intron plus ribavirin or Intron-A plus ribavirin for 48 weeks.
A 54% sustained virological response was observed in those receiving PEG-
Intron plus ribavirin, compared with 47% in those receiving Intron-A plus
ribavirin.

This response rate can be improved when the HCV genotype is taken into
account. The response rate for patients with HCV genotypes 2 and 3 reached
80% on both treatments, but only 42% for HCV genotype 1 [84]. Another trial
compared Pegasys plus ribavirin with IFN-α-2b plus ribavirin in 1121 patients
with chronic hepatitis C. A significantly higher proportion of patients who
received Pegasys plus ribavirin showed sustained elimination of detectable virus
than patients who received IFN-α-2b plus ribavirin (56 versus 44%, respec-
tively). However, the proportions of patients with HCV genotype 1 who had a
sustained virologic response were only 46 and 35%, respectively [97]. The
competing PEGylated forms of IFN-α (PegIntron and Pegasys) show superior
efficacy compared with their un-PEGylated counterparts. Our knowledge of
PEGylation chemistry predicts that the higher-molecular-mass branched for-
mulation of Pegasys should show a superior pharmacokinetic profile. However,
only head-to-head clinical trials can confirm whether one drug is superior to the
other under different clinical circumstances. In the treatment of a chronic
illness such as hepatitis C, clinical efficacy will be determined by the therapy
that induces the highest, sustained blood levels of the drug with the fewest
injections. Pegasys was approved by the FDA for the treatment of chronic
hepatitis C in October 2002, and the combination Pegasys and ribavirin therapy
was approved in December 2002. Several other PEGylated polypeptides are
undergoing clinical trials.

Pegvisomant. APEGylated formof human growth hormone antagonist called
pegvisomant (Somavert) is being developed for the treatment of acromegaly.
Human growth hormone receptor has two binding sites: GH first binds to site 1
and then to site 2,which induces the functional dimerizationof the hGHreceptor.
Acromegaly results when the pituitary gland produces excess GH after epiphy-
seal plate closure, and pegvisomant acts to inhibit the dimerization of the hGH
receptor. More specifically, pegvisomant has increased affinity for site 1 of the
hGHreceptor,with eight amino acidmutations at the site, andby the substitution
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of position 120 glycine to arginine, inhibits hGH receptor dimerization. Further-
more, the 4�6 PEG-5000moieties added to pegvisomant prolong its half-life and
allow once-daily administration [98]. Patients with acromegaly experience
extremelyhigh serum levels of insulinlike growth factor-1 (IGF1) that contributes
to soft-tissue enlargement. A phase III trial of pegvisomant showed that daily
treatment normalized levels of IGF1and improved soft-tissue enlargement in 131
patients [99, 100].

Pegvisomant has been approved in Europe and is awaiting FDA approval in
the United States. The cytokine tumor necrosis factor-α (TNF-α) plays a key
role in mediating inflammation. A cloned soluble recombinant form of a
natural inhibitor of TNF-α—sTNF receptor type I (TNF-RI)—has been
attached to a high-molecular-mass PEG to improve its pharmacokinetics,
and preclinical studies in rodent models of rheumatoid arthritis (RA) and
Crohn’s disease demonstrate its potential efficacy [101]. A 12-week trial of 194
patients with RA compared two doses of PEGTNF-RI with a placebo. Patients
receiving the drug reported improvement in physical function, pain, general
health, vitality, social function, and mental health in a dose-dependent manner
[102]. A competing PEGylated anti-TNF-α antibody fragment (CDP870) also
had encouraging clinical results [103]. Current treatments for acromegaly
include adenomectomy, radiotherapy, and therapy with dopamine agonists
or somatostatin analogs. Pegvisomant, a genetically engineered GH-receptor
antagonist, could be added to this list of treatments; however, because
pegvisomant can increase glucose tolerance, care must be taken with diabetes
mellitus patients [104].

Pegfilgrastim. Pegfilgrastim (Neulasta, Amgen), produced from filgrastim
(Neupogen, Amgen) using Nektar (formerly Shearwater) PEGylation technol-
ogy, is formed by conjugating a 20-kDa linear monomethoxy�PEG aldehyde
with granulocyte colony-stimulating factor (G-CSF) in an acidic buffer solution
(pH 5). Thisminimizes problems associated with nonselective conjugation, in the
presence of sodium cyanoborohydride. This process leads to site-specific
PEGylation at the N-terminal methionyl residue of G-CSF, and improves the
biological activity of filgrastim [105]. Filgrastim is administered by injection daily
for 2 weeks, whereas pegfilgrastim requires only one injection per chemotherapy
cycle. In addition, the side effects of pegfilgrastim are smaller than those of
filgrastim; they include splenic rupture, sickle cell crises, allergic reactions, and
anaphylaxis. Nevertheless, mild to moderate bone pain has been reported for
pegfilgrastim therapy [106, 107]. Data from two pivotal phase III trials in breast
cancer patients indicated that a single dose of pegfilgrastim provides as much
protection from infection as 11 daily injections of filgrastim [108, 109].

PEG�Doxorubicin. PEGylated liposomal doxorubicin, a topoisomerase II
inhibitor (Doxil) is a doxorubicin liposome coated with PEG that prevents
opsonization and reduces clearance by the reticulo-endothelial system, leading to
a significant prolongation in the liposome circulation time. It has excellent
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activity in the treatment of metastatic breast cancer as a single agent or in
combination with taxane, gemcitabine, cyclophosphamide, or trastuzumab [110].

The phase II clinical trial examined the efficacy and safety of Doxil given at 35
mg/m2 plus cyclophosphamide at 600 mg/m2 as the first-line therapy, delivered
every 3 weeks, to 70 patients who developed metastatic disease more than 12
months after completion of an adjuvant anthracycline-containing regimen. After
a median of six cycles, 33% of patients achieved stable disease lasting more than 6
months, for an overall clinical benefit rate of 71%. Treatment was well tolerated.
The most common grade 3 to 4 toxicities were palmar-plantar erythrodysesthesia
(PPE; 10%), dyspnea (9%), and neutropenia (9%). No symptomatic cardiac
events were observed [111].

Pegaptanib Sodium. Pegaptanib sodium (Macugen, Pfizer) is a 28-nucleotide
aptamer (RNA aptamers consisting of short strands of oligonucleotides) with
affinity for vascular endothelial growth factor (VEGF), and was approved by the
FDA in 2004 as an orphan drug to treat age-related macular degeneration. In
order to improve its stability against nuclease digestion, deoxythymidine was
bound to the 30-terminus of pegaptanib sodium by a03 -30 linkage, and a branched
PEG molecule with two 20-kDa linear units was linked to the lysine 50-terminus
residue [112].

Mono-m-PEG-epoetin-β. Mono-m-PEG-epoetin-β (Mircera, Hoffman-La
Roche), also known as continuous erythropoietin receptor activator (CERA), is
a long-acting erythropoiesis stimulating agent (ESA), and is used to normalize or
maintain hemoglobin levels in chronic kidney disease (CKD) patients. Mono-m-
PEG-epoetin-β is synthesized by reacting epoetin-β with methoxy polyethylene
glycol-succinimidyl butanoic acid (m-PEG-SBA) at the N-terminal amino group
of epoetin-β or the ε-amino group of lysine at positions 52 and 45, to form an
amide bond with 30-kDa PEG. These features prolong its half-life to approxi-
mately 130 h [113, 114]. Because erythropoietin (EPO, a glycosylated protein
hormone) regulates erythropoiesis homeostasis, recombinant human EPO
(rhEPO) is used to treat CKD or anemia in cancer patients. However, rhEPO
must be injected three times a week due to its short half-life. Darbepoetin-α
(Aranesp, Amgen), a second-generation EPO, has a higher glycosylation rate due
to the inclusion of an amino acid mutation and requires only weekly or biweekly
injections. Furthermore, third-generation EPO (CERA) improves quality of life
markedly because it requires onlymonthly administration.Nevertheless, like other
ESAs, it has been reported to have negligible effects on morbidity or mortality
[113]. In the United States, no indications for the treatment of anemia caused by
cancer chemotherapy have been approved, and because most patients with anemia
associated with chronic renal failure are inpatients, the prolonged circulating times
of m-PEG-epoetin-β may not be a crucial advantage.

Certolizumab Pegol. Unlike other antibody drugs, which are produced in
mammalian cell cultures, the base drug in certolizumab pegol (Cimzia, UCB) is
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produced in E. coli. Certolizumab pegol is designed such that 40 kDa PEG-
maleimide is covalently bound to the Fab fragment, directed against TNF-α,
through the C-terminal cysteine at position 227 of the heavy chain. The Fab
fragment has a hinge structure at the C-terminus of the heavy chain, which
includes a single cysteine residue [115], and specific PEGylation between the
thiol group of the C-terminal cysteine and the maleimide group of the branched
40-kDa PEG forms a stable thioether linkage. Due to the monosite attachment
of the branched PEG, certolizumab pegol is more homogeneous, maintains
full binding activities of the antibody fragment [33], and lacks the Fc portion,
which has been reported to induce adverse effects by other TNF-α inhibitors
[116]. In addition, because it is produced in E. coli, certolizumab pegol is priced
competitively versus infliximab (Remicade, Centocor, Inc.) or adalimumab
(Humira, Abbott), which are also biological TNF-α inhibitors that are used to
treat rheumatoid arthritis or inflammatory bowel disease. Certolizumab pegol
could be used to treat Crohn’s disease or rheumatoid arthritis because it
inhibits TNF-α, but it has only been approved for the treatment of Crohn’s
disease. When PEGylated drugs with enhanced bioavailabilities enter the
market after their native proteins, they tend to have an additive effect; in other
words, they do not reduce use of the native protein. According to IMS Health,
during the 12 months in 2008 world sales of pegfilgrastim were $3745 million,
which represented 61.8% of the CSF market ($6059 million). In contrast, total
sales of filgrastim were just $1490 million. In the case of IFN-α-2a, the high
market shares of PEGylated drugs are more evident; for example, the sales of
Pegasys and Roferon-A (interferon-α-2a, Hoffman-La Roche) in 2008 were
$1014 million and $68 million, respectively and whereas the sales and growth of
peginterferon-α-2a were maintained, the sales of IFN-α-2a remained at a
constant level.

13.5.2 Clinical PEG Conjugates

PEG�Recombinant Factor VIII. Factor VIII was extensively used in hemo-
philia patients who suffered from abnormal bleeding. However, patients have
to periodically inject factor VIII because it will be eliminated from the body
over time. The PEG�recombinant factor VIII (rFVIII) liposome provided
longer acting factor VIII that can sustain its activity for several months. A
phase I clinical trial has shown that the mean number of bleeding free days
using PEG-rFVIII liposome was significantly improved over the conventional
rFVIII treatment [117].

PEG�Arginase. Arginase, an endogenous protein with arginine-depleting
activity, has been shown to have potent anticancer properties. However,
arginase alone is not suitable for development as a medication because of its
short half-life and low affinity at a physiological pH. BCT-100 is a PEGylated
product of arginase (produced using Bacillus subtilis) and m-PEG�succinamide
propionic acid (m-PEG-SPA, with molecular weight 5 kDa). Unlike other
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PEGylated enzymes, BCT-100 is as active as arginase and has a prolonged
in vivo half-life of 3 days with acceptable activity at physiological pH values.
Moreover, BCT-100 does not produce ammonia as a by-product.

PEG�Abciximab. Abciximab is a platelet aggregation inhibitor preventing
platelets from sticking together and causing thrombus formation. PEGylated
abciximab did not change the intrinsic affinity to the target but did decrease the
IC50 prolonged inhibition of platelet aggregation.

Pegloticase. Rasburicase (uricase) is used to prevent the chemotherapy-in-
duced hyperuricemia and acute uric acid nephropathy even though it has a short
half-life and shows immunogenicity. A PEGylated form of uricase is pegloticase
that prevents inflammation and pain due to urate crystal formation in the plasma
of gout patients [118]. However, pegloticase has been reported to be immuno-
genic. Subcutaneous injections of pegloticase in a phase I clinical trial and
intravenous injections of pegloticase in a phase II clinical trial both resulted in the
production of antibodies. It was later shown that these antibodies were produced
against PEG rather than uricase.

PEG�Lactoferrin. Lactoferrin (LF) is an iron carrier glycoprotien, with a
molecular weight of about 80 kDa. It exhibits several functions such as antimicro-
bial, antiviral, immunomodulation, antioxidation, anti-inflammation, antistress,
and analgesic effects, as well as enhancement of lipid metabolism. The conven-
tional oral lactoferrin has the drawback that it is unstable in gastric juice andhas a
low absorption [119]. The PEGylated lactoferin diminished immunogenicity and
improved the pharmacokinetic behavior. A preclinical study of a 20-kDa PEG
conjugated bovine lactoferin (bLF) produced a high serum concentration of
unmodified bLF (10 mg/kg) that decreased rapidly, while the serum concentra-
tion of the 20k-PEGbLF (1 mg/kg) was detected 10 min postadministration,
then decreased very slowly, and continued to be detected up to 240 min after
intravenous administration. Moreover, the oral administration of 20k-PEGbLF
showed better activity that unmodified bLF [120]. Therefore, PEGylated bLF is a
promising alternative for the improved oral delivery of bLF.

PEG�Camptothecin. PEG�camptothecin exhibits several good characteris-
tics in tumor treatment and it is currently in various phases of clinical trials.
The approach to the synthesis of PEG�camptothecin includes producing a
carbamate derivative of 10-hydroxy-7-ethylcamptothecin and amino acid esters
at the 20-OH group [121]. Derivatization can be done with mono-conjugated or
di conjugated PEG (Fig. 13.5) [122].

The clinical phase I and pharmacokinetics study of PEG-CPT (Pegamote-
can, Enzon, USA) has indicated that patients were well tolerant to repetitive
treatment at 7000 mg/m2. Adverse drug reactions such as cystitis, nausea, and
vomiting were also observed but these were rarely severe. Free CPT in the
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plasma was prolonged [123]. However, the efficacy during a phase IIb trial was
not satisfactory and was dropped from further development [124].

PEG�Paclitaxel. PEG�paclitaxel with a molecular weight $30 kDa could
prevent rapid elimination by the kidneys. Although a PEG-paclitaxel derivative
have entered phase I clinical trials Enzon has discontinued the development of
this product [125].

PEG�Docetaxel. A PEG�docetaxel derivative has shown good preclinical
efficacy in colon and lung cancer xenograft models. The phase I clinical studies
were conducted in refractory solid tumor patients [126].

PEG�Irinotecan. PEG�irinotecan was developed using new multiarm PEGs
architectures. The drug was covalently bound to four PEG arms. In preclinical
studies plasma half-life was evaluated in a mouse model. The conjugate showed
prolonged pharmacokinetic profiles with a half-life of 15 days when compared to
4 h with free irinotecan. Thereafter, 57 patients with advanced solid tumors
whose tumors had failed prior treatment options were enrolled in a phase I
clinical trial to test the safety, pharmacokinetic, and antitumor activity. The
patients were divided into three single agent administration schedules: weekly
administration for 3 weeks with the fourth week drug free (n 5 32; doses ranged
from 58 to 230 mg/m2), every two weeks (n 5 10; doses ranged from 145 mg/m2

to 220 mg/m2) and every 3 weeks (n 5 15; doses range from 145 mg/m2 to 245
mg/m2). Each patient received a 90-min. infusion of PEG�irinotecan. Seven
patients showed a reduction of tumor size that ranged from 40 to 58% while 6
patients showed only aminor response. Cumulative SN-38, the activemetabolite
of irinotecan was 1.2- to 6.5-fold higher than that predicted for irinotecan [127].
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FIGURE 13.5 (a) Camptothecin and (b) camptothecin�PEG conjugate. Adapted

from [122].
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Toxicity effects such as diarrhea were manageable by limiting the dose. Multiple
phase II studies are ongoing alone or in combination with cetuximab for the
treatment of ovarian, breast, colorectal, and cervical cancer.

PEG�Insulin. The conventional method to administer insulin is by injection,
and patients suffer from the pain and inconvenience. Therefore, many pharma-
ceutical companies have worked hard to develop an oral insulin delivery.
However, one of the most difficult obstacles to oral insulin delivery is protecting
the protein against the unsuitable environments in the gastrointestinal (GI) tract
such as enzymatic degradation and strong acid/base condition [52]. Hydrogels
composed of PEG and its derivatives have shown potential for oral insulin
delivery. For example, poly(methacrylic acid-g-ethylene glycol) [P(MAA-g-EG)]
forms a copolymer network with water-filled nanopores that exhibits reversible,
pH-dependent swelling behavior (pHB1�8) [128]. In the acidic environment of
the stomach (pH 1�2) the network collapses and traps insulin, whereas in the
neutral environment of the lower intestine (pH 6�7) the network swells allowing
insulin release. However, enzymatic degradations of insulin by GI proteases still
occurs and this needs to be minimized. The steric hindrance of enzymes caused
by the presence of PEG decreases the proteolysis of labile peptide residues.

Potential amino acid targets available for insulin PEGylation most com-
monly investigated are at the N-terminals of the A and B chains, glycine and
phenylalanine, respectively, and the lysine at the 29th residue of the B chain as
seen in Figure 13.6. Derivatization of the GlyA1 residue significantly reduced
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bioactivity of the insulin; therefore, the PheB1 and the LysB29 sites are now
generally targeted for modification. Poly(methacrylic acid-g-ethylene glycol)
[P(MAA-g-EG)]�insulin hydrogel conjugate, successfully induced hypogly-
cemia that exceeded 100% after both intravenous (IV) and subcuteanous (SC)
administration [129]. While it may seem that modification of insulin would
reduce its ability to lower circulating glucose levels, this effect can be explained
not by an increased potency of PEGylated insulin but in its increased residence
time in the bloodstream. The reduced rate of clearance causes it to have an
extended action and therefore a prolonged hypoglycemic effect. This may also
be influenced by a reduced affinity of PEGylated insulin for the insulin receptor
such that it is released and binds to subsequent receptors.

13.6 CONCLUSIONS

PEGylation technology has taken several years to serve as a tool in production
of PEGylated drugs. There are improvements in technology in order to eliminate
toxicity/undesirable effect and improve PEGylated drug efficiency. Numbers
of new chemical classes have been introduced to the PEGylation world. It is
expected that PEGylation will play an important role in pharmaceuticals.
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D. Georgin, E. Fattal, J. P. Andreux, and P. Couvreur. Long-circulating PEGylated

polycyanoacrylate nanoparticles as new drug carrier for brain delivery. Pharm. Res.

2001;18(8):1157�1166.

57. Shi, N., R. J. Boado, and W. M. Pardridge. Receptor-mediated gene targeting to

tissues in vivo following intravenous administration of pegylated immunolipo-

somes. Pharm. Res. 2001;18(8):1091�1095.

58. Avramis, V. I., S. Sencer, A. P. Periclou, H. Sather, B. C. Bostrom, L. J. Cohen,

A. G. Ettinger, L. J. Ettinger, J. Franklin, P. S. Gaynon, J. M. Hilden, B. Lange,

F. Majlessipour, P. Mathew, M. Needle, J. Neglia, G. Reaman, J. S. Holcenberg,

and L. Stork. A randomized comparison of native Escherichia coli asparaginase and

polyethylene glycol conjugated asparaginase for treatment of children with newly

diagnosed standard-risk acute lymphoblastic leukemia: A Children’s Cancer Group

study. Blood 2002;99(6):1986�1994.

59. Schwarz, K. B., P. Mohan, M. Narkewicz, J. P. Molleston, H. S. Te, S. Hu, S.

Sheridan, M. Lamb, S. C. Pappas, and G. Harb. The safety, efficacy and

pharmacokinetics of peginterferon Alfa-2a (40KD) in children with chronic

hepatitis C. Gastroenterology 2003;124(4, Suppl 1):A700.

60. Tetsuji Y., T. Yasuhiko, and I. Yoshito. Distribution and tissue uptake of poly

(ethylene glycol) with different molecular weights after intravenous administration

to mice. J. Pharm. Sci. 1994;83(4):601�606.

61. Brannon-Peppas, L. Poly(ethylene glycol): Chemistry and biological applications.

J. Control. Release 2000;66(2�3):321.

488 POLYETHYLENE GLYCOL IN CLINICAL APPLICATION AND PEGYLATED DRUGS

CH013 14 April 2011; 12:23:54



62. Richter, A. W. and E. Kerblom. Antibodies against polyethylene glycol produced in

animals by immunization with monomethoxy polyethylene glycol modified pro-

teins. Int. Arch. Allergy Immunol. 1983;70(2):124�131.

63. Cheng, T-L., P-Y. Wu, M-F. Wu, J-W. Chern, and S. R. Roffler. Accelerated

clearance of polyethylene glycol-modified proteins by anti-polyethylene glycol IgM.

Bioconj. Chem. 1999;10(3):520�528.

64. Monfardini, C., O. Schiavon, P. Caliceti, M. Morpurgo, J. M. Harris, and

F. M. Veronese. A branched monomethoxypoly(ethylene glycol) for protein

modification. Bioconj. Chem. 1995;6(1):62�69.

65. Kozlowski, A., S. A. Charles, and J. M. Harris. Development of pegylated

interferons for the treatment of chronic hepatitis C. BioDrugs 2001;15:419�429.

66. Hershfield, M. S. PEG-ADA replacement therapy for adenosine deaminase defi-

ciency: An update after 8.5 years. Clin. Immunol. Immunopath. 1995;76(3, Part 2):

S228�S232.

67. Burnham, N. L. Polymers for delivering peptides and proteins. Am. J. Health-Syst.

Pharm. 1994;51(2):210�218.

68. Hillman, B. C. and R. U. Sorensen. Management options: SCIDS with adenosine

deaminase deficiency. Ann. Allergy 1994;72(5):395�403.

69. Booth, C., M. Hershfield, L. Notarangelo, R. Buckley, M. Hoenig, N. Mahlaoui,

M. Cavazzana-Calvo, A. Aiuti, and H. B. Gaspar. Management options for

adenosine deaminase deficiency; proceedings of the EBMT satellite workshop

(Hamburg, March 2006). Clin. Immunol. 2007;123(2):139�147.

70. Chan, B., D. Wara, J. Bastian, M. S. Hershfield, J. Bohnsack, C. G. Azen,

R. Parkman, K. Weinberg, and D. B. Kohn. Long-term efficacy of enzyme

replacement therapy for adenosine deaminase (ADA)-deficient severe combined

immunodeficiency (SCID). Clin. Immunol. 2005;117(2):133�143.

71. Keating, M. J., R. Holmes, S. Lerner, and D. H. Ho. L-Asparaginase and PEG

asparaginase past, present, and future. Leuk. Lymph. 1993;10(s1):153�157.

72. Holle, L. M. Pegaspargase: An alternative? Ann. Pharmacother. 1997;31(5):

616�624.

73. Liang, T. J., B. Rehermann, L. B. Seeff, and J. H. Hoofnagle. Pathogenesis, natural

history, treatment, and prevention of hepatitis C. Ann. Internal Med. 2000;132(4):

296�305.

74. Reddy, K. R., M. W. Modi, and S. Pedder. Use of peginterferon alfa-2a (40 KD)

(Pegasys(R)) for the treatment of hepatitis C. Adv. Drug Deliv. Rev. 2002;54

(4):571�586.

75. Kozlowski, A. and J. M. Harris. Improvements in protein PEGylation: Pegylated

interferons for treatment of hepatitis C. J. Control. Release 2001;72(1�3):217�224.

76. Wang, Y-S., S. Youngster, M. Grace, J. Bausch, R. Bordens, and D. F. Wyss.

Structural and biological characterization of pegylated recombinant interferon

alpha-2b and its therapeutic implications. Adv. Drug Deliv. Rev. 2002;54(4):

547�570.

77. Bailon, P., A. Palleroni, C. A. Schaffer, C. L. Spence, W-J. Fung, J. E. Porter,

G. K. Ehrlich, W. Pan, Z-X. Xu, M. W. Modi, A. Farid, W. Berthold, and

M. Graves. Rational design of a potent, long-lasting form of interferon: A 40 kDa

branched polyethylene glycol-conjugated interferon alfa-2a for the treatment of

hepatitis C. Bioconj. Chem. 2001;12(2):195�202.

REFERENCES 489

CH013 14 April 2011; 12:23:54



78. Grace, M. J., S. Lee, S. Bradshaw, J. Chapman, J. Spond, S. Cox, M. DeLorenzo,

D. Brassard, D. Wylie, S. Cannon-Carlson, C. Cullen, S. Indelicato, M. Voloch,

and R. Bordens. Site of pegylation and polyethylene glycol molecule size attenuate

interferon-alfa antiviral and antiproliferative activities through the JAK/STAT

signaling pathway. J. Biol. Chem. 2005;280(8):6327�6336.

79. Glue, P., J.W. S.Fang,R.Rouzier-Panis, C.Raffanel,R. Sabo, S.K.Gupta,M. Salfi,

and S. Jacobs. PEG-interferon-α2b: Pharmacokinetics, pharmacodynamics, safety

and preliminary efficacy data. Clin. Pharm. Therap. 2000;68:556�567.

80. Lindsay, K. L., C. Trepo, T. Heintges, M. L. Shiffman, S. C. Gordon, J. C. Hoefs,

E. R. Schiff, Z. D. Goodman, M. Laughlin, R. Yao, and J. K. Albrecht. A rando-

mized, double-blind trial comparing pegylated interferon alfa-2b to interferon alfa-2b

as initial treatment for chronic hepatitis C. Hepatology 2001;34(2):395�403.

81. Sulkowski, M., E. Lawitz, M. L. Shiffman, A. J. Muir, G. Galler, J. McCone,

L. Nyberg, W. M. Lee, R. Ghalib, E. Schiff, J. Galati, B. Bacon, M. Davis,

P. Mukhopadhyay, S. Noviello, L. Pedicone, J. Albrecht, and J. McHutchison.

Final Results of the IDEAL (Individualized Dosing Efficacy Versus Flat Dosing to

Assess Optimal PEGylated Interferon Therapy) phase IIIB study. J. Hepatol.

2008;48(Suppl 2):S370�S371.

82. Datamonitor. Pipeline Insight: Hepatitis C. Retrieved Feb. 10, 2010, from http://

www.datamonitor.com/kc/pharma/Download.asp?R5DMHC2188&type5Report

&itemHref5 001DMHC2188.pdf.

83. Hadziyannis, S. J., H. Sette, T. R. Morgan, V. Balan, M. Diago, P. Marcellin,

G. Ramadori, H. Bodenheimer, D. Bernstein, M. Rizzetto S. Zeuzem, P. J. Pockros,

A. Lin, and A. M. Ackrill. Peginterferon-alfa2a and ribavirin combination therapy

in chronic hepatitis C. Ann. Internal Med. 2004;140(5):346�355.

84. Manns, M. P., J. G. McHutchison, S. C. Gordon, V. K. Rustgi, M. Shiffman,

R. Reindollar, Z. D. Goodman, K. Koury, M-H. Ling, and J. K. Albrecht.

Peginterferon alfa-2b plus ribavirin compared with interferon alfa-2b plus ribavirin

for initial treatment of chronic hepatitis C: A randomised trial. Lancet 2001;358

(9286):958�965.

85. Michael, W. F. Side effects of therapy of hepatitis C and their management.

Hepatology 2002;36(S1):S237�S244.

86. O’Brien, C. A double-blind, multi-center randomized, parallel dose-comparison

study of six regimens of 5kD linear peginterferon α-2a compared with Roferon-A in

patients with chronic hepatitis C. Antiviral Therapy 1999;4:15.

87. Bailon, P. Pharmacological properties of five polyethylene glycol conjugates of

interferon α-2a. Antiviral Therapy 1999;4:27.

88. Veronese, F. M. and A. Mero. The impact of PEGylation on biological therapies.

BioDrugs 2008;22:315�329.

89. Schering-Plough. PegIntront product information. Retrieved Feb. 10, 2010, from

http://www.accessdata.fda.gov/drugsatfda_docs/label/2009/103949s5172lbl.pdf.

90. Roche. Pegasyst product information. Retrieved Feb. 10, 2010, from http://www

.accessdata.fda.gov/drugsatfda_docs/label/2009/103964s5147,%20103964s5163lbl.

pdf.

91. Bruno, R., P. Sacchi, C. Scagnolari, F. Torriani, L. Maiocchi, S. Patruno, F. Bellomi,

G. Filice, and G. Antonelli. Pharmacodynamics of peginterferon alfa-2a and

490 POLYETHYLENE GLYCOL IN CLINICAL APPLICATION AND PEGYLATED DRUGS

CH013 14 April 2011; 12:23:54



peginterferon alfa-2b in interferon-naive patients with chronic hepatitis C: A rando-

mized, controlled study. Alimentary Pharmacol. Therap. 2007;26(3):369�376.

92. Algranati, N. E., S. Sy, and M. Modi. A branched methoxy 40 kDa polyethylene

glycol moiety optimizes the pharmacokinetics of PEG�IFN. Hepatology 1999;30:

(190A).

93. Zeuzem, S., S. V. Feinman, J. Rasenack, E. J. Heathcote, M-Y. Lai, E. Gane,

J. O’Grady, J. Reichen, M. Diago, A. Lin, J. Hoffman, and M. J. Brunda.

Peginterferon alfa-2a in patients with chronic hepatitis C. N. Engl. J. Med.

2000;343(23):1666�1672.

94. Heathcote, E. J., M. L. Shiffman, W. G. E. Cooksley, G. M. Dusheiko, S. S. Lee,

L. Balart, R. Reindollar, R. K. Reddy, T. L. Wright, A. Lin, J. Hoffman, and

J. D. Pamphilis. Peginterferon alfa-2a in patients with chronic hepatitis C

and cirrhosis. N. Engl. J. Med. 2000;343(23):1673�1680.

95. McHutchison, J. G., S. C. Gordon, E. R. Schiff, M. L. Shiffman, W. M. Lee,

V. K. Rustgi, Z. D. Goodman, M-H. Ling, S. Cort, and J. K. Albrecht. Interferon

alfa-2b alone or in combination with ribavirin as initial treatment for chronic

hepatitis C. N. Engl. J. Med. 1998;339(21):1485�1492.

96. Poynard, T., P. Marcellin, S. S. Lee, C. Niederau, G. S. Minuk, G. Ideo, V. Bain,

J. Heathcote, S. Zeuzem, C. Trepo, and J. Albrecht. Randomised trial of

interferon [alpha]2b plus ribavirin for 48 weeks or for 24 weeks versus interferon

[alpha]2b plus placebo for 48 weeks for treatment of chronic infection with

hepatitis C virus. Lancet 1998;352(9138):1426�1432.
97. Fried, M. W., M. L. Shiffman, K. R. Reddy, C. Smith, G. Marinos,

F. L. Goncales, D. Jr., Haussinger, M. Diago, G. Carosi, D. Dhumeaux and

others. Peginterferon alfa-2a plus ribavirin for chronic hepatitis C virus infection.

N. Engl. J. Med. 2002;347(13):975�982.

98. Parkinson, C., J. A. Scarlett, and P. J. Trainer. Pegvisomant in the treatment of

acromegaly. Adv. Drug Deliv. Rev. 2003;55(10):1303�1314.

99. Drake, W. M., C. Parkinson, S. A. Akker, J. P. Monson, G. M. Besser, and

P. J. Trainer. Successful treatment of resistant acromegaly with a growth hormone

receptor antagonist. Eur. J. Endocrinol. 2001;145(4):451�456.

100. van der Auwera, P., E. Platzer, Z. X. Xu, R. Schulz, O. Feugeas, R. Capdeville,

and D. J. Edwards. Pharmacodynamics and pharmacokinetics of single doses of

subcutaneous pegylated human G-CSF mutant (Ro 25-8315) in healthy volunteers:

Comparison with single and multiple daily doses of Filgrastim. Am. J. Hematol.

2001;66(4):245�251.

101. Edwards, C. PEGylated recombinant human soluble tumour necrosis factor

receptor type I (r-Hu-sTNF-RI): Novel high affinity TNF receptor designed for

chronic inflammatory diseases. Ann. Rheum. Dis. 1999;58:173�181.

102. Moreland, L., D. C. McCabe, J. R., M. Sack, M. Weisman, G. Henry, J. Seely,

S. Martin, C. Yee, A. Bendele, J. Frazier, T. Kohno, M. E. Cosenza, S. A. Lyons,

J. M. Dayer, A. M. Cohen, and C. K. Edwards 3rd. Phase I/II trial of recombi-

nant methionyl human tumor necrosis factor binding protein PEGylated dimer

in patients with active refractory rheumatoid arthritis. J. Rheum. 2000;27

(3):601�609.

103. Choy, E. H. S., B. Hazleman, M. Smith, K. Moss, L. Lisi, D. G. I. Scott, J. Patel,

M. Sopwith, and D. A. Isenberg. Efficacy of a novel PEGylated humanized

REFERENCES 491

CH013 14 April 2011; 12:23:54



anti-TNF fragment (CDP870) in patients with rheumatoid arthritis: A phase II

double-blinded, randomized, dose-escalating trial. Rheumatology 2002;41

(10):1133�1137.

104. Upjohn, P. P. (2008). Somavert product information. Retrieved Feb. 10, 2010,

from http://www.pfzer.com/fles/products/uspi_somavert.pdf.

105. Kinstler, O., N. Gabriel, C. Farrar, and R. DePrince. Amgen Inc., is the assignee.

N-terminally chemically modifed protein compositions and methods. U.S. Patent

US5824784, 1998.

106. Amgen. Neulasta brand profile Annotation: Product information on Neulasta.

Retrieved Feb. 10, 2010, from http://www.amgen.com/medpro/products_neulasta

.html.

107. Amgen. Amgen signs multi-year agreement with international oncology network

for Aranesp, Neulasta and Neupogen. Retrieved Feb. 10, 2010, from http://www

.amgen.com/media/media_pr_detail.jsp?year5 2002;&releaseID5 268988.

108. Crawford, J. Clinical uses of pegylated pharmaceuticals in oncology. Cancer Treat.

Rev. 2002;28(Suppl. 1):7�11.

109. Bence, A. K. and V. R. Adams. Pegfilgrastim: A new therapy to prevent

neutropenic fever. J. Am. Pharm. Assoc. 2002;42(5):806�808.

110. Morgensztern, D., M. Q. Baggstrom, G. Pillot, B. Tan, P. Fracasso, R. Suresh,

J. Wildi, and R. Govindan. A phase I study of PEGylated liposomal doxo-

rubicin and irinotecan in patients with solid tumors. Chemotherapy 2009;55(6):

441�445.

111. Trudeau, M. E., M. J. Clemons, L. Provencher, L. Panasci, L. Yelle, D. Rayson,

J. Latreille, T. Vandenberg, R. Goel, L. Zibdawi, Y. Rahim, and J. F. Pouliot.

Phase II multicenter trial of anthracycline rechallenge with pegylated liposomal

doxorubicin plus cyclophosphamide for first-line therapy of metastatic breast

cancer previously treated with adjuvant anthracyclines. J. Clin. Oncol. 2009;27

(35):5906�5910.

112. Kourlas, H. and D. S. Schiller. Pegaptanib sodium for the treatment of neovas-

cular age-related macular degeneration. Rev. Clin. Ther. 2006;28(1):36�44.

113. Topf, J. CERA: Third-generation erythropoiesis-stimulating agent. Expert Opin.

Pharm. 2008;9(5):839�849.

114. Mirceras Scientifc. Mirceras Scientifc Discussion. Retrieved Feb. 10, 2010, from

http://www.emea.europa.eu/humandocs/PDFs/EPAR/mircera/H-739-en1.pdf.

115. Athwal, D., B. Singh, D. Thomas, A. Weir, C. Neil, A. Pepplewell, C. A. George,

P. King, and D. John. Antibody molecules having specificity for human tumor

necrosis factor alpha, and use thereof. Patent WO094585, 2001.

116. Voulgari, P. V. Emerging drugs for rheumatoid arthritis. Expert Opin. Emerg. Dr.

2008;13(1):175�196.

117. Di Minno, G., A. M. Cerbone, A. Coppola, E. Cimino, M. Di Capua,

F. Pamparana, A. Tufano, and M. N. D. Di Minno. Longer-acting factor VIII

to overcome limitations in haemophilia management: the PEGylated liposomes

formulation issue. Haemophilia 2010;16:2�6.

118. Savient. Puricase (PEGloticase) meets pre-specified primary efficacy endpoint in

two replicate phase 3 studies. Retrieved Feb. 10, 2010, from http://investor.savient

.com/releasedetail.cfm?ReleaseID5 281657.

492 POLYETHYLENE GLYCOL IN CLINICAL APPLICATION AND PEGYLATED DRUGS

CH013 14 April 2011; 12:23:54



119. Levay, P. F. andM. Viljoen. Lactoferrin: A general review.Haematologica 1995;80

(3):252�267.

120. Nojima, Y., Y. Suzuki, K. Iguchi, T. Shiga, A. Iwata, T. Fujimoto, K. Yoshida, H.

Shimizu, T. Takeuchi, and A. Sato. Development of poly(ethylene glycol)

conjugated lactoferrin for oral administration. Bioconj. Chem. 2008;19

(11):2253�2259.

121. Ueki, K., H. Onishi, M. Sasatsu, and Y. Machida. Preparation of carboxy-PEG-

PLA nanoparticles loaded with camptothecin and their body distribution in solid

tumor-bearing mice. Drug Develop. Res. 2009;70(7):512�519.

122. Yu, D., P. Peng, S. S. Dharap, Y. Wang, M. Mehlig, P. Chandna, H. Zhao,

D. Filpula, K. Yang, V. Borowski, G. Borchard, Z. Zhang, and T. Minko.

Antitumor activity of poly(ethylene glycol)-camptothecin conjugate: The inhibi-

tion of tumor growth in vivo. J. Control. Release 2005;110(1):90�102.

123. Penson, R. T., M. V. Seiden, A. Goodman, A. F. Fuller, R. S. Berkowitz,

U. A. Matulonis, C. Krasner, H. Lee, T. Atkinson, and S. M. Campos. Phase I

trial of escalating doses of topotecan in combination with a fixed dose of pegylated

liposomal doxorubicin in women with mullerian malignancies. Gynecol. Oncol.

2004;93(3):702�707.

124. Scott, L., J. Yao, A. Benson, A. Thomas, S. Falk, R. Mena, J. Picus, J. Wright,

M. Mulcahy, J. Ajani, and T. R. Evans. A phase II study of pegylated-

camptothecin (pegamotecan) in the treatment of locally advanced and metastatic

gastric and gastro-oesophageal junction adenocarcinoma. Cancer Chemother.

Pharm. 2009;63(2):363�370.

125. Sugahara, S., M. Kajiki, H. Kuriyama, and T. R. Kobayashi. Paclitaxel delivery

systems: The use of amino acid linkers in the conjugation of paclitaxel with

carboxymethyldextran to create prodrugs. Biol. Pharm. Bull. 2002;25(5):632�641.

126. Wolff, R., S. Routt, J. Riggs-Sauthier, W. Zhang, H. Persson, and R. K. Johnson.

NKTR-105, a novel PEGylated-docetaxel, demonstrates superior anti-tumor

activity compared to docetaxel in human non-small cell lung and colon cancer

xenografts. Eur. J. Cancer Suppl. 2008;6(12):141.

127. Von Hoff, D. D., G. Jameson, M. J. Borad, L. S. Rosen, J. Utz, S. Dhar,

L. Acosta, T. Barker, J. Walling, and J. T. Hamm. First phase I trial of NKTR-102

(PEG-irinotecan) reveals early evidence of broad anti-tumor activity in three

schedules. Eur. J. Cancer Suppl. 2008;6(12):186.

128. Kim, J. J. and K. Park. Modulated insulin delivery from glucose-sensitive hydrogel

dosage forms. J. Control. Release 2001;77(1�2):39�47.

129. Tuesca, A. D., C. Reiff, J. I. Joseph, and A. M. Lowman. Synthesis, Character-

ization and in vivo efficacy of PEGylated insulin for oral delivery with complexa-

tion hydrogels. Pharm. Res. 2009;26(3):727�739.

REFERENCES 493

CH013 14 April 2011; 12:23:54



PART VI

INORGANIC POLYMERS

CH014 14 April 2011; 12:28:48



CHAPTER 14

CALCIUM-PHOSPHATE-BASED
CERAMICS FOR BIOMEDICAL
APPLICATIONS

QING LV,1 KEVIN W.-H. LO,2,3 LAKSHMI S. NAIR,2,3,4 and
CATO T. LAURENCIN2,3,4

1Department of Chemical Engineering, University of Virginia, Charlottesville, Virginia
2 Institute for Regenerative Engineering, University of Connecticut Health Center,
Farmington, Connecticut
3 Department of Orthopaedic Surgery, University of Connecticut Health Center,
Farmington, Connecticut
4 Department of Chemical, Materials and Bimolecular Engineering, University of
Connecticut, Storrs, Connecticut

CONTENTS

14.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 498

14.2 Chemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 498

14.2.1 Synthesis of Calcium Phosphate . . . . . . . . . . . . . . . . . . . . . . . 498

14.2.2 Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 501

14.2.3 Biodegradability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 502

14.2.4 Mechanical Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 504

14.3 Toxicity and Safety . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 504

14.3.1 Cytotoxicity (in Vitro) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 505

14.3.2 In Vivo Biocompatibility . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 506

14.3.3 Mechanism of Biocompatibility of Calcium Phosphate Materials . 509

14.4 Clinical Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 509

14.5 Summary. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 512

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 512

Biodegradable Polymers in Clinical Use and Clinical Development, First Edition. Edited by
Abraham J. Domb, Neeraj Kumar, and Aviva Ezra
r 2011 John Wiley & Sons, Inc. Published 2011 by John Wiley & Sons, Inc.

CH014 14 April 2011; 12:28:48

497



14.1 INTRODUCTION

Calcium phosphate (CaP) is the principal inorganic component of hard tissues
(bone and teeth) in vertebrates [1]. To mimic natural hard tissue structures,
researchers have investigated calcium phosphate materials in particular,
hydroxyapatite (HA) for various applications. This has lead to the development
of a variety of procedures to synthesize various CaP materials with different
properties. Based on composition, calcium phosphate ceramics can be categor-
ized into different types, as summarized in Table 14.1. These calcium phosphate
compounds have different formula and Ca/P ratios, yielding materials with
significantly different properties.

Calcium phosphates have been extensively investigated as implant or coating
materials for bone replacement, repair, augmentation, or regeneration. Various
forms and combinations of calcium phosphates are widely utilized for a variety
of applications. For example, the combination of HA and β-TCP are known as
biphasic phosphate (BCP). The commonly used forms of CaP materials include
coatings and cements with flexible compositions.

In this chapter, we will introduce the synthesis and characterization of CaP
materials and HA in particular. The properties of CaP materials discussed in this
chapter include crystallinity, chemical composition, degradability, and mechan-
ical properties. Moreover, the biocompatibility and toxicity of the material
in vitro and in vivo are reviewed. Finally, a brief review on some of the clinical
results and the commercial CaP products are presented.

14.2 CHEMISTRY

14.2.1 Synthesis of Calcium Phosphate

Hydroxyapatite (HA) is the most widely studied CaP. It is a naturally occurring
inorganic calcium phosphate mineral component of bone and teeth in
mammals, with the formula Ca5(PO4)3(OH), but it is often written as
Ca10(OH)2(PO4)6 to denote the two entities present in the crystal unit cell [1].
The calcium phosphate ratio in bone is 1.67. Other nonapatitic calcium
phosphates are distinguished from one another by their chemical formulae
and Ca/P ratio. Approximately 70% of human bone is made up of HA,

TABLE 14.1 Calcium Phosphate Compound Classification. Modified from [2]

Ca/P Ratio Compound Formula Abbreviation

2 Tetracalcium phosphate Ca4(PO4)2O TTCP

1.67 Hydroxyapatite Ca10(PO4)6(OH)2 HA

1.5 Tricalcium phosphate Ca3(PO4)2 TCP

1.33 Octacalcium phosphate Ca8(HPO4)2(PO4)4 OCP

1 Dicalcium phosphate CaHPO4 DCP

0.5 Monocalcium phosphate Ca(H2PO4)2 MCP
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therefore, extensive research efforts have been undertaken to synthesize HA
in vitro as a bone substitute and/or replacement for clinical purposes [3, 4].

Several research groups have successfully developed different methods for
synthesizing calcium phosphates. These methods include chemical precipitation
[5], hydrothermal methods [6], and the sol�gel growth method [7]. Newer
methods, such as ultrasonic spray freeze�drying, have also been developed to
produce HA [8].

Synthesis of HA from Chemical Precipitation. Of all the techniques
mentioned, chemical precipitation method has been most often used to produce
calcium phosphate because of the simple processing route and relatively
inexpensive cost of operation. Moreover, this method can be easily scaled up
to achieve higher production yields. The morphology and size of calcium
phosphate particles can be controlled by different experimental conditions e.g.
the aging process and growth kinetics of the particles. The raw materials, pH,
temperature, and reaction time are the main parameters that can be varied to
produce monophase calcium phosphates.

Calcium Hydroxide and Orthophosphoric Acid. One of the typical methods for
producing HA is the precipitation of calcium hydroxide and orthophosphoric
acid [5]. The chemical equation that describes this reaction is

10CaðOHÞ2 1 6H3PO4-Ca10ðPO4Þ6ðOHÞ2 1 18H2O

The morphologies of HA particles obtained by this method are very sensitive
to the reactant addition rate and reaction temperature. The phosphoric acid is
added at a controlled rate, with stirring being maintained throughout the
process [5]. Reaction temperatures between 25 and 90�C are common, with
the reaction temperature determining whether HA particles will form mono-
crystalline or polycrystalline structure. A transition temperature (T5 60�C)
exists where synthesized HA particles are monocrystalline (T, 60�C) or
polycrystalline (T. 60�C) [9, 10].

Calcium Nitrate and Diammonium Hydrogen Phosphate. HA has also been
synthesized by a homogeneous precipitation using aqueous solutions of
calcium nitrate [Ca(NO3)2] and diammonium hydrogen phosphate
[(NH4)2HPO4)][11�13] according to the following reaction:

10CaðNO3Þ216ðNH4Þ2HPO412H2O-Ca10ðPO4Þ6ðOHÞ2
112NH4NO318HNO3

Adiammonium hydrogen phosphate solution is slowly added to a calcium nitrate
solution. To increase the rate of reaction, the pH of the solution (pH 10) is
maintained by adding ammoniumhydroxide. After the chemical reaction, theHA
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precursor solution is aged, decanted, and rinsed with deionized water followed
by addition of 95% ethanol to remove nitrates and ammonium hydroxide. The
precipitate is then dried at 250�C for 3h and calcined at 850�C. Since calcium
is slowly incorporated into the HA structure, continued stirring and aging
can help the material approach desired stoichiometric Ca/P of 1.67. Moreover,
the size of the HA particles can be controlled by changing the time and the
temperature of precipitation. For instance, if the reaction is stirred overnight at
room temperature, the particle size of HA will usually be less than 100 nm.

Synthesis of HA from Hydrothermal Reaction. Hydrothermal synthesis is
the second most popular synthetic method for producing HA [6]. Hydrother-
mal synthesis of HA has several advantages: (1) single-step process [14],
(2) nanocrystalline structured materials [15], and (3) chemically homogeneous.
This synthesis method is characterized by the reaction of aqueous reactants
such as calcium nitrate tetrahydrate [Ca(NO3)24H2O] and diammonium
hydrogen phosphate [(NH4)2HPO4] in a closed reactor (e.g., Teflon-lined
hydrothermal reactor) under controlled temperature and pressure. The tem-
perature of the reaction can be raised above the boiling point of the water,
reaching the pressure of vapor saturation (usually 275�C and 12,000 psi). The
reaction proceeds between 24 and 72 h. After which the HA precipitates are
filtered and washed by distilled water and the HA is collected by centrifugation.
Finally, the HA particles are dried for several hours.

It has been reported that HA particles can be synthesized from natural
resources using hydrothermal reaction [16�18]. HA derived from natural materi-
als has an advantage that they inherit some properties of the raw materials such
as the pore structure and interconnectivity that mimics the human bone. Coral,
marine algae, and eggshell are the natural resources containing a large content
of calcium. Eggshell waste is available in large quantity from food industries,
thus the utilization of eggshell waste as a starting material for HA synthesis
provides an environmentally beneficial and cost-effective strategy [19]. Sopyan
and co-workers described a process to synthesis HA from eggshell using the
hydrothermal wet chemistry method [19]. It involves thermal decomposition
of eggshell to calcium oxide (CaO) followed by hydrothermal reaction with
(NH4)2HPO4 and water. The HA powders are oven dried overnight. The
chemical reactions involved in the system are

CaCo3-CaO1CO2

5CaO1 3ðNH4Þ2HPO4 1 2H2O-Ca5ðPO4Þ3ðOHÞ1 6NH4OH

It is important to point out that pure HA is not always obtained. Many of
the HA synthesis routes lead to significant production of side products. For
instance, Tricalcium phosphate (TCP) is one of the common side products as a
result of decomposition during sintering [20, 21].

Synthesis of Tricalcium Phosphates. Tricalcium phosphate has been
synthesized as scaffold material for supporting tissue regeneration because
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of its excellent bioresorbability [2]. There are two forms of TCPs (α and β).
Beta-TCP can be synthesized by heating a mixture of dicalcium hydrogenpho-
sphate anhydride and calcium carbonate above 1100�C for 48 h [22]. Synthesis
of α-TCP is similar to the method of synthesizing β-TCP except that sintering
temperature of 1400�C is used.

Synthesis of CaP from Calcium Phosphate Cement. As a prevalently
used form of CaP, calcium phosphate cement (CPC) has been developed for
biomedical applications due to its biocompatibility and osteoconductivity [23].
Several different CPC compositions have been developed and approved by
FDA for clinical applications [23�25]. The first CPC was synthesized in 1986
and it consisted of tetracalcium phosphate and dicalcium phosphate anhydrous
[23]. The CPC powder could be mixed with an aqueous solution, i.e. water to
form a paste that could adapt to irregularly shaped bones. The CPC paste could
harden in situ to form HA as the end product [23].

14.2.2 Characterization

The chemical composition, purity, structure, and morphology of calcium
phosphates, in particular HA, can be characterized by the following techniques:

Chemical Analysis. The Ca/P ratios of the calcium phosphate samples can be
determined by conventional chemical analysis. The calcium phosphate samples
are first dissolved in a dilute solution of hydrochloride acid. The concentration
of phosphorus is determined by a colorimetric method [26], and the concen-
tration of Ca is determined by atomic absorption spectrophotometry, and,
subsequently, the Ca/P ratio can be calculated. For instance, pure HA and TCP
have ratios of 1.67 and 1.5, respectively [27]. The drawbacks of this method
include labor-intensive sample preparation and the inability to determine Ca
and P simultaneously.

Chemical Composition and Purity Analysis. Fourier transform infrared
spectrometry (FTIR) is one of the most powerful techniques for identifying
functional groups in a molecule. FTIR spectra of pure molecules are usually so
unique that they are like a “human fingerprint.” Thus for most common
materials such as HA, the spectrum produced can be easily identified by
comparison to a reference standard of known compounds.

Figure 14.1 shows a typical FTIR spectrum of HA. According to the data
from Poinern et al., [29] the characteristic frequencies derived from PO4

23

functional groups can be seen at around 1092, 1032, 964, 601, and 564 cm21.
The two weak peaks at 725 and 832 cm21 are associated with carbonate, which
reveals the presence of carbonates in the sample. Bands appearing at wave-
number values of around 1384 and 1644 cm21 are indicative of carbonate ion
substitution, which might have come from a reactant source (e.g., eggshell)
or from the reaction of HA alkaline samples with atmospheric carbon dioxide
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[28, 29]. The weak peak at 3570 cm21 corresponds to the vibrations of the OH2

ions in the HA lattice.

Crystallinity Analysis. X-ray diffraction (XRD) is used to study the atomic
and molecular structure of crystalline substances. The HA sample is exposed
to X rays at different angles. The diffraction patterns produced can be easily
identified by comparing with reference standards. XRD is also used to verify
composition and purity of HA samples. Figure 14.2 shows the XRD pattern of
HA samples sintered at different temperatures. HA sintered at higher tempera-
ture shows sharp and well-defined peaks (upper panel) compared to HA
sintered at a lower temperature (lower panel) [30].

Morphological Analysis. Scanning electron microscopy (SEM) is used to
investigate the morphology and particle size of synthesized HA. HA can appear
in different morphologies such as aggregate, rough, powdery, and its particles
showed different shapes as shown in Figure 14.3 [31].

14.2.3 Biodegradability

Degradability is one of the most important criteria for biomaterial design. The
driving forces for calcium phosphate biomaterials biodegradation are both
solution-driven and mediated by cell processes. Furthermore, the Chemical
composition (Ca/P ratio), purity, physical properties, and crystal structures
plays an important role in the degradation behavior of calcium phosphates
such as implantation sites and animal models, also contribute to the biode-
gradation [34, 35]. Typically, in vitro degradation of calcium phosphate
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FIGURE 14.1 Typical FTIR spectrum of HA. (Modified from [29] with permission.)
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has been evaluated by soaking in physiological saline [36], and in vivo
degradation and osteoinductivity have been evaluated by implanting constructs
in animal models [36]. In general, crystalline HA has much slower in vivo
degradation time compared to α, β-tricalcium phosphate and amorphous
HA [37]. While this can impact sustained mechanical integrity, it is also the

10 20 30 40
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110°C

2� (°)

50 60 70

FIGURE 14.2 XRD of HA sample obtained by the precipitation process. Peaks

marked with black dots indicating HA. (Modified from [30].)

(a) (b)

FIGURE 14.3 (a) SEM image of synthesized HA before thermal treatment and (b) SEM

image of synthesized HA after thermal treatment. (Adapted from [31] with permission.)
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disadvantageous due to low resorbability and the slow rate of integration
with bone.

The study of in vivo degradation of calcium phosphate is important
because it can enhance bioactivity of these ceramic biomaterials. The under-
lying mechanism of the bioactivity of calcium phosphate involves the dissolu-
tion of calcium and phosphate ions from the HA [38]. This process mainly
occurs through the surrounding environment and may also be mediated by cells
[39]. For instance, studies show that dissolution of HA increases calcium and
phosphate ion concentrations in the space between the implant and the existing
bone [40]. Precipitation of calcium and phosphate ions into this space ensures
incorporation of the implant into the existing bone. [41].

14.2.4 Mechanical Properties

The mechanical properties of calcium phosphates vary significantly with their
crystallinity, grain size, porosity, and composition [42]. The mechanical proper-
ties of dense and porous HA, other types of calcium phosphates (e.g., α-TCP,
β-TCP, and TTCP), and bone are summarized in Table 14.2. It is generally
believed that the mechanical strength of CaP decreases with increasing amount
of amorphous phase, microporosity, and larger grain size [42]. On the other
hand, high crystallinity, low porosity, and small grain size tends to yield greater
values of stiffness, compressive and tensile strength, and toughness [42]. For
instance, dense HA has significant compressive strength and elastic moduli,
while porous HA has a small compressive strength and elastic moduli. In
comparison, cortical bone has good fracture toughness and moderate compres-
sive and tensile strength, largely due to the presence of dense HA crystals in
bone [42].

14.3 TOXICITY AND SAFETY

Calcium phosphate ceramics were introduced commercially in the 1980s.
Calcium phosphate was introduced for medical applications in granular form

TABLE 14.2 Comparison of Mechanical Properties of Human Bone and Calcium

Phosphate Data were Obtained from [43�47].

Compressive Elastic Modules

Tensile

Strength

Fracture

Toughness

Ceramics Strength (MPa) (GPa) (MPa) (MPa
ffiffiffiffi

m
p

)

Dense HA . 400 B100 B40 B1.0

Porous HA 0.21�0.41 0.83�1.63 1023 — —

Calcium phosphates 30�900 30�103 30�200 , 1.0

Human cortical bone 130�180 12�18 50�151 6�8
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for alveolar ridge augmentation and periodontal lesion filling. In the following
decade, calcium phosphate continued to be applied in restorative dental and
orthopedic implants in the forms of blocks and coatings [48]. Various tests have
been developed to evaluate the toxicity of calcium phosphate in vitro and in vivo.

14.3.1 Cytotoxicity (in Vitro)

Every new material should be carefully evaluated and characterized in terms
of its chemical and biological behavior for any biomedical application. In
the literature, in vivo studies are used prevailingly to assess the biological
properties of new materials. There are relatively few reports on the in vitro
biocompatibility of calcium phosphate materials.

In general, calcium phosphate is considered biocompatible with cells
and tissues. However, depending on various compositions, different cellular
responses be elicited in vitro. In vitro cytotoxicity can be tested in two ways
by culturing cells either with direct contact with the material or with extracts
of the material.

Calcium phosphate cement (CPC) is a common form of calcium phosphate
material that has been applied in the grafting and replacement of damaged
bone. Initially introduced by Gruninger et al., CPC is a paste that can be
prepared by mixing a calcium phosphate salt with an aqueous solution and
reacting at room or body temperature. The basic and acid components in the
cement react when mixed with water, producing products with an intermediary
acidity [49]. The advantage of this form of material lies in the biocompatibility
and in situ hardening properties, which allows easy manipulation and adapta-
tion to the shape and dimensions of defects [50]. Therefore, cements with
different compositions were actively developed by various groups for biome-
dical applications.

In one study conducted by Rossa et al. two formulations (α and β) of
calcium phosphate cements were evaluated in vitro with fibroblasts. Alpha and
β formulation of cements are composed mainly of α-TCP and β-TCP. The
effect of the tested materials on both cell proliferation and viability was
assessed via direct and indirect contact with the cements. The results showed
reduced cell proliferation and viability with β formulations whereas α formula-
tions showed similar results as positive controls [51]. The difference might be
related to the composition of the liquid component of the CPCs. Beta
formulation of CPC contained a liquid composed of phosphoric acid, which
might lead to a greater change in pH of the culture medium, resulting in
more cellular damage. Another possible reason is the production of H3PO4

as hydrolyzation product of the TCP, which can result in pH change as
well [51].

Another study by dos Santos et al. showed that α-TCP-based cement was
cytotoxic to CHO cells [50]. α-TCP had a high pH value of 9.3 in aqueous
solution initially. However, because of the transformation reaction
α-Ca3(PO4)21H2O - Ca9(HPO4)(PO4)5OH, the pH value slowly returns to
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neutral [52]. This gradual drop in pH is related to the hydration process
of α-TCP [10Ca3(PO4)21H2O - Ca10(PO4)6(OH)21 2H3PO4]. This reaction
could cause the accumulation of H3PO4 in solution resulting in long term
changes in pH values.

An injectable calcium phosphate composite containing biphasic calcium
phosphate (BCP) was developed by Grimandi et al. [53] BCP is composed of
60% HA and 40% β-TCP. In vitro biocompatibility was tested by direct-
contact cytotoxicity and cell proliferation assays. Fibroblast cells were viable
after 24-h culture with direct contact with these materials. In long-term cell
proliferation study with extracts of the tested materials, cells kept proliferating
until day 4. From day 4 to day 21, BCP showed an inhibitory effect on cells.
Such in vitro inhibition of cell proliferation could be attributed to the changes
in the ionic homeostasis of the media [53]. It is reported that incubation with
HA for only 3 h resulted in a decrease in calcium and phosphate concentration in
the media [54]. Since HA is a major component of BCP, the long-term culture
with BCP may result in a marked change in the ionic concentration of the
media. In addition, other forms of calcium phosphate can be transformed
into HA after long-term incubation [55]. Therefore, β-TCP in BCP could be
transformed intoHA as well, resulting in change of pH and ionic concentrations.

In summary, the in vitro biocompatibility of calcium phosphate materials
can be tested by direct contact with the materials or with extracts from the
materials. The reported adverse cellular response can be attributed to either
change in pH values or in ionic concentrations.

14.3.2 In Vivo Biocompatibility

In vitro studies often cannot fully predict in vivo results; therefore, in vivo
studies are important and provide ultimate means to test the biocompatibility of
a new material. There are numerous in vivo studies that have evaluated calcium
phosphate materials and so far have yielded positive results. Favorable biologic
data have been reported in the literature with calcium phosphate implant
materials of various compositions and structures. The profile is probably generic
to all calcium phosphate materials. The in vivo responses commonly tested
include local or systemic toxicity, inflammatory response, fibrous tissue capsule
thickness, osteoconductivity and osteointegrativity, and the like Cement and
coating are two most widely investigated forms of calcium phosphate materials
in medical applications.

Calcium Phosphate Cement. CPC was invented two decades ago and was
believed to be a breakthrough in biomaterials for bone reconstruction.
Different compositions of CPC are still under active research today and
continue to show improvement in performance in vivo, which has been tested
widely in various types of animals, including rabbits [56], dogs [57, 58], goats
[59], and sheep [60]. Calcium-deficient hydroxyapatite porous scaffolds fabri-
cated from CPC were implanted in the bone cavities of rabbit mandibles for up

506 CALCIUM-PHOSPHATE-BASED CERAMICS FOR BIOMEDICAL APPLICATIONS

CH014 14 April 2011; 12:28:53



to 8 weeks. During the healing, no signs of implant rejection, necrosis, or
infection were found. The newly formed bone was indistinguishable from
the original bone, and the defect area was completely filled with newly formed
bone [56]. A new kind of CPC composed of α-TCP, dibasic calcium phosphate
dehydrate, and hydroxyapatite was developed, and its in vivo properties were
investigated by implantation into femoral bone and dorsal muscles of dogs for
3 and 6 months. In both bony site and muscle, no foreign body reaction, no
inflammation, and no necrosis were found. No connective tissue layer between
the cement and bone were detected. A creeping substitution of bone was found
as osteoblast-like cells resorbed the cement as if the cement is part of the bone,
and new bone was formed directly on the resorption line of the cement. These
results suggested that this new CPC is biocompatible, resorbable, osteocon-
ductive, and osteoinductive [57]. A monocalcium phosphate bone cement,
namely Norian craniofacial repair system, was tested with either titanium or
resorbable polylactic acid mesh in a canine model to repair dual calvarial
defects. Eighteen adult male mongrel dogs were used in this experiment and all
of them survived their respective time line (3, 6, and 12 months). It was revealed
that good integration of the newly formed bone with the host bone was
observed after 12 months in both titanium and polylacitc acid mesh groups. No
long-term adverse effects were observed with usage of the Norian craniofacial
repair system, indicating its excellent biocompatibility [58]. Bodde et al. [59]
investigated the osteoinductivity of macroporous CPC, consisting of α-TCP,
CaHPO4, CaCO3, and HA in goats. Porous CPC was embedded subcuta-
neously in four goats, each receiving six implants. The histological sections
revealed that fibrous capsules of medium thickness with a few inflammatory
cells surrounding the implants after 3 months. The thickness of this capsule
decreases significantly after 6 months. A massive inflammatory response in
the interstice was seen after 3 months, but disappeared by 6 months [59]. A
resorbable calcium phosphate paste composed of resorbable calcium phosphate
particles, combined with HA particles were implanted in 3-mm segmental tibial
defects in 28 sheep, and results were compared with groups receiving autologous
bone grafts. On histological examination, no adverse effects were observed in
the calcium phosphate groups. In the groups that received HA particles, bone
formation was limited and fibrous encapsulation of the particles was observed.
However, no explicit inflammatory response was detected, suggesting the
nontoxic, nonallergenic, and noninflammatory properties of HA. More impor-
tantly, the new bone was formed in direct contact with HA particles. In the
calcium phosphate particle group, bone formation was less evident. In the group
with calcium phosphate paste, significantly more amounts of bone were found
as compared with other groups, and direct contact between newly formed bone
and implant was present in all animals [60]. Therefore, the in vivo responses
of calcium phosphate materials depend on both composition and form.

Calcium Phosphate Coating. The brittleness of calcium phosphate materi-
als has been the primary limitation for their application in weight-bearing
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implants. In comparison, metallic implants have the advantage of strong
mechanical strength. To combine the advantages of metallic strength and
calcium phosphate biocompatibility, calcium phosphate coatings appear to
attain the fatigue properties of metal [61]. Besides, there were early studies that
reported high aseptic loosening rates of orthopedic implants, such as the hip
femoral component [62, 63]. It is generally agreed that implant stabilization can
be achieved by bone growth into a porous surface or by bone apposition to a
macrotextured surface if there is no movement at the implant site and the
porous structure has some minimum pore size [64]. Therefore, a layer of
biocompatible coating with appropriate pore size could enhance the implant
stabilization to a much greater extent than the implant alone.

The most commonly used calcium phosphate coating is HA. There are
different ways of depositing HA coatings onto metal implants, such as dip
coating, electrophoretic deposition, immersion coating, hot isostatic pressing,
solution deposition, sputter coating, and thermal spraying [65]. The interface
mechanical characteristics between HA-coated implant and native bone were
determined using a transcortical push-out model in dogs after 3, 5, 6, 10, and 32
weeks. It was found that the HA-coated titanium alloy implants exhibited five
to seven times the mean interfacial strength of the uncoated, bead-blasted pure
titanium implants. Histologic evaluations revealed the mineralization of inter-
facial bone directly onto the HA-coated implant surface and the absence of
fibrous tissue layer interposed between the bone and HA confirmed by light
microscropy [66]. HA-coated Ti-6Al-4V implants with different degrees of
crystallinity were tested in terms of their osseointegration and gap-healing
ability in a goat model with uncoated implants as control. Implants were
inserted in the femoral condyles of both femora of eight goats. After 24 weeks,
histology showed that significantly more bone contact with implants was
observed in coated groups in comparison with the uncoated control group.
In the group with 25�30% crystalline HA, coating degraded after 24 weeks,
however, bone contact was present without fibrous tissue interposition. HA
coating with higher crystallinity degraded to a less extent and did not show
significant differences in terms of bone contact or ingrowth in comparsion to
the control [67]. Similar conclusions were drawn from other studies with an
identical model in a 6-week study [68]. However, other groups have obtained
different results. Biphasic calcium phosphate composed of 40% TCP and 60%
HA was employed as coating and was compared with pure HA coating. It was
found by Delecrin et al. that accelerated bone apposition on BCP coating
was observed as compared with HA coating with no difference in anchorage
strength after 3 and 6 weeks [69]. It has been suggested that a certain amount
of dissolution of the coating may accelerate the dissolution and reprecipi-
tation reaction during new bone formation [70]. Lind et al. compared TCP- and
HA-coated cylindrical grit-blasted titanium implants in proximal humerus of
20 skeletally mature dogs. After 6 weeks, the animals were sacrificed and the
implants were tested by histomorphometry and mechanical push-out test.
The results demonstrated that bone anchorage to HA-coated implants were
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10-fold stronger than TCP-coated implants, and bone ongrowth on HA-coated
implants was significantly higher as well. This result may be related to the
almost complete resorption of TCP after 6 weeks, which was in distinct
comparison from the HA-coated implants that showed almost no resorption
[71]. Hence, in coating applications, degradability of calcium phosphate
ceramics could influence bone ongrowth and fixation of implants.

14.3.3 Mechanism of Biocompatibility of Calcium Phosphate
Materials

Numerous studies have shown the lack of local or systemic toxicity and
excellent biocompatibility of calcium phosphate materials in different animal
models. The underlying mechanism could be due to the chemical nature,
composed of only calcium and phosphate ions [48]. Calcium phosphate
materials are also attractive because of their lack of inflammatory response
stimulation in vivo, of which has been attributed to their close resemblance to
bone mineral. The property that separates calcium phosphate from other
biomaterials is its ability to bond to bone directly.

It is commonly believed that a “dissolution�reprecipitation” theory for
apatite nucleation may be used to explain the mechanism of bone bonding
to HA [72]. It is proposed that dissolution of calcium and phosphate ions
from the outermost surface of the HA implants leads to a local increase in
the ion concentration, which causes apatite precipitation heterogeneously
on proteins in the vicinity of the coating or directly on the coating surface
itself [38, 73].

The mechanism of the formation and strengthening of bone bonding of
crystalline HA has been investigated by Chen et al. [74] using high-resolution
transmission electron microscope and energy-dispersive X-ray analysis. Bioac-
tive bone cement composed of strontium-containing HA, and a resin blend
was implanted in 21 New Zealand white rabbits in cavities of 3 mm in
diameter and 12 mm in depth. The results of this study suggested bone to HA
implant bonding following dissolution�precipitation process contained the
following steps: (i) crystalline HA transforms into amorphous HA; (ii)
the amorphous HA dissolves into the surrounding solution, resulting in
oversaturation; and (iii) the nanocrystallites are precipitated from the over-
saturated solution in the presence of collagen fibers [74]. The direct bonding
between HA and mature bone was established after 6 months as observed in
this study.

14.4 CLINICAL APPLICATIONS

In the past 20 years, calcium phosphate material, in particular hydroxyapatite,
have been widely investigated as implant and coating material in various
clinical applications, such as for filling bone defects [75], bone augmentation in
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spinal arthrodesis [76, 77], periodontal treatment [78, 79], and as coatings on
metal implants [80].

It is commonly agreed that the cancellous bone defect zone should be filled
with a bone substitute when treating tibia compression fractures. Artificial bone
substitutes have been used as void fillers in these cases. Huber et al. conducted
a prospective functional and radiological evaluation of the application of a
resorbable nanocrystalline hydroxyapatite paste (Ostim) in combination with a
solid HA ceramic core (Cerabone) for treatment of large metaphyseal defects
following reduction of tibia compression fractures in 24 patients (9 women and
15 men). No local or systemic adverse reactions were observed in this study.
Moreover, new formation of well-structured bone tissue with lack of inflamma-
tion or osteonecrosis was observed from the defect zone refilled with HA. The
complication rate was within a reasonable margin (4 in 24). It is concluded that
the use of angularly stable osteosynthesis together with the HA paste in
combination with the central HA ceramic core for the treatment of tibia head
compression fractures presents a reliable surgical procedure [75].

Hydroxyapatite-based ceramics have been investigated in various applica-
tions in spinal surgery. In the clinic, HA ceramics have shown efficacy as a bone
graft extender in posterior spinal fusion surgery for childhood scoliosis and as
a structure bone graft substitute in anterior cervical spine fusions [81]. Calcium
phosphate cements hold promise for use as bone substitutes for vertebro-
plasty because of their injectability, ease of handling, high radiopacity, adapted
viscosity, low curing temperature, lasting mechanical properties, biocompat-
ibility, and bioactivity [82].

Calcium-phosphate-based biomaterials have a long history in periodontal
treatment, tracing back to 1975 [83]. More recently, injectable CaP materials
have been applied in dental applications. Weiss et al. report a clinical evaluation
of an injectable bone substitute for the first time. This injectable bone substitute,
consisting of BCP particles suspended in an aqueous polymer solution and was
used to fill bone defects after tooth extraction in 11 patients. Radiographic
density of the surgical sites gradually increased to those of the surrounding teeth
in 3 years. A gradual substitution of the filler by bone tissue was observed and
the BCP granules were in direct contact with mineralized bone tissue.

The effectiveness of HA coatings in enhancement of the attachment of
implants to native bone has been evaluated by investigators in clinical settings
and showed significant improvement over implant alone. Long-term results of
the first clinical trial of HA-coated total hip arthroplasty were reported by
Miyakawa et al. Stable fixation with bone ongrowth was achieved in 46% of
the acetabular cups and 89% of the femoral stems, indicating that porous
coating would be beneficial [80].

There is a spectrum of commercially available bone substitutes made of CaP
materials that are currently in clinical use and are manufactured by Merck,
Stryker Howmedica, Zimmer, Bioland biomateriaux/DePuy, Biomet, and so
forth. Some of these products are listed in Table 14.3.
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TABLE 14.3 Commercial CaP-Based Bone Substitutes Modified from [82]

Name Component Manufacturer

Tricalcium Phosphate

Calciresorb β-TCP Ceraver Osteal

Chronos β-TCP Synthes

Vitoss β-TCP Orthovita

Biosorb β-TCP SBM France

Bio Base α-TCP Bio Vision

Vitoss β-TCP Orthovita

Biologic HA

Interpore Pro Osteon 500/

200 HA/CC

Coral Calcium Carbonate

- HA

Interpore International

Endobon Bovine HA Merck KGaA

Pyrost Bovine HA Osteo/Stryker

Howmedica

Synthetic HA

ApaPore HA Apatech

Synatite HA SBM France

Cerapatite HA Ceraver Osteal

PermaOS HA Mathys

Pro Osteon HA, calcium carbonate Biomet

Biphasic ceramics

Triosite 60%HA, 40% TCP Zimmer

BCP 60%HA, 40% TCP Bioland biomateriaux/

Sofamor Danek

Ceraform 65%HA, 35% TCP Teknimed

Biocer�Biogel 2

(Phocalcite, Biogreffe)

75%HA, 25% TCP Bioland biomateriaux/

Depuy

Calciresorb 35-Cerapatite

65

65%HA, 35% β-TCP Ceraver Osteal

Bi Ostetic HA, TCP Berkeley Advanced

Biomaterials

Calcium Phosphate Cements

Bone Source TTCP, DCP Orthofix/Howmedica

Norian SRS α-TCP, CaCO3, MCPM Norian

A BSM5Biobon5embarc ACP, DCPD Etex/Merck/Biomet/

Lorenz Surgical

Mimix TCP, TTCP, citric acid Lorenz Surgical

Biocement D α-TCP, DCP, CaCO3, PHA Merck/Biomet

Cementek α-TCP, TTCP, Ca(OH)2,

H3PO4

Teknimed

Fracture Grout TTCP, CaCO3, H3PO4 Norian

Biopex α-TCP, TTCP, DCPD Mitsubishi
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14.5 SUMMARY

It has been more than two decade since HA was introduced commercially
for medical applications. Tremendous efforts have been put into research
focusing on calcium phosphate materials. A broad understanding of the
physical, chemical, physiochemical, and biological properties of these materials
has been gained. As a biomaterial, CaP has shown excellent biocompatibility
evidenced by the lack of local or systemic toxicity, allergy, and inflammatory
response in vivo. In addition, clinical success of CaP material has also been
demonstrated. In the future, improvements of CaP materials and their
continuous success in medical applications are anticipated.
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15.1 INTRODUCTION

The completion of the human genome project and discovery of inhibitory
ribonucleic acid (RNA) has produced new hope in treatment modalities that
involve gene manipulation, anticipating benefits to humanity in ways that were
unimaginable before. Despite these promising new developments, barriers in
nucleic acid delivery remain the major hurdle in the pursuit of nucleic acid
therapeutics. The promise of viral vectors for deoxyribonucleic acid (DNA)
delivery has been hampered by serious safety concerns in the clinic despite good
preclinical data. Nonviral delivery systems such as cationic liposomes were
considered a safe alternative to viral vectors, but lack of convincing clinical
data due to poor transfection efficiency, acute toxicity, and structural rigidity to
chemical functionalization has slowed their progress in the clinic. Delivery
systems that are structurally amenable to chemical modifications are preferred
since multiple delivery attributes may be incorporated to overcome the delivery
challenges. Synthetic polymers fit this profile due to the high degree of
structural variation inherent in this class of delivery systems. Several types of
polymeric carriers for nucleic acid delivery have been described in the field,
including (a) cationic polymers that condense nucleic acid into nanoparticles
via electrostatic interaction, (b) nonionic polymers that protect nucleic acid
from nuclease action and facilitate nucleic acid entry to the target cell, and (c)
biodegradable polymers that serve as nucleic acid depots and release their
payload as they erode over time and under specific physiological stress. Most of
the early-generation polymeric carriers failed to reach the clinic due to
suboptimal activity, which has lead to their chemical functionalization with
molecular entities designed to overcome the delivery limitations. For example,
poly-L-lysine (PLL), despite its extensive use for gene delivery, failed to advance
to clinical development due to high polydispersity, poor in vivo stability, high
cytotoxicity, and dependence on endosomal disruptive agents for activity.
The discovery of polyethyleneimine (PEI) offered an alternative to PLL due
to its high endosomal disruptive activity, which is attributed to its high
amine density. Despite better transfection activity than PLL, PEI has not
advanced to significant clinical development due to toxicity concerns, which has
led to the design of new PEI approaches focusing on backbone modifications
to improve biocompatibility and transfection activity. The lessons learned
from the early-generation carriers have proven useful in designing new and
improved systems.

This chapter focuses on delivery polymers that have been described in the
last five years. Special emphasis is given to systems with promising in vivo
activity. Greater emphasis is given to the DNA delivery systems. However, a
brief overview of RNA interference (RNAi) literature is also provided. The
structural design, physicochemical properties, and preclinical evaluation of
different polymeric carriers is described in Sections 15.2�15.4 and progress in
clinical development is described in Section 15.5.
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15.2 CATIONIC POLYMERS

A common structural characteristic of all cationic polymers is the presence of
protonable amines, which at physiological pH provide electrostatic interaction
with negatively charged DNA molecule and form polymer�DNA complexes
(polyplexes). This electrostatic interaction forces the DNA structure to collapse
into nanoparticles and assume a positive surface charge. The magnitude of size
reduction and increase in charge density varies with polymer structure, number
and location of protonable amines, pKa of the amines, DNA�polymer molar
ratio, and the presence of functional groups but is largely independent of DNA
size, nucleotide sequence, and physical form [1�5]. It is generally believed that
the size of polyplexes should be ,150 nm for optimal cell uptake through
endocytosis [6�8]. However, this may not be the only mechanism for particle
uptake since much larger complexes also transfect cells in culture [9, 10].
The density of positive charge on polyplexes depends on the concentration
of the polycation. Generally, high polymer:DNA molar ratio is required to
achieve good DNA compaction, physical stability, nuclease protection, cell
surface interaction, and transfection [10�13]. Nevertheless, DNA cationization
is also one of the major reasons for poor in vivo performance. The positively
charged polyplexes are subjected to interaction with anionic macromolecules
such as sulfated glycosaminoglycans, hyaluronan, or other anions in the
biological milieu promoting DNA release from polyplexes and ultimately the
degradation by nucleases [14�17]. Considerable attention has been given to
circumvent this problem by modifying existing cationic polymers or designing
new systems to withstand the in vivo barriers. A detailed description of the
conventional predecessor systems and their new and improved derivative
polymeric carriers is provided in the following sections. The discussion is
circumscribed to delivery polymers that have advanced into clinical develop-
ment or those that have exhibited promising results in preclinical studies.

15.2.1 Polyethyleneimine

Since the demonstration of its DNA delivery properties by Boussif in 1995 [18],
PEI has become the most widely used polymeric delivery system for nucleic
acids. A distinct advantage of PEI over early-generation cationic polymers is its
ability to escape from the endosomes due to its relatively dense amine-
containing structure (Fig. 15.1). The overall protonation level of PEI doubles
from pH 7 to pH 5 [19�21], resulting in PEI becoming heavily protonated
within the endosome. This so-called proton sponge effect results in the influx of
chloride ions to neutralize the compartmental charge, which is then followed by
a corresponding destructive influx of water to dilute the high salt concentration.
The resulting endosomal lysis occurs without damage to the nucleic acid cargo.

PEIs vary inmolecular weight and backbone configuration. Linear polyethyl-
enimine (LPEI) contains only secondary amines, while branched polyethyleni-
mine (BPEI) contains primary, secondary, and tertiary amines in the ratio of

15.2 CATIONIC POLYMERS 523

ch015 14 April 2011; 12:30:45



1 : 2 : 1, respectively. These structural differences influence the synthesis schemes
and transfection properties of PEIs. LPEI may be synthesized by the cationic
ring-opening polymerization of oxazolines in the presence of an initiator. The
resulting polymer contains side chains that are hydrolyzed by sulfuric acid
and then precipitated as the polysulfate salt. BPEI may be synthesized by the
cationic polymerization of ethyleneimine (Fig. 15.2), and the pure product
obtained by precipitation. Although under certain conditions PEI may be
analyzed using high-performance liquid chromatography (HPLC), the most
widely used method of molecular weight and polydispersity characterization is
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viscometry. An overview of the various different types of PEIs is described in the
subsequent sections.

The effect of PEI molecular weight and structural configuration on transfec-
tion activity and cytotoxicity has been studied in vitro and in vivo. Both
enhancement and reduction in PEI activity has been observed with increasing
PEI molecular weight. Goodbey et al. [20] found higher transfection efficiencies
with increasing molecular weight of PEI (70 kDa .10 kDa. . . 1.8 kDa) in
vitro. Kunath et al. [22] reported high transfection efficiency and reduced
toxicity of low-molecular-weight PEI (5 kDa) in several different cell lines.
Abdallah et al. [23] found reduced transfection efficiencies with increasing
molecular weight of PEI (25 kDa .50 kDa .800 kDa) in vivo. The influence of
backbone configuration (linear or branched) on PEI transfection activity and
toxicity has also been examined. Initially, BPEI was reported to yield higher
transfection activity than LPEI following intravenous delivery to the kidney
[24]. However, in later reports, LPEI was found to be more active and less toxic
than BPEI [25�27]. The higher transfection efficiency of LPEI is thought to be
due to its inherent kinetic instability under salt conditions.

Both LPEI and BPEI have been examined extensively in preclinical studies.
Their clinical development has been hampered by poor in vivo stability and acute
systemic toxicity. Dissociation of PEI�DNA complexes by negatively charged
proteins in blood and extracellular matrix is believed to be the principal
mechanism of their low in vivo activity [28]. Acute inflammatory response,
characterized by activation of lung endothelium, platelet aggregation, and liver
damage, has also been observed following systemic delivery of PEI�DNA
complexes [26, 29]. While systemic delivery of nucleic acid with PEIs faces
significant delivery and safety challenges, local delivery has generally been
found to be more amenable. Gene delivery of diphtheria toxin with LPEI
(22kDa) inhumanandmurinebladder carcinomawaswell-tolerated, efficacious,
and localized at the injected site [30]. Despite some success in the clinic, the
future of PEI as a versatile nucleic acid delivery system remains uncertain
unless a substantial improvement is made in its in vivo stability and biocom-
patibility. Several PEI functionalization approaches have been examined in this
regard. These include attachment of tissue-specific or biocompatible com-
ponents to the PEI backbone, intermolecular crosslinking of low-molecular-
weight backbones via degradable linkages, and encapsulation of PEI complexes
into biodegradable microspheres. Each of these different approaches to functio-
nalize PEIs is described in the subsequent sections.

15.2.2 Functionalized PEIs

For PEI to be clinically viable it must be made more efficient and tolerable
in vivo. Several modifications of PEI have been reported to accomplish this. In
one of the approaches, PEI was conjugated with biocompatible polymers such
as poly(ethylene glycol) (PEG), polycaprolactone (PCL), chitosan, or cyclo-
dextrins. In another approach, low-molecular-weight PEI was crosslinked to
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give a larger total molecular weight polymer to improve in vivo stability. Since
the crosslinking was achieved with degradable bonds, the size increase was not
permanent and the resulting polymer was potentially more biocompatible than
the conventional high-molecular-weight PEIs. PEI was also conjugated with
targeting ligands to improve tissue specificity. Each of these approaches is
described in the following sections.

Copolymers of PEI. Biocompatible polymers such as PEG, dextran, chit-
osan, cyclodextrin, PCL or poly(N-(2-hydroxypropyl) methylacrylamide have
been conjugated to PEI to improve its hydrophilicity, stability, and safety for in
vivo application. PEG is a widely used polymer for drug delivery [31]. Strong
hydration and high conformation flexibility of PEG provide for steric stabiliza-
tion of the PEG conjugates in the biological milieu. The principal advantages of
PEG conjugation are good serum stability, decreased renal clearance, and
overall better pharmacokinetics and bioavailability [32�35]. PEG conjugation
to cationic lipids, PLL, poly(dimethyoaminoethyl methacrylate)-(N-vinyl-2-
pyrrolidone) (poly(DMAEMA-NVP)), peptides, and other DNA delivery
systems have been shown to reduce positive charge density, improve salt
stability, and reduce cytotoxicity of the delivery systems [32, 36, 37]. Merdan
et al. [38] have characterized the effect of PEG conjugation on the physical
stability, in vivo distribution, and transfection activity of BPEI (25 kDa)�
DNA complexes. BPEI conjugation with PEG (2000 Da) did not affect particle
size but reduced the positive zeta potential (126 mV) to neutral values.
Intravenous administration of PEGylated polyplexes resulted in reduced
toxicity, improved organ deposition, and lowered transfectability as compared
to the non-PEGylated BPEI. Hong et al. [39] examined the effect of PEG
conjugation density relative to BPEI. PEGylation with 10% NHS-activated
PEG (2000 Da) produced significantly higher improvement in PEI tolerability
and transfection activity than with 6% PEG. Lipiodolized emulsion of
BPEI�PEG (10%) successfully delivered plasmid DNA into skeletal muscle
following intravenous administration into surgically occluded rat femoral
artery. The magnitude of gene expression was three-fold higher than that of
the BPEI control. These results demonstrate that gene transfer into skeletal
muscle by intravenous route is feasible with emulsified PEG�BPEI adminis-
tered into locally occluded blood vessels. Neu et al. [40, 41] examined the
effect of larger PEGs than those described in the above two studies. PEG
(20 kDa) or PEG (30 kDa) was grafted on to BPEI (25 kDa) in di-block
(PEG�BPEI) or tri-block (PEG�BPEI�PEG) configuration. Due to the
higher chain termini dilution inherent in higher molecular weight polymers,
the more reactive linking chemistry involving diisocyanates used here may be
more advantageous, rather than the NHS-activated esters used by Hong et al.
[39] for lower molecular weight PEGs. All four PEG�BPEIs [PEG (20 kDa)�
BPEI, PEG (20 kDa)�BPEI�PEG, PEG (30 kDa)�BPEI, and PEG (30
kDa)�BPEI�PEG] exhibited significantly lower zeta potential, better salt
stability, and higher blood concentrations when formulated with DNA. The
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best results were obtained with PEG (30 kDa) in both configurations, which
suggests that PEG size and incorporation density are important factors. Despite
good surface modification, PEGylation did not improve transfection activity as
its high occluded volume hinders the electrostatic attraction between positively
charge polyplexes and the anionic cell surface. However, Fewell et al. [42]
reported a PEGylated BPEI that had significantly higher transfection activity
than a control BPEI. A low-molecular-weight BPEI (1800 Da) was functiona-
lizedwith cholesterol chloroformate and a low-molecular-weightNHS-activated
PEG (550 Da) at different PEG : BPEI ratios, and the authors found a
PEG�dependent improvement in gene transfer to solid tissues. A 10-fold
enhancement over BPEI�cholesterol was achieved at a PEG : BPEI molar ratio
of 2 : 1. Increasing the PEG concentration higher than 2 : 1 : 1 (PEG : BPEI :
cholesterol) ratio led to a significant decrease in transfection efficiency. PEGyla-
tion also lowered the particle zeta potential, whichwas consistent with the charge
neutralization effect exerted by the PEGmolecule. The enhancement of BPEI in
vivo activity in this study could be due to the use of low-molecular-weight
BPEI and low-molecular-weight PEG. Previous studies used much higher
molecular weight PEG and did not find significant improvement in transfection
activity. Fewell et al. [42] demonstrated that these modifications significantly
increased the in vivo activity of BPEI. Together, the cholesterol and PEG
modification of BPEI produced approximately 20-fold enhancement in the
activity of BPEI (1800 Da), a poorly active transfection agent alone. The
PEG�BPEI�cholesterol (PPC) polymer has been successfully used for inter-
leukin-12 (IL-12) gene delivery and anticancer efficacy in several subcutaneously
implanted and peritoneally disseminated mouse cancer models. The safety and
tolerability of escalating doses of IL-12 plasmid (10, 50, and 250 μg DNA) and
PPC complexes at N : P ratio of 11 has been demonstrated by intraperitoneal
and subcutaneous administration in normal mice [43]. Biodistribution
studies following intraperitoneal or subcutaneous administration showed
DNA delivery by PPC was primarily localized at the injection site and only a
small amount escaped into the systemic circulation, demonstrating PPC suit-
ability for local gene delivery [44]. In addition, intracranial delivery of IL-12
plasmid�PPC in mice with B16 glioma produced significant IL-12 expression in
tumor tissue and prolonged animal survival without causing significant toxicity
[45]. The clinical development of PPC-mediated IL-12 gene delivery for
the treatment of recurrent ovarian cancer is described in Section 15.5.1. of
this chapter.

Another approach to functionalization of low-molecular-weight PEI is to
crosslink the polymer chains with a biocompatible polysaccharide. Tang et al.
[46] described the use of β-cyclodextrin for this purpose. Cyclodextrins are
attractive targets for PEI functionalization due to their low immunogenicity and
low toxicity. Activated β-cyclodextrin was reacted with BPEI (600 Da) in the
presence of base and then purified into dry powder. The finalmolar ratio of BPEI
: β-cyclodextrin was calculated to be 1 : 1 based on relative integration of
characteristic peaks in the proton nuclear magnetic resonance (1H-NMR)
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spectrum. The molecular weight of the copolymer was determined to be 61 kDa
by gel permeation chromatography (GPC), corresponding to an average degree
of polymerization of 35 units for each BPEI�β-cyclodextrin molecule. Although
the degradation of the sugar residueswas not investigated, albuminwas shown to
degrade the newly formed carbamate bonds between each PEI�sugar unit
significantly within 2 days. The BPEI�β-cyclodextrin was able to condense
the DNA into nanoparticles of , 200 nm with a corresponding zeta potential
of140 mV at N : P ratio of 20. In neuronal cells, the efficiency of luciferase gene
transfer was 100-to 1000-fold higher than that of BPEI (600Da) and comparable
to that of BPEI (25 kDa). Intrathecal administration of DNA�BPEI�β-
cyclodextrin complexes produced two- to four fold higher gene transfer
than that of DNA complexes with BPEI (600 Da). The exact mechanism by
which cyclodextrins enhance transfection efficiency is not yet understood.
Disruption of biological membranes by complexation with phospholipids
and cholesterol is believed to be one of the mechanisms by which cyclodextrins
mediate their action.

Chitosan is another polysaccharide that has been used for functionalization
of PEI. Rather than graft chitosan onto PEI, Wong et al. [47] used the primary
amines of chitosan to initiate aziridine polymerization, resulting in a copolymer
containing a chitosan backbone and BPEI side chains. Polymerization was
efficient, as PEI grafts were observed at 100% of chitosan amines. BPEI-g-
chitosan fully condensed plasmid DNA into 200- to 400-nm particles of
positive zeta potential at high N : P ratios. In comparison, unmodified chitosan
(3400 Da) failed to condense plasmid DNA. BPEI-g-chitosan had lower
toxicity and two- to fivefold higher transfection activity than BPEI (25 kDa) in
vitro. Direct infusion of BPEI-g-chitosan�luciferase plasmid complexes into the
bile duct of rat liver at 0.8 mg/kg plasmid dose produced significant gene transfer
in liver, the efficiency of which was 3, 58, and 141 times higher than that of
chitosan, BPEI (25 kDa), and naked DNA, respectively. The expression was
highly localized in the bile duct and negligible in the lungs, spleen, kidney, and
heart. Higher transfection activity was achieved in vivo when particles were
prepared at low N : P ratio and displayed large particle diameters. Conversely,
higher transfection activity was achieved in vitro when particles were prepared at
high N : P ratios and displayed small particle diameters. This discrepancy was
believed to be due to difference in DNA concentration used in the in vitro and in
vivo formulations. Efficient DNA release from BPEI-g-chitosan at low N : P
ratios is thought to be one of the reasons for higher transfection efficiency in vivo.

Crosslinked PEIs. One of the approaches to improve PEI transfection
activity without augmenting toxicity is to crosslink low-molecular-weight PEI
through degradable linkages to create larger, degradable structures. For
example, Gosselin et al. [48] synthesized several degradable polymers by
crosslinking BPEI (800 Da) via dithiobissuccinimidylpropionate or dimethyl-
dithiobispropionimidate linkers. These crosslinked polymers gave significantly
higher transfection activity than that of the BPEI monomer but also exerted
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significant cytotoxicity. The in vivo properties of these crosslinked polymers
were not determined. Thomas et al. [49] synthesized a degradable crosslinked
polymer from a mixture of 400 and 2000 Da BPEI, which gave higher in vivo
transfection activity than BPEI (25 kDa). Since no in vivo safety data is
available, it is difficult to ascertain true potential of this polymer in the clinic.
Matar et al. [50] reported a disulfide-crosslinked polymer of LPEI (3600 Da),
which had a total average molecular weight of approximately 8 kDa and in
vitro and in vivo transfection activity of significantly higher magnitude than
that of the LPEI monomer. The crosslinked polymer expressed 20-fold higher
transfection activity than that of the monomer LPEI and produced significantly
lower toxicity than BPEI (25 kDa) in vitro. Following intravenous adminis-
tration, plasmid/crosslinked polymer complexes elicited significant gene trans-
fer in lungs, while complexes prepared with LPEI monomer did not yield
measurable activity. The transfection activity of the crosslinked LPEI was 2.5
times and 70 times higher than that of LPEI and BPEI (25 kDa), respectively
[50]. This crosslinked polymer also exhibited better tolerability than both LPEI
and BPEI following in vivo administration, demonstrating that the crosslinking
of low-molecular-weight LPEI via degradable linkage is a viable approach to
improving PEI transfection activity without augmenting toxicity. This degrad-
able crosslinked polymer of LPEI is distinct from a crosslinked polymer of
BPEI [51] with respect to water solubility and transfection activity. The
crosslinked polymer of LPEI [50] was highly soluble in aqueous solution and
showed transfection activity that was superior to its monomer, whereas the
crosslinked polymer of BPEI [51] was poorly soluble in aqueous solution
(presumably due to excessive intramolecular crosslinking) and only marginally
better than the corresponding monomer in transfection activity. Matar et al.
[50] used the t-butoxycarbonyl (BOC) anhydride protection step to minimize
excessive crosslinking between the monomer amines. The difference between
the water solubility and transfection activity of LPEI- and BPEI-based cross-
linked polymers shows that the PEI geometry and synthesis scheme are
important factors to consider in designing the crosslinking strategy. Neu
et al. [52] have described a different approach to PEI crosslinking in which
BPEI (25 kDa)/plasmid DNA complexes were stabilized with a crosslinking
agent, dithiobis (succinimidylpropionate) (DSP). The size of DNA particles
prepared from this crosslinked BPEI increased at higher crosslinking density.
This is presumably due to the relatively high local concentration of ester-
reactive primary and secondary amines resulting in high intramolecular looping
of the linkers. Consequently, this reactivity promoted particle aggregation due
to muting of the surface amines and lowering of charge repulsion. Upon
intravenous administration the crosslinked polyplexes gave significantly higher
tissue plasmid concentrations than control polyplexes of unmodified BPEI.
Park et al. [53] synthesized a degradable crosslinked PEI with small molecular
weight linear ethyleneimine oligomers (423 Da) using comparatively long-chain
bis-acrylate-terminated PEG linkers. Such amine-acrylate reactions are a
convenient way to generate labile ester linkages between PEIs in that the
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reactive amines are still available for protonation after linking. The resultant
poly(ester amine) (PEA) displayed lower cytotoxicity and higher transfection
activity in certain cell lines when compared to BPEI (25 kDa). Unlike the
previous example in which reactive amines are consumed leading to aggrega-
tion [52], the reactive amines in this case retained their cationic nature, which
generated repulsion between the particles and hence prevented aggregation in
aqueous solution. In addition, due to the internal ester linkages, these polymers
degraded rapidly at 37�C in phosphate-buffered saline (PBS) with a half-life of
72 h. DNA complexes prepared with the crosslinked polymer exhibited 100- to
250-nm particle size and 20�30 mV zeta potential, depending upon the N : P
ratio. The in vitro gene transfer activity of the crosslinked polymer was
significantly higher, and cytotoxicity was lower compared to BPEI (25 kDa).
Aerosolization or intravenous administration of luciferase plasmid with the
crosslinked polymer yielded high levels of gene expression in the lungs, liver,
spleen, heart, and kidney, and expression levels were higher than those from
DNA complexes with BPEI (25 kDa).

Ligand-Modified PEI for Tissue Targeting. As described earlier, most PEI
polyplexes are rapidly intercepted by serum proteins when administered into
systemic circulation. Only a fraction of the injected formulation escapes the
surveillance system and enters nonspecifically into the first-pass organs where
barriers of the extracellular matrix further attenuate the passage to the target
cells. To achieve gene targeting to a specific tissue by systemic route, the carrier
must exhibit stability in serum and extracellular matrix, evade immune
recognition, and express tissue-specific homing devices to minimize nontarget
uptake. A number of strategies have been described to target gene delivery to a
specific tissue using tissue-specific ligands. These strategies are described below.

Many of the targeting ligands used for PEI functionalization are based on
peptides and polypeptides. Arg-Gly-Glu (RGD)-containing RGD peptides are
one of the most prominent ligands for tumor targeting due to the fact that their
receptor (fibronectin-binding peptide) is overexpressed on tumor cell surfaces
[54]. Sakae et al. [55] conjugated an RGD peptide to PEG with an anionic
terminus. The anionic RGD�PEG conjugate was adsorbed onto the positively
charged BPEI (25 kDa)�DNA polyplexes via electrostatic interaction. The
concept behind this approach was to reduce the cationic surface charge of the
polyplexes in order to minimize particle opsonization by serum proteins and
then to incorporate RGD peptide to promote specific binding to RGD receptor
overexpressed on tumor surface. The addition of RGD�PEG lowered the zeta
potential of the DNA complexes from137.8 to225.4 mV. The particle size
(150 nm) of the ternary complexes was stable over several hours without
aggregation. The ternary complexes were also resistant to albumin-induced
aggregation while binary complexes of BPEI�DNA were not. High levels of
green fluorescent protein (GFP) gene transfer were observed in subcutaneously
implanted tumors, liver, and lungs after tail vein injection of the RGD-coated
complexes. Much lower levels were obtained with uncoated complexes.
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Although this study attempted to address a fundamental problem in the
systemic use of cationic polyplexes, it lacks sufficient information on the in
vivo stability and target specificity of the delivery system. In addition to its use
for surface modification, the RGD ligand has also been directly attached to the
PEI polymer [56, 57]. In this approach, RGD was attached to the BPEI (25
kDa) backbone through a heterobifunctional PEG, N-hydroxysuccinimide-
PEG-vinyl sulfone (NHS�PEG�VS). The PEG was first conjugated to the
peptide amine terminus and the resultant RGD�PEG�VS was then conju-
gated to BPEI at various molar ratios (1, 5, 10, 20). The RGD�PEG�BPEI/
DNA polyplexes displayed a uniform particle distribution with an average
particle size of 180 nm. In tumor-bearing mice, tail vein injection of RGD�
PEG�BPEI/DNA complexes yielded tumor-specific uptake of the plasmid
DNA with tumor specificity linearly related to the degree of RGD incorpora-
tion [58]. The RGD-conjugated polyplexes were efficacious as their intravenous
delivery carrying IL-12 and Flk-1 plasmid in tumor-bearing mice reduced
tumor metastases and improved animal survival.

Human immunodeficiency virus (HIV) derived TAT, a potent membrane
penetrating peptide, has been used to improve gene delivery in vivo. Kleeman et
al. [59] utilized TAT peptide to enhance the transfection efficiency of BPEI (25
kDa) for local gene delivery to the lungs. The conjugation of BPEI toTATpeptide
containing a terminal cysteine residue was achieved via a heterobifunctional
NHS�PEG�VS (3400Da). BPEIwas attached through theNHSgroup andTAT
through the VS group. BPEI�PEG�TAT was purified by removal of the
unreacted material by ultrafiltration. The degree of PEG substitution was 2.0%
for PEG and 0.8% for TAT as a fraction of all amines present in the BPEI
backbone. In 5%glucosemedia, TAT�PEG�BPEI/DNApolyplexes displayed a
relatively constant particle size of 100 nm and resisted aggregation in high-salt
media (150 mM NaCl) over 24 h. The complexes also protected DNA from
degradation upon incubation in bronchial alveolar fluid and DNase solution.
Intratracheal instillation of TAT�PEG�BPEI/DNA complexes inmicewaswell-
tolerated andproduced significantly higher gene expression than theBPEI control.

Nerve growth factor peptide has been used for gene targeting into neuronal
tissue [60]. A low-molecular-weight BPEI (600 Da) was functionalized with
nerve growth factor loop 4 hairpin. A ternary complex of plasmid DNA, BPEI,
and a 39-amino-acid peptide containingNGF loop 4motif andDNA-interacting
lysine 10mer stretch was prepared. The resulting polyplexes were 180 nm in
diameter anddisplayeda122-mVzeta potential. Transfectionof cortical neurons
with targeted complexes yielded 1000-fold higher gene transfer than with
nontargeted complexes. In vivo gene transfer following intrathecal administra-
tion in rats produced gene transfer in NGF receptor-expressing dorsal root
ganglia. The level of gene transfer with the TAT�ligand complexes was 59-fold
higher than that with the nontargeted complexes. In a cell viability assay, targeted
complexes did not display significant toxicity compared to BPEI (25 kDa).

Rudolph et al. [61] have described the use of triiodo-L-thyronine (T3) for
targeting gene delivery to the liver. The T3�PEG�BPEI was synthesized by
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reacting T3 with PEG-bis acid in the presence of initiators and then with BPEI
(25 kDa). T3�PEG�BPEI/DNA complexes of particle size 11�27 nm were
prepared for gene transfer studies in vitro and in vivo. T3-specific gene transfer
was achieved in HepG2 cells as verified by reduction in transfection efficiency
by excess T3. Intravenous injection of T3�PEG�BPEI complexes in mice
resulted in sevenfold higher gene expression than PEG�BPEI control in the
liver. High levels of gene expression were also obtained in lungs, spleen, thyroid
gland, heart, and kidneys from both ligand and nonligand complexes without
significant difference.

Elfinger et al. [62] used lactoferrin (Lf) to target lactoferrin receptors
expressed on the surface of bronchoepithelial cells. Periodate-oxidized Lf was
mixed with BPEI (25 kDa) at different ratios. Lf-modified BPEI successfully
condensed plasmid DNA into ,100 nm particles of 20�30 mV zeta potential.
The transfection efficiency of Lf�BPEI polyplexes in bronchial epithelial cells
was fivefold higher than that of Lf-free BPEI polyplexes. The cytotoxicity of
Lf�BPEI polyplexes was lower than that of BPEI�DNA complexes. In
addition, Lf conjugation was verified by the reduction of transfection activity
of Lf�BPEI polyplexes by an excess of free Lf. In A549 cells, which do not
express high levels of Lf receptors, the transfection efficiency of Lf�BPEI was
comparable to that of BPEI alone. Increasing the Lf incorporation reduced the
transfection efficiency in both alveolar and bronchial epithelial cells.

In another approach, a monoclonal antibody was used to target solid tumors
with PEI�DNA complexes. Moffatt et al. [63] developed a unique targeting
strategy where the targeting ligand was attached to preformed PEI�DNA
complexes to ensure ligand exposure to particle surface. A monoclonal anti-
body (mAb) against prostate-specific membrane antigen J591 was used to
target plasmid DNA to prostate tumors. A linking chemistry utilizing the high
affinity interaction between phenyl(di)boronic acid (PDBA) and salicylhy-
droxamic acid, conjugated the antibody through a PEG linker to BPEI (25
kDa). Initially, a heterobifunctional PEG (H2N�PEG�COOH) was capped
with PDBA to form the PDBA�PEG�COOH conjugate, which was then NHS-
activated to form PDBA�PEG�NHS. The DTT-reduced J591 antibody was
reacted with PDBA�PEG�NHS and the unreacted PDBA�PEG�NHS was
removed by dialysis. Intravenous administration of antibody-targeted com-
plexes into mice with subcutaneously implanted prostate tumors resulted in
tumor-specific gene transfer, which was 10- to 30-fold higher than that of
nontargeted complexes. High tumor specificity of this targeted system is
surprising since the targeted complexes had highly positive zeta potential
(28�42 mV) and large particle size (600�800 nm). The same group later used
this postcomplexation approach to attach Cys-Asp-Gly-Arg-Cys (CNGRC)
peptide to BPEI (25 kDa). TheCNGRCpeptide binds to tumor cells that express
aminopeptidase N or CD13 [64]. Physical characterization of the complexes was
not performed, and it was assumed that the CNGRC targeted particles have a
similar profile as that of the antibody-targeted complexes [63]. The tumor
specificity of the CNGRC-modified complexes was demonstrated in CD31
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positive cells in vitro. Intravenous administration of the CNGRC-targeted
complexes in tumor-bearing mice produced up to 12-fold higher gene expression
in the tumor than in the lungs. The transfection efficiency of targeted complexes
was significantly higher than that of nontargeted complexes.

Natural saccharides including lactose, galactose, and mannose have been
examined for gene targeting. Lactose and galactose have been used for liver
targeting due to their specific affinity for asialoglycoprotein receptors on liver
hepatocytes while mannose has been used for targeting antigen presenting cells
via surface mannose receptors. Kim et al. [65] conjugated galactose to
PEG�BPEI (25 kDa) for liver targeting. Unlike most reports of ligand
attachment to distal ends of PEG linkers, Kim et al. [65] attached lactobionic
acid (galactose-gluconic acid) (LBA) and mPEG-COOH (2000 Da) indepen-
dently to BPEI (25 kDa) backbone. This one-pot synthesis does not require the
isolation and purification of the activated acid form of LBA. The NHS-
activated form of LBA is generated in situ, and is followed by the subsequent
reaction with a primary amine group of BPEI. The attachment of mPEG-
COOH was performed in an identical procedure. The LBA�BPEI�PEG
conjugates were purified by extensive dialysis and lyophilized to give the final
product. Two forms of the conjugate were synthesized, one with 10% PEG and
the other with 50% PEG. The LBA content in both polymers was 10 mol%.
PEGylation increased the particle size of LBA�BPEI�PEG to .200 nm and
decreased the zeta potential from 19.1 to 5.75 mV. The liver specificity of the
targeted systems was confirmed in vitro using asialoorosomucoid (ASOR)-high
and -low expressing cells. Intravenous administration of LBA�BPEI�PEG/
DNA complexes in mice with liver tumors was well tolerated and produced
significant gene uptake and expression in rapidly dividing liver tumor cells but
not in nondividing normal liver cells.

In another approach, poly(vinyl pyrrolidone) (PVP) was coupled to BPEI-
galactose to improve delivery safety [66]. BPEI (25 kDa) was first conjugated
with galactose residues via reductive amination, then with monocarboxylic
acid-terminated poly(vinyl pyrrolidone) (PVP) in varying ratios via NHS/EDC
coupling. Galactose content was determined to be 4.4 mol% and the PVP
content estimated to be 4.0, 6.0, and 7.5 mol% compared to BPEI. The
galactosylated-BPEI-g-PVP (GPP)/DNA complexes showed good DNA bind-
ing ability and high DNA protection from nuclease attack. The particle size of
DNA complexes decreased with increased charge ratio with a minimum value
of 60 nm at the charge ratio of 40 for the GPP�DNA complex (PVP content:
4.1 mol%). The GPP showed low cytotoxicity and the transfection efficiency of
GPP�DNA complexes at charge ratio of 40 in HepG2 cells was higher than
that of BPEI�DNA alone.

Sugar ligands have also been examined for gene targeting to lung epithelium
[67, 68]. LPEI was covalently conjugated to lactose, glucose, or mannose and
evaluated for gene delivery to lung epithelium by nebulization. All three sugar
conjugates of LPEI were as efficient as the unsubstituted LPEI but were
considerably less cytotoxic. The polyplexes were taken up primarily by alveolar
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epithelial cells. Interestingly, despite their high positive zeta potential, the
particles were not taken up by alveolar macrophages. Fluorescence microscopy
studies showed prenuclear decomplexation of glycosylated complexes, raising
concern about the efficiency of nuclear delivery of this sugar-targeted system.
Lisziewicz et al. [69] synthesized mannose-LPEI (22 kDa) to target an HIV
antigen DNA to mannose receptors on antigen presenting cells in the skin.
Topical application of mannosylated LPEI particles (100 nm) containing HIV
DNA in naı̈ve rhesus macaques induced virus-specific cluster of differentiation
4 (CD4) helper and cluster of differentiation 8 (CD8) memory T cells. The
treatment also produced virological, immunological, and clinical benefits in
SIV-infected macaques during chronic infection and acquired immunodefi-
ciency syndrome (AIDS) [70]. When administered in combination with antiviral
drugs, mannosylated particles augmented SIV-specific T-cell responses and
enhanced control of viral load rebound during treatment interruptions. In the
intermittent antiviral therapy, viral load significantly rebounded during the
treatment interruption cycles. In contrast, intermittent treatment with combi-
nation therapy induced a progressive containment of viral load rebound during
treatment interruption cycles in the majority of animals. The HIV vaccine
based on mannosylated particles is now in human clinical trials.

Encapsulation of PEI Polyplexes. The PEI approaches described above
deal with exposing the tissue to large concentrations of DNA formulations,
which could be an important factor contributing to activation of the immune
system and rapid clearance of the material. In this section, we have described
approaches where PEI-based transfection complexes were delivered from a
reservoir under a controlled delivery rate to allow a slow release of the
transfection material over a long period of time. A slow release of transfection
complexes may be more effective and tolerable for certain gene therapy
applications. In some instances, PEI is simply added to encapsulating micro-
spheres to achieve a favorable DNA release kinetic. For example, Nguyen et al.
[71] has described a formulation approach to improve encapsulation properties
and transfection activity of microsphere systems. Blending poly(orthoesters)
(POE) with BPEI (25 kDa) at 0.04 wt% doubled the total release time of
plasmid DNA and enhanced gene transfection efficiency of the microspheres up
to 50-fold without any significant cytotoxicity. Upon degradation, the micro-
spheres released DNA as complexes with BPEI. Addition of BPEI into the POE
microsphere induced 50�60% greater phenotypic maturation and activation of
bone-marrow-derived dendritic cells in vitro. Addition of a cationic polymer
into POE is a simple approach for modulating the DNA release kinetics and
gene transfection efficiency of POE microspheres. Combined with the ability to
induce maturation of antigen-presenting cells, POE�BPEI blended micro-
spheres may be excellent carriers for DNA vaccines.

Turk et al. [72] reported a diblock copolymer for temperature-regulated gene
transfer properties. This copolymer was composed of poly(N-isopropylacryla-
mide) (NIPA) and PEI with temperature-sensitive and DNA binding
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properties, respectively. Carboxyl-terminated NIPA was coupled to LPEI (25
kDa) using standard EDC chemistry, and both the plasmid DNA encapsula-
tion efficiency and release kinetics could be controlled by changing the
temperature of the polyplex solutions. Particle sizes ranged from 400 to 1000
nm and remained relatively unchanged upon heating the samples from 25 to
37�C. In addition, zeta potentials of 8�13 mV at polymer : DNA weight ratios
were nearly identical to those observed for LPEI (25 kDa) alone. GFP
expression was increased from 30 to 50% in vitro as the temperature of the
culture environment was lowered to 28 from 37�C. The increase in expression
was 10�15% after both subcutaneous and intratibial injection of polyplexes.

Lei et al. [73] used matrix metalloproteinase (MMP)-degradable PEG
hydrogels for encapsulation of DNA�BPEI complexes and transfection of
mesenchymal stem cells. Mesenchymal cells were seeded inside hydrogels
composed of four-arm PEGs terminated with cysteine-reactive vinyl sulfone
groups. Crosslinking was accomplished via cysteine-terminated MMP-specific
peptide segments in the presence of plasmid DNA�BPEI (25 kDa) polyplexes,
which resulted in in situ loading of the hydrogels. Polyplex loading did not
significantly affect the viability of mesenchymal cells in transfection. Significant
DNA release was observed only after the complexes were treated with
trypsin, with over 90% release after 48 h. Transgene expression was reported
throughout the 21-day incubation period with maximal values observed on the
seventh day.

15.2.3 Cationic Polyesters

The most widely studied polymers in nucleic acid delivery applications that
degrade in pharmaceutically relevant time frames are cationic polyesters. The
main chain ester bonds may result in in vivo half-lives ranging from minutes to
several days. The amine component of the polymers may be primary,
secondary, and/or tertiary. The sensitivity to hydrolytic and aminolytic
degradation is strongly dependent upon the local environment and may be
influenced by the concentrations of amine groups in the polymer, relative
hydrophobicity of the polymer and its tendency toward aggregation, and the
ratio of ester groups to total polymer molecular weight.

The most basic approach to the synthesis of polymers that contain both
amines and esters, so called PEAs, is to form graft-copolymers composed of a
polyamine and a polyester. Arote et al. [74] synthesized a low-molecular-weight
PEI-based system that contained long stretches of ester-containing segments
in the form of polycaprolactone (PCL) for the administration of plasmid DNA
to the mouse lung. A range of BPEI�PCL copolymers were synthesized, each
containing alternating stretches of BPEI and PCL in varying ratios. PCL was
first converted from the diol to the bis-acrylate with acryloyl chloride to give
PCL with a molecular weight of 530 Da. Several different molecular weight
BPEIs (600, 1200, 1800 Da) were combined with bis-acrylate-PCL to give BPEI-
b-PCL copolymers. The authors reported gradual variation in the molecular
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weights of the copolymers through tuning of the stoichiometric ratio of BPEI to
PCL from 1 to 4. Maximum molecular weights were obtained from polymeriza-
tions in which the BPEI : PCL ratio was 1 : 1, with molecular weights decreasing
at 2 : 1 and 4 : 1. The rate of degradation for the copolymers was also measured
at 37�C in PBS and the molecular weights found to decrease by 30% after one
day, with extended degradation down to 50% over 10 days. Although the
authors attribute the degradation solely to hydrolysis of the PCL ester linkages,
it is also likely that the relatively high concentrations of primary and secondary
amines from the BPEI segments caused additional chain cleavage via aminolysis
of the PCL ester linkages. This additional degradation route was observed in
other PEAs containing primary amines [36]. When formulatedwithDNAatN : P
ratios of .10 : 1, those of the higher BPEI molecular weight (1200 and 1800 Da)
gave particles sizes ,200 nm at N : P ratios up to 30 : 1, while PCL�BPEI
(600Da)/DNA complexes had particle sizes .300 nm. However, the PCL�BPEI
(600 Da)/DNA complexes exhibited lower toxicity and higher transfection
efficiency than BPEI (25 kDa) in several different cell lines. Aerosolization of
PCL�BPEI (600 Da)/GFP plasmid in mice yielded GFP expression. The
magnitude of lung transfection with PCL�BPEI(600 Da)/DNAwas significantly
higher than with BPEI (25 kDa)/DNA complexes.

Similar PEAs may be synthesized with more precise control over the
composition by the alternating addition of amine- and ester-containing mono-
mers. Langer et al. reported the development of a technique to synthesize large
libraries of PEAs based on the conjugate addition of small-molecule amines to
bis-acrylates [75, 76]. Each individual polymer within the library of over 2000
polymers had within its backbone alternating units containing an ester and a
tertiary amine. Some members of the group also had secondary or tertiary
amines within the side chains, as well as many other structurally unique features
including branched structures and aromatic rings. In the high-throughput
screening method employed, roughly 2% of the polymers synthesized had
equal or higher transfection efficiencies than BPEI (25 kDa) in COS-7 cells.
PEAs of this type were shown to be .80% degraded after 24 h at pH 5�7 [76].
Although several polymers in this library possessed high transfection activity,
the lack of primary amines in the basic structure, although preventing more
rapid degradation, could result in less stable polyplexes with plasmid DNA.
Green et al. [77] made further combinatorial changes to the most active
members of the previously established library and compared the activity
in cell culture, primary cells, and systemic treatment of ovarian cancer.
The properties of each polymer in the library were tuned by adjusting the
diacrylate : amine ratio in the reaction mixture. A group of the most active
polymers in the library (C32, D60) were synthesized to contain acrylate-
terminal groups. To further vary the structure in an attempt to enhance the
properties of the polymers, a group of small bis-amine-terminated compounds,
some containing short ethylene glycol repeat units, were added to the parent
polymers to create an additional library of polymers. These advanced polymers
were synthesized by dissolving the parent diacrylate-terminated polymer in
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dimethyl sulfoxide (DMSO), and adding to them DMSO solutions of the amine
end-capping reagents. In general, C32 polymers terminated with primary amine
derivatives containing no ethylene glycol spacers were more active than those
containing the PEG spacer. These active derivatives were found to bind DNA
more tightly than the parent C32 polymer, and also formed smaller complexes
with DNA at the same N : P ratios (B150 nm). Intraperitoneal administration
of C32-117/pCAGluc DNA complexes in MISIIR/TAg female transgenic mice
bearing bilateral ovarian tumors produced luciferase expression; however, C32/
pCAGluc complexes were much less active. The efficiency of gene transfer with
C32-117 complexes was .100-fold higher than with C32 complexes.

15.2.4 Dendrimers

The majority of polymers and polymeric systems utilized as delivery systems
for nucleic acids are linear in nature. Others, such as BPEI, may be synthesized
in a relatively uncontrolled manner that results in a branched, or dendritic,
architecture. A true dendrimer, however, is built in steps referred to as
“generations,” which are unique, isolatable, and well-defined polymeric struc-
tures. The most widely studied dendrimer is poly(amido amine) (PAMAM),
which consists of an alkyl-diamine core and tertiary amine branches containing
amide linkages [78]. PAMAM dendrimers are commercially available in
generations from 0 to 10 (G0 to G10) with different core types and functional
surface groups, which has led to their use as slightly more degradable
alternatives to BPEI. Little in vivo data has been reported on the degradation
products of PAMAM dendrimers, however, Tang et al. [79] have demonstrated
extensive and specific solvolysis of the amide linkages by refluxing in 1-butanol
over 43 h. Mamede et al. [80] developed complexes employing PAMAM
dendrimers (G4) and avidin-biotin systems (Av-bt) for liver targeting of
antisense oligonucleotides. This fourth-generation dendrimer contained 64
active primary amine surface groups and had a molecular weight of 14 kDa.
The dendrimers were reacted with NHS-activated biotin and mixed with
avidin-bound, In-111-labeled oligonucleotides. PAMAM-bound particles
showed high accumulation in the liver (50.95% at 15 min, 47.88% at 60 min)
compared to naked particles, which showed low uptake in organs other than
the kidneys (21.48% injected dose ID/g at 15 min, 18.48% ID/g at 60 min).

Although PAMAM dendrimers have been in use for over a decade, their
toxicity in in vivo applications is a primary drawback [81]. Molecular
functionalization has been employed to reduce dendrimer toxicity and improve
specificity of delivery. Huang et al. [82, 83] functionalized fifth-generation
(G5) PAMAM dendrimers with Lf and Tf to enhance plasmid DNA delivery
to the brain. Dendrimers were synthesized with a PEG spacer [NHS�PEG�
maleimide (NHS�PEG�MAL) (3400 Da)] between the surface amine
groups and the peptide ligands in order to enhance the effectiveness of the
ligands and to shield the surface-positive charges of the dendrimer. Lf and
Tf, modified with surface thiols, were attached separately to the distal end of
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the PAMAM�PEG�MAL, giving PAMAM�PEG�Lf and PAMAM�
PEG�Tf, respectively. The extent of the conjugation reaction was examined
by visualizing the mobility of Lf- and Tf-containing structures in
a polyacrylamide gel electrophoresis (PAGE) experiment. Intravenous adminis-
tration of PAMAM�PEG�Lf/GFP DNA complexed at a 10 : 1 N : P ratio
produced significantly higher gene uptake and expression than PAMAM�
PEG�Tf/DNA complexes in the brain. Interestingly, gene transfer in the liver,
spleen, kidneys, and lungswas higher with PAMAM�PEG�Tf/DNAcomplexes
than with PAMAM�PEG�Lf/DNA complexes, demonstrating high brain
specificity of Lf compared to Tf.

A related dendrimer based on lysinewas synthesized byOkuda et al. [84] and its
ability to target tumors via intravenous injection examined. These bio-inspired
dendritic polymers are theorized to derive their reduced toxicity to their strictly
peptidic linking arrangement. Hexamethylenediamine was used as the dendrimer
core, and an alternating series of amine protection, O-Benzotriazole-N,N,N0,
N0-tetramethyl-uronium-hexafluoro-phosphate (HBTU)�hydroxy-benzotriazole
(HOBT) coupling, and amine deprotection steps were used to build succeeding
generations with lysine. Lysine dendrimers up to the sixth generation (G6) were
synthesized in this manner. TheG6 dendrimers were then PEGylated by reaction
with mPEG�NHS (5000 Da). The degree of PEGylation was determined by the
barium�iodine method and found to be directly proportional to the amount of
mPEG�NHS added in the reaction mixture. The unmodified dendrimers were
found to have particle diameters of 6 nm. At a degree of PEGylation of 10, the
size increased slightly to 8 nm, and even more dramatically at a degree of
PEGylation of 76 to 17 nm. The zeta potentials reported for the dendrimers were
20, 0, and27 mV, respectively. Although no data was reported when these
lysine-based dendrimers were complexed with nucleic acids, the ability of a
delivery system to enhance uptake at tumor sites after systemic injection without
producing significant immune response has potential to be an important
improvement upon dendrimer technology. Biodistribution studies in normal
and tumor-bearing mice showed rapid clearance of unmodified dendrimers from
the bloodstream and nonspecific accumulation in the liver and kidney. In
contrast, the PEGylated derivatives showed better retention in blood and low
accumulation in organs dependent upon the degree of PEGylation. In addition,
the 76-PEG dendrimer was accumulated effectively in tumor tissue, presumably
via the enhanced permeability and retention (EPR) effect. Moreover, multiple
administrations did not affect the biodistribution characteristics of a second
dose of the same dendrimer.

Ribeiro et al. [85] encapsulated a bacterial DNA antigen with a slightly
different lysine-based dendrimer and embedded them within PLGA particles
using the standard double emulsion method. Two different dendrimers were
synthesized, each containing low generation numbers totaling 7 lysine units and
18 total amine groups and differing by the presence or absence of three C18

units grafted to the core of the dendrimer. The intact delivery system was
formed by mixing the dendrimer with DNA, then with poly(vinyl alcohol)
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(PVA), and finally PLGA to form the dendriplexes. Particle sizes and zeta
potentials were not influenced by the N : P ratio, and ranged from 400 to 450
nm and215 to219 mV for the C18-containing variant and 500�600 nm
and213 to218 mV for the C18-lacking variant. Immunization of mice with
the dendriplexes produced superior antibody response in comparison to
animals immunized with the PLGA particles alone.

Repeated reaction/purification steps involved in a variety of dendrimer
syntheses can influence the stability of such molecular arrangements containing
more degradable ester linkages. In an effort to reduce dendrimer degradation
during synthesis, pseudodendrimers have been reported by Russ et al. [86]
utilizing amine/acrylate chemistry. The pseudodendrimers were synthesized in
two steps: (1) Michael addition of low oligoethyleneimine (OEI; 800 Da) to
dioldiacrylates and (2) modification of the surface acrylates with various
oligoamines. In the first step, OEI was coupled with a 20-fold molar excess of
either 1,2-ethyleneglycoldiacrylate (ED), 1,4-butanedioldiacrylate (BD), or 1,6-
hexanedioldiacrylate (HD). In the second step, the acrylate-coated cores were
modified at the surface with different oligoamines including ethanolamine (E),
spermidine (Sp), spermine (S), and OEI (O). The group of polymers displayed a
range of molecular weights from 1200 to 60,000 Da, and when formulated with
plasmidDNA, displayed a range of particle sizes from 160 to 900 nm and a range
of zeta potentials from28.8 to 29.0 mV. A primary concern was the stability of
the ester linkages to aminolysis during the extended reaction and purification
times. The remaining percentage of ester content of the polymers was as low
as 71% for the ED�O combination and as high as 98% for the HD�Sp
combination (although several of the polymers retained .90% of esters). The
stability of the HD�O variant was measured in aqueous media at pH 7.4 and
37�C and found to be comparable to other PEAs.Within the first 24 h, only 75%
of the original ester bonds remained, after which the level decreased linearly over
the next 7 days to ,20%. The DNA-binding ability, cytotoxicity, and transfec-
tion efficiency were influenced by the pseudodendritic core characteristics and
different surface modifications. In vitro reporter gene expression levels were
similar to high-molecular-weight LPEI and BPEIs. Intravenous administration
of HD�O/DNA polyplexes inmice yielded gene transfer in tumor tissue at levels
comparable to that obtained with LPEI. However, HD�O was better tolerated
than LPEI and transgene expression was more tumor specific and much lower in
all other investigated organs, particularly in the lungs.

Schatzlein et al. [87] have developed lower generation poly(propylenimine)
dendrimers (diaminobutane (DAB) 8, generation 2 and DAB 16, generation 3),
and have demonstrated effective DNA delivery in vivo. DAB dendrimers are
structurally analogous to low-molecular-weight BPEIs. Methyl quaternary
ammonium derivatives of DAB 4 (generation 1, 4 surface primary amines),
DAB 8, DAB 16, and DAB 32 were synthesized to give Q4 (generation 1, 4
surface methyl quaternary amines), Q8, Q16, and Q32, respectively. Quaterni-
zation of DAB 8 proved to be critical in improving DNA binding, based on
data from ethidium bromide exclusion assays and dendrimer�DNA colloidal
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stability tests. Particle sizes for the various complexes increased with increasing
dendrimer molecular weight up to 300 nm, and all formulations were decidedly
positively charged at N : P ratios of 3�5 : 1. The improved colloidal stability
had a major effect on vector tolerability, as Q8/DNA formulations were well
tolerated upon intravenous injection while a similar DAB 8/DNA dose was
lethally toxic by the same route. Quaternization also improved the in vitro cell
biocompatibility of DAB 16/DNA and DAB 32/DNA dendrimer complexes by
about fourfold but not that of the lower generation DAB 4/DNA and DAB 8/
DNA formulations. In contrast to previous reports with nonviral gene delivery
systems, the intravenous administration of DAB 16/DNA and Q8/DNA
formulations resulted in liver-targeted gene expression as opposed to the lung-
targeted gene expression obtained with the control polymer [Exgen 500 (LPEI)].

15.2.5 Synthetic Polypeptides

Polypeptides were one of the first polymer types to be investigated for com-
plexation and delivery of nucleic acids. These biopolymers are biodegradable,
primarily through enzymatic processes and possess nearly identical backbones
butwith awide range of functional side chains. Themostwidely used polypeptide
for gene delivery is PLL, due to the side-chain terminal primary amine that has
a relatively high pKa in the range of 10�11, which results in a net positive charge
at physiological pH. PLL with different molecular weights has been evaluated
for gene transfer activity [88�90]. Although PLL binds very well to nucleic acids
via electrostatic attraction, transfection levels achieved with PLL alone are
relatively modest due to aggregation, lack of endosomal disruptive properties,
and toxicity [91]. To improve both in vitro and in vivo gene transfer levels
through increased complex stability and reduced toxicity, PLLhas beenmodified
by the grafting of PEG to the termini or to the side chains [92, 93]. In other cases,
the intermittent addition of other cationic amino acids such as arginine and
histidine within the polypeptide chain has led to improved performance. PLL
segments have also been incorporated into polypeptides or shorter oligopeptides
containing other amino acids to confer nucleic acid binding properties [94�96].

One of the most clinically advanced synthetic polypeptide-based systems was
reported by Konstan et al. [97] for the treatment of cystic fibrosis [98]. The
PEG�PLL block copolymer was formulated with plasmid DNA encoding
the cystic fibrosis transmembrane regulator (CFTR) gene and delivered to the
mucosal lining of the lungs. The PEG�PLL block copolymer consisted of a 30-
unit PLL block terminated by a single cysteine residue (CK30) and a linear
mPEG block containing a terminal maleimide group (PEG10K�MAL) (10
kDa). CK30�PEG was prepared by linking the lysine block to the mPEG
block through the thiol-maleimide linkage. 4,40-Dithiopyridine release assays
were performed to confirm 100% substitution of CK30 with mPEG�MAL.
CK30�PEG/DNA nanoparticles self-assembled in the form of rods having
dimensions of 200 nm 3 20 nm, and showed extended stability in saline. The
nanoparticles possessed only slight positive charge and gave a zeta potential of
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4 mV at an N : P ratio of 2 : 1 [99]. The authors also performed calculations
based on the theoretical volumes occupied by both plasmid and the polymer in
water and described the polyplexes as containing a single molecule of plasmid
DNA. After intranasal or intratracheal administration of CK30�PEG/DNA
nanoparticles to mouse airways, luciferase expression was observed to be 200-
fold higher than plasmid-only doses after 48 h. In addition, only at elevated
doses was the toxicity profile of CK30�PEG/DNA nanoparticles discernable
from saline [100]. The safety, tolerability, and gene transfer activity of identical
formulations carrying plasmid encoding the cystic fibrosis gene in cystic fibrosis
patients is described in Section 15.5.4.

Itaka et al. [101] have developed a system composed of a PEG-poly(aspartic
acid) block copolymer that has been modified to contain enhanced lysine-like
cationic amines. These modified copolymers were used to deliver plasmid DNA
encoding osteogenic differentiation-inducing factors to bone scaffolds. PEG-
poly(β-benzyl-L-aspartate) (PEG�PBLA) was synthesized by the ring-opening
polymerization of β-benzyl-L-aspartate N-carboxyanhydride from the terminal
primary amino group of α-methoxy-ω-amino PEG (12 kDa). The N-terminal
amino group of PEG�PLBA was acetylated to obtain PEG�PLBA-Ac. The
polymer was modified by the addition of diethylenetriamine (DET) in order to
add a triamine structure to the side chains of the polymer. The aspartic acid side
chains were quantitatively converted to the DET derivative and contained a
secondary amine and a terminal primary amine designed to both bind nucleic
acids and to buffer the endosome. PEG-b-poly[Asp-(DET)] formed sponta-
neous micelles with DNA. The particles had average diameters of 80�90 nm
and zeta potentials of 0�3 mV [102]. In vitro gene transfer of mouse calvarial
cells with PEG-b-poly[Asp-(DET)]/DNA complexes expressing a constitutively
active form of activin receptorlike kinase 6 (caALK6) and runt-related
transcription factor 2 (Runx2) produced significant gene transfer with low
cytotoxicity. The osteogenic differentiation induced by gene transfer with PEG-
b-poly[Asp-(DET)]/DNA of calvarial cells was higher compared to BPEI (25
kDa) or FuGENE6. The polyplex nanomicelles were efficiently incorporated
into and released from calcium phosphate cement scaffolds and transfected
surrounding cells. In a skull bone defect mouse model, local delivery of caALK6
and Runx2 genes from nanomicelles incorporated into the calcium phosphate
cement scaffold resulted in substantial bone formation covering the entire lower
surface of the implant without any sign of inflammation.

15.2.6 Polysaccharides

Chitosan. Chitosan, a linear polysaccharide composed of β (1�4)-linked
2-amino-2-Deoxy-b-d-glucose and the N-acetylated analog isolated from chitin
within the exoskeleton of crustaceans, was first described as a delivery system
for nucleic acids in 1995 by Mumper et al. [103]. Both the native and
deacetylated versions were later examined for in vivo plasmid delivery [104].
However, commercially available chitosan is of high molecular weight
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(100�400 kDa) and as a result exhibits low solubility at physiological pH. In
addition, chitosan solutions possess high viscosity at concentrations required
for effective delivery. In an effort to improve the in vivo properties of chitosan
in nucleic acid delivery applications, Koping-Hoggard et al. [105] utilized high-
molecular-weight fully deacetylated chitosan and employed nitrous acid to
depolymerize the polymer into two distinct fractions containing populations of
degree of polymerization 25 and 18. The 18-unit fraction was further fractio-
nated using gel filtration into fractions based on degree of polymerization:
10�14, 15�21, 22�35, and 36�50. These low-molecular-weight fractions of
chitosan displayed comparable behavior to low-molecular-weight PEIs in that
there was no correlation between in vitro and in vivo activity among the
fractions at the optimal N : P ratio of 60 : 1. In this study, the fraction
containing 15�21 monomer units displayed the highest transfection levels after
intratracheal administration into mouse lungs, which gave particle sizes in the
range of 35�120 nm as the concentration ranged from 25 to 500 μg/mL;
however, the particles showed very little activity in vitro. The authors argue
that the moderate polyplex stability afforded by this fraction compared to those
of higher molecular weight are optimal for uptake by the epithelial lining of
the airways, but not for cells in culture. In addition, the lower viscosity of the
15�21 fraction resulted in a more favorable aerosol droplet size.

The galactosylated complexes of Jiang et al. were targeted to normal liver
and showed good efficiency [106]. The synthesis approach employed was
unique in that it used chitosan as the backbone polymer and conjugated
LBA and BPEI to it using NHS/EDC and periodate chemistry. First, chitosan
and LBA were combined to form a chitosan�LBA conjugate and then BPEI
(1800 Da) was grafted onto chitosan in the presence of potassium periodate.
The final polymer, LBA�chitosan�BPEI, displayed high molecular weight (25
kDa) and contained 16 mol% BPEI. Complexation of plasmid DNA with
LBA�chitosan�BPEI polymer reduced the DNA size to ,100 nm and
protected DNA from nuclease degradation. The cytotoxicity of this functio-
nalized polymer was considerably lower than that of BPEI (25 kDa). The
hepatocyte specificity of the delivery system was verified by comparing
transfection activity in asialoglycoprotein receptor-positive and -negative cells.
Intraperitoneal administration of 99mTc-labeled LBA�chitosan�BPEI/DNA
complexes in mice gave higher gene uptake and transfection in liver compared
to BPEI (25 kDa)/DNA complexes.

Cyclodextrins. Cyclodextrins are water-soluble oligosaccharides that form
inclusion complexes with a wide variety of substances including lipid-soluble
drugs, dyes, fragrances, and food stuffs [107]. The ability of cyclodextrins to
form inclusion complexes with small hydrophobic compounds such as ada-
mantane may be utilized to modify the surface of DNA-containing particles
without interfering with the polymer�DNA binding interactions and overall
particle shape [108]. These systems have been combined with both BPEI and
LPEI by Pun et al. [109] to transfect mouse liver. BPEI and LPEI (25 kDa) were
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grafted with 6-monotosyl-β-cyclodextrin in varying ratios. In order to utilize the
adamantane-binding properties of β-cyclodextrin, adamantane�PEG (5000Da)
(AD�PEG) was generated by reacting the NHS-activated derivative of mPEG
with 1-adamantanemethylamine. To form polyplexes with plasmid DNA, an
aqueous PEI-β-cyclodextrin (PEI�CD) solutionwasmixedwith an equal volume
of an aqueous PEG�adamantane (PEG�AD) solution. This mixture was then
combined with a solution of plasmid DNA at the appropriate ratios to give the
desired N : P ratios. At an N : P ratio of 10 : 1, BPEI�CD1PEG�AD gave
particles of less than 150 nm in diameter, which did not aggregate in the presence
of high salt concentrations. LPEI�CD1PEG�AD also resisted aggregation and
resulted in even smaller particles (,100 nm). In each case, the PEG�AD
component dramatically reduced aggregation compared to PEI�CD alone.
The CD-grafted LPEI and BPEIs were investigated as in vitro and in vivo gene
delivery agents. The in vitro toxicity and transfection efficiency were sensitive to
the level of CD grafting. PEGylated LPEI-CD-based particles give in vitro gene
expression equal to or greater than LPEI as measured by the percentage of
EGFP-expressing cells. The authors reported decreased transfection ability with
increasing CD grafting, which is attributed to the reduced endosomal release
efficiencies caused by the consumption of available amines with grafted CD units
and their subsequent effect on the pKa profiles of neighboring secondary amines.
Tail vein injections into mice of 120 μg of plasmid DNA formulated with
CD�LPEI and PEG�AD did not reveal observable toxicities, and both nucleic
acid accumulation and expression were observed in the liver.

15.3 SYNTHETIC NONCONDENSING POLYMERS

15.3.1 Poloxamers

Nucleic acid delivery to skeletal muscle is a potentially valuable therapeutic
application. However, traditional condensing cationic polymer�DNA systems
have shown poor activity, primarily due to poor diffusion and uptake at the site
of administration [110]. As a result, alternative noncondensing delivery systems
have been developed that offer a moderate amount of complexation and
protection for DNA in vivo, and which also afford increased diffusivity of the
formulation at the site of administration. Themost prominent example is a group
of amphiphilic copolymers termed poloxamers, which are composed of PEG and
its more hydrophobic derivative, poly(propylene glycol) (PPG). A large number
of poloxamers are commercially available under the trade name Pluronics, and
which vary in the ratio of PEG : PPG blocks in the PEG�PPG�PEG triblock
copolymer configuration. Poloxamers assume a weak micelle-type arrangement
in aqueous solution and associate through hydrophobic/hydrophilic interactions
with a variety of therapeutic molecules including plasmid DNA.

Poloxamer CRL1005, formulated with a small amount of the cationic surfac-
tant benzalkonium (BAK) chloride, was developed to deliver a plasmid DNA
vaccine for the treatment of cytomegalovirus (CMV)-associated disease and is
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currently being tested in a phase II clinical trial [111]. To create the formulations,
poloxamer and plasmid DNA were dissolved in separate PBS solutions and
combined at appropriate ratios, after which BAK was added. The poloxamer
suspension spontaneously assembled into particles, and the authors suggested the
multiple small micelles likely fused to form micron-sized particles with variable
diameters and slightly negative surface charges. This behavior is attributed to the
high surface concentration of electronegative oxygen atomswithin the PEGblocks
of the poloxamer chains. Formulations containing the cationic surfactant (BAK)
produced more uniform-sized particles with a mean hydrodynamic diameter of
B200 nm, presumably due to anchoring of BAK on poloxamer surface yielding a
positive charge preventing particle fusion due to repulsion. Studies in rhesus
macaques showed CRL1005�BAK/DNA formulated vaccines enhanced the
antigen-specific cellular and humoral immune response, presumably by improving
DNA delivery.

Roques et al. [112] demonstrated reduction inPEI�DNAcomplex toxicity after
intrapericardial administration by formulating the PEI complexes in a poloxamer
407-based thermosensitive gel. A ternary solution was formed, first by the
combination of plasmid DNA and BPEI (25 kDa), then by the addition of an
aqueous suspension of poloxamer 407. Characterization of the size and zeta
potential of the complexes suggested interactions between the polyplexes and the
poloxamer gel increased the polyplex size and afforded shielding of the BPEI
surface charges.However, in vivo evaluation revealedamoderate degree of toxicity
toward the myocardium, likely due to the rapid unmasking of the positively
charged BPEI�DNA particles as a result of their loose association with the
poloxamer. Despite this observation, feasibility of intrapericardial injection of
poloxamer-based formulations as well as their decreased toxicity was established.

Poloxamer 188 has also been used to deliver plasmid encoding the extracellular
matrix protein Del-1 gene to promote neovascularization in ischemic muscle
[113]. Intramuscular injection into mouse tibialis muscle of Del-1 or vascular
endothelial growth factor (VEGF) plasmid formulated in 5% (w/v) poloxamer
188 resulted in significant transgene expression in the injected muscle measured 7
days after the treatment. In a mouse model of hind-limb ischemia, both
formulations induced formation of new blood vessels and restored hind-limb
function. The capillary/myofiber ratio in the treated muscle was approximately
1.7-fold greater than in control-treatedmuscles. Similar results were obtained in a
rabbit model of hind-limb ischemia.

15.3.2 Encapsulating Systems

Poly(lactic acid-co-glycolic acid) (PLGA) is a degradable polyester that has
found wide utility in small-molecule drug and protein delivery. Traditional
PLGA particles have sizes in the micron range and are synthesized using
standard emulsion techniques. PLGA delivery systems are often used in slow-
release applications, which may be advantageous for nucleic acid delivery for
several reasons, including (1) sustained and predictable release, (2) protection
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from tissue degradation before release, (3) site-specific delivery by local
implants, (4) low injection frequency, and (5) improved patient compliance
[114]. Achieving high incorporation efficiencies and control over release
kinetics are significant challenges in encapsulating hydrophilic molecules such
as DNA within submicron particles fabricated from PLGA.

PLGA-based systems, like poloxamer-based systems, are noncondensing,
and due to the ester linkages between monomer units are sensitive to hydro-
lytic degradation. Chang et al. [115] have developed the PLGA equivalent
of poloxamer for the delivery of plasmid DNA to rat skeletal muscle.
PEG13�PLGA10�PEG13 (lactic : glycolic 5 3 : 1) (total molecular weight
3750 Da) was synthesized by combining PEG (550 Da) and stannous
2-ethylhexanoate-copolymerized DL-lactide and DL-glycolide (3 : 1 molar ratio)
[116]. Polymer/plasmidDNAworking solutionswere preparedbymixing various
amounts of PEG13�PLGA10�PEG13 stock solutions with plasmid DNA saline
solution. At a lower weight ratio of 1 : 1 (PEG13�PLGA10�PEG13 : plasmid
DNA), the supercoiledmorphology of theDNAwas retained and the overall zeta
potential of the particles was285 mV. The loose association indicative of
nonionic amphiphilic polymers such as poloxamers and triblock copolymers
of this type was apparent when the weight ratio was increased to 25 : 1. Based on
atomic force microscopy (AFM) observations, the morphology of the DNA was
compacted slightly and the zeta potential increased to260 mV. However, the
authors confirmed that this loose association was not sufficient to retard
the mobility of plasmid DNA in gel electrophoresis experiments. Although no
degradation studies were reported, reference was made to a previous report of
similar triblock copolymers [117]. However, when cell viability was examined
over time (9�24 h) in comparison to Pluronic P85, the fraction of live cells
remained relatively constant (70 to 66%) while those in contact with the
poloxamers decreased markedly (55 to 21%). The higher viability is attributed
to the degradability afforded the PLGA-based polymer at the ester linkages, as
such degradable linkages are absent in the poloxamer structure and can lead to
increased toxicity. Intramuscular injection of VEGF or luciferase plasmid DNA
formulated in a 0.25% PEG13�PLGA10�PEG13 solution produced gene expres-
sion in muscle that was 2�3 times higher than that from naked plasmid DNA. In
addition, injection of fluorescence-labeled plasmid DNA showed greater disper-
sion of PEG13�PLGA10�PEG13/DNA compared to BPEI (25 kDa)/DNA.

Blum et al. [118] attempted to improve PLGA for nucleic acid applications by
conjugating PLL to PLGA (PLGA�PLL) to create an electrostatic interaction
between the carrier material and DNA. Conjugation proceeded through the
carboxylic acid end groups to amine-terminated side chains of PLL via dicyclohex-
ylcarbodiimide (DCC)coupling.PLGA�PLL/PLGAparticleswerepreparedusing
standarddouble-emulsion techniques and then loadedwith plasmidDNA.Particles
fabricated with higher weight percentages of PLGA�PLL displayed remarkably
increased loading (.90%), as well as a reduction in “burst” release kinetics of
DNA.The shift to amore gradual release pattern compared toPLGA-onlyparticles
could be the result of PLGA ester aminolysis by side-chain-terminal primary amine
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groups of the PLL component. In addition, the authors used homogenization
and sonication to improve encapsulation efficiency and release kinetics over
PLGA nanoparticles. Particles prepared with homogenization expressed higher
encapsulation efficiency and linear release profile. By comparison, sonication
produced low encapsulation efficiency and a burst release profile.

In addition to grafting polymers to PLGA, applicability of physical blends of
other noncondensing polymers with PLGA have been explored. Csaba et al. [119]
reportedblends ofPLGAandpoloxamer derivatives,which exhibited the capacity
to associate and release plasmid DNA in a controlled manner for intranasal
delivery. The poloxamer derivative used was poloxamine, a 4-arm branched
poloxamer containing a bis-tertiary amine core that provides a small amount of
cationic nature to thepolymer.Nanoparticleswere formedusing amodifiedoil-in-
water emulsion technique containing poloxamer or poloxamine. Particle size was
similar for the poloxamer and poloxamine-containing formulations; however, the
slightly cationic poloxamine-containing nanoparticles displayed an increase in
DNA encapsulation efficiency. The ability of these nanoparticles to overcome
cellular and mucosal barriers was studied in vitro and in vivo. Fluorescent labels
showed nanoparticles entered the cells and transported the associated DNA
molecule across the cell membrane. The poloxamer-containing nanoparticles
elicited a fast and strong immune response, significantly more pronounced than
that corresponding to both the poloxamine-containing nanoparticles and naked
plasmidDNA for up to 6weeks. In intranasal applications, themore hydrophobic
poloxamer derivative confered increased uptake by the nasal-associated lymphoid
tissues and, consequentially, delivery to the antigen presenting cells.

Bhavsar et al. [120] prepared a novel nanoparticle-in-microsphere oral system
(NiMOS) for gene delivery to the gastrointestinal (GI) tract. Plasmid DNA,
encoding for β-galactosidase or green fluorescent protein, was encapsulated in
type B gelatin nanoparticles. NiMOS was prepared by further protecting the
DNA-loaded nanoparticles in a PCL matrix to form microspheres , 5 μm in
diameter. Lipase (to degrade PCL) and protease (to degrade gelatin) were found
to enhance the release of DNA from the particles, with protease inducing full
payload release after 5 h. Biodistribution studies following oral administration in
rats showed that while gelatin nanoparticles traversed through the GI tract
quickly with more than 85% of the administered dose per gram localizing in the
large intestine within the first hour, NiMOS resided in the stomach and small
intestine for a relatively longer duration. Transgene expression was observed in
the small and large intestines of rats. NiMOS shows significant potential as a
novel gene delivery vehicle for therapeutic and vaccination purposes.

15.4 siRNA DELIVERY POLYMERS

The dramatic increase in interest in small inhibitory RNA (siRNA)-based
therapeutics has resulted in the extension of PEI as a carrier. Initial reports
have suggested that paradigms developed for the in vivo delivery of plasmid
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DNA do not necessarily apply for siRNA. The much smaller size (19�25 base
pairs compared to the average 5000�10,000 base pairs for plasmid DNA) has
proven to require different properties in delivery systems. The unique beneficial
properties of PEI (polycationic structure, proton sponge ability, readily
functionalizable) allow its continued development for delivery of siRNA
therapeutics, however, its lack of degradability remains an issue. Other
polymers traditionally used for plasmid delivery such as polysaccharides and
polypeptides have been modified to fit siRNA applications. In addition, the
small size of siRNAs allows the introduction of direct conjugation techniques
that are not available with large plasmids.

Grzelinski et al. [121] and Urban-Klei et al. [122] have reported two studies
in which a commercially available form of low molecular weight LPEI, jetPEI,
was used for intraperitoneal and systemic delivery of siRNA formulations
targeting pleiotrophin (PTN) and the c-erbB2/neu (HER-2) receptor, respec-
tively. Physical characterization of the PEI/siRNA complexes was performed
with AFM at an N : P ratio of 10 : 1 where the particles showed a mean
complex diameter of 42 nm with no free siRNA visible in the field. In addition,
RNase cleavage of the siRNA in the presence of fetal calf serum (FCS) was not
observed. After intraperitoneal (IP) administration in murine models, subcu-
taneous xenograft tumor growth was reduced compared to naked siRNA and
nonsilencing controls, which the authors attribute to siRNA-mediated down-
regulation of the targets after tumor cell uptake. In addition, no interferon-
alpha (IFN-α) or tumor necrosis factor-alpha (TNF-α) response was observed
as a result of siRNA-induced off-target effects.

In an effort to utilize high-molecular-weight BPEI for siRNA delivery,
Schiffelers et al. [123] reported the development of a BPEI�PEG�RGD system
for the systemic delivery of siRNA to solid tumors. A heterobifunctional PEG
(NHS�PEG�VS) (3400 Da) was used as a macrolinker between BPEI (25 kDa)
and RGD. RGD was first attached to PEG via the NHS group, then the
RGD�PEG�VS coupled to BPEI through the vinyl sulfone group. The degree
of RGD�PEG conjugation to BPEI was found to be 7% of the primary amines,
or an average of about 40 RGD�PEG molecules attached to each BPEI
molecule. Over a range of N : P ratios, RGD�PEG�BPEI/siRNA complexes
displayed particle sizes distributed around 100 nm and zeta potentials of 5 mV.
Intravenous injection into tumor-bearing mice in luciferase plasmid DNA-
cotransfection experiments resulted in ligand-dependent reduction in luciferase
signal. RGD�PEG�BPEI was used to deliver siRNA targeting VEGF receptor
2, and although the authors were not able to report a reduction in VEGF
receptor 2 messenger RNA (mRNA) or protein levels, tumor vascular was
reduced compared to naked siRNA, which suggests that the observed efficacy
was a result of low target inhibition or a nonspecific effect of the siRNA delivery.

Heidel et al. [124�126] employed β-cyclodextrin derivatives to target
siRNA-containing nanoparticles via a Tf peptide ligand to tumors after
intravenous injection in nonhuman primates. The β-cyclodextrin (CDP)
derivative employed in this study contained Tf�PEG�adamantane units that
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form inclusion complexes within the β-cyclodextrin structure (CDP�
AD�PEG�Tf). The cationic nature of the β-cyclodextrin units allowed the
complexation of the nucleic acids (Figure 15.3). The CDP�AD�PEG�Tf/
siRNA particle sizes were B70 nm and were shown to be stable in physiologic
fluid and demonstrated ability to protect the nucleic acid from nuclease
degradation for up to 72 h. SiRNA targeting the M2 subunit of ribonucleotide
reductase was formulated with CDP�AD�PEG�Tf and at a dose as high as 27
mg/kg produced only small diet-related toxicity responses. In addition, repeated
doses over 18 days did result in an antibody response to the Tf ligand. In a
separate study, CDP�AD�PEG�Tf was able to target Tf-receptor�expressing
tumor cells after tail-vein administration in mice [108, 126].

Several groups have developed methods to eliminate the need for cationic
polymers to bind anionic nucleic acids for delivery. An elegant approach was
taken by Rozema et al. [127] to conjugate the siRNA molecule directly to the
polymer via a degradable linkage in order to target apolipoprotein B (apoB) to
hepatocytes. The structure of the polymeric system contained a latent endoso-
malytic segment that was designed to be triggered within the endosomes’ acidic
environment. The backbone polymer was synthesized by the polymerization of
2-vinyloxyethylphthalamide and either methyl vinyl ether, ethyl vinyl ether,
propyl vinyl ether, or butyl vinyl ether. Among the vinyl polymers synthesized,
the butyl derivative (PBAVE) produced the highest in vitro transfection levels
and was therefore used for further modification [128]. The backbone polymer
contained primary amine-terminated side chains that were first modified by
the addition of 4-succinimidyloxycarbonyl-α-methyl-α-[2-pyridyldithio]toluene
(SMPT) to give protected disulfide-terminated side chains. Amine-terminated
siRNA was activated by the addition of N-Succinimidyl-S-Acetyl-Thioacetate
(SATA) to give a protected thiol group. PBAVE�SMTP and siRNA�SATP
were added to a glucose solution containing TAPS buffer, which served to cleave
the thioacetyl group from SATP, thereby revealing free thiol-terminated siRNA
for disulfide exchange with the SMTP group of the polymer. On average,
70�90% of the siRNA added to the mixture was successfully conjugated to
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FIGURE 15.3 Configuration of CDP-AD-PEG-Tf delivery system [126].
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the polymer. Two additional components of the delivery systemwere then added
that contained the triggered endosomalytic mechanism, carboxydimethyl maleic
anhydride (CDM), N-acetyl galactosamine (NAG), and PEG (450 Da). The
NAG�CDMandPEG�CDMwere synthesized from the acid chloride generated
by adding oxalyl chloride [129]. The resulting polymer�siRNA conjugate, termed
dynamic polyconjugate (DPC), contained an average of one siRNAmolecule, and
as a result of the side-chain-terminal primary amines being “muted” by the
addition of either NAG�CDM or PEG�CDM, the overall charge of the 10-nm
particles was negative. The NAG ligand served to target the asialoglycoprotein
receptor displayed on the surface of hepatocytes. The CDM linkage was
reversible, cleaved at acidic pH, which then induced the proton sponge effect by
revealing primary amines and also by dramatically increasing the overall molecule
numberwithin the endosome (1molecular conjugate became 1 polymer, 1 siRNA,
several PEG, and several NAG). SiRNA conjugated to DPC targeting apoB and
delivered via tail-vain injection resulted in sequence-specific knockdown of apoB
mRNA by 87% and in a reduction of total serum cholesterol levels by 42%. The
reduced levels of apoB persisted for 10 days and returned to normal levels in 2
weeks. Using fluorescence staining, the activity of the DPCs was demonstrated to
be confined to hepatocytes rather than Kupffur cells, thereby validating the
effectiveness of liver targeting with the NAG ligand.

Kim et al. [130] have also developed a delivery system that involves the
covalent modification of siRNA, with the added step of formulation with PEI.
VEGF siRNA was synthesized bearing a 30-terminal hexylamine group on the
sense strand, which was capped with N-succinimidyl-3-(2-pyridylthio)propio-
nate (SPDP), a protected disulfide terminated with an activated linker for
conjugation to primary amines. The siRNA was coupled via disulfide exchange
to mPEG-SH (5000 Da) to give siRNA-S-S-PEGm. The micelles were obtained
by the addition of BPEI (25 kDa) to a concentrated solution of siRNA-S-S-
PEGm. The siRNA conjugates were shown to be cleaved by 10 mM glutathione,
however, the entire complex retained its integrity over 48 h in serum-conditioned
medium [131]. The micelles displayed a spherical morphology with a size of ,80
nm based on AFM measurements. Interestingly, the hydrodynamic diameters
determined by light scattering of the same particles gave values ofB20 nm larger.
Intratumoral injection of the siRNA�PEG/BPEI micelles resulted in significant
reduction in VEGF mRNA and protein levels within the treated tumors
compared to nonsilencing and BPEI-only controls. In addition, IFN-α levels
were largely unchanged by the administration, suggesting the siRNA was
effectively shielded from immune system surveillance through PEG conjugation.

15.5 CLINICAL DEVELOPMENT OF POLYMERIC DELIVERY
SYSTEMS

Clinical development of polymeric gene carriers has been sluggish. Only a small
number of polymers have advanced into the clinic. An overview of the clinical
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advancement of polymeric gene carriers by disease indications is provided in
the following sections. The general synthetic methods, formulations, and gene
transfection properties of these polymeric carriers have been described in earlier
sections.

15.5.1 Oncology

Cancer represents a group of diseases that result from an uncontrolled
proliferation of cells. Current cancer therapies are far from ideal as many of
them have low response rates and serious side effects. There is an urgent need
for safer and more effective therapies for cancer. Modulation of gene expres-
sion by gene therapy or RNAi therapy offers a new class of potential treatments
that are distinct from conventional therapeutics. Cancer gene therapy
approaches that utilize polymeric carriers are described in this chapter.

LPEI (22 kDa) was evaluated for local gene delivery of diphtheria toxin
antigen H19 in patients with refractory superficial transitional cell carcinoma of
the bladder [30]. Intravesicular administration of H19 gene plasmid formulated
with LPEI into two bladder cancer patients was safe. Interestingly, there was no
evidence of treatment-related local or systemic toxicity previously reported with
the use of large molecular weight PEIs in animal studies. The antigen DNA was
detected in urine samples but not in blood samples, which demonstrated that
the plasmid DNA did not distribute into the systemic circulation. Analysis of
bladder tissue showed significant uptake of the toxin plasmid by tumor tissue.
Video-cystoscopy performed 6 weeks after treatment showed reduction in
tumor size by 75% compared to pretreatment size. This study demonstrates
that gene transfer with high-molecular-weight PEI is safe if administered
locally.

A low-molecular-weight BPEI (1800 Da) functionalized by covalent attach-
ment of cholesterol and PEG (550 Da) (PEG�PEI�cholesterol) (PPC) is in
clinical development for local gene delivery of IL-12 into women with recurrent
ovarian cancer. IL-12 is one of the most potent anticancer cytokines that works
by activation of the natural and acquired immune systems against cancer
and inhibition of tumor angiogenesis. A phase I trial to assess the safety
and tolerability of human IL-12 plasmid (phIL-12) formulated with PPC
polymer was conducted in women with chemotherapy-resistant recurrent
ovarian cancer. A total of 13 patients were enrolled in four dose-escalating
cohorts and treated with 0.6, 3, 12, or 24 mg/m2 of the formulated plasmid once
a week for 4 weeks. The phIL-12/PPC delivery was generally safe and well
tolerated. Common side effects included low-grade fever and abdominal pain.
High concentrations of IL-12 plasmid were detected in peritoneal fluid samples
while approximately 1000-fold lower concentrations were detected in blood
samples. The biological activity of IL-12 was also confined to peritoneal cavity
as little activity was found in serum. These data demonstrate that IL-12 gene
delivery with a functionalized low-molecular-weight BPEI is safe and offers
therapeutic benefits to ovarian cancer patients. The safety and activity of PPC
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formulated IL-12 plasmid is now being examined in conjunction with platinum/
carboplatin/docetaxel in women with chemotherapy-sensitive ovarian cancer.
The preliminary results have shown that the addition of IL-12/PPC to standard
chemotherapy for treatment of ovarian cancer is safe. Based on promising
phase I results the IL-12/PPC product is ready for advancement into phase II
testing in ovarian cancer patients [42, 132, 133].

15.5.2 HIV�AIDS

A functionalized cationic polymer based on a mannose-conjugated PEI is being
developed for the delivery of a DNA vaccine against HIV after a successful
preclinical testing in macaques [70, 134]. The antigen DNA is formulated to
mannose�LPEI nanoparticles to target antigen-presenting cells and to protect
the DNA from intracellular degradation. In SIV-infected macaques, topically
administered PEI-mannose-formulated DNA antigen successfully transfected
dendritic cells and induced an immune response against the virus. This vaccine
product is currently under clinical evaluation for safety and immunogenicity as
a single agent or in combination with antiviral therapy in phase I and phase II
human studies. To our knowledge, the clinical results from these trials have not
been published.

15.5.3 Cardiovascular Disease

Peripheral vascular disease is a prevalent and disabling disease affecting over
10 million people in the United States. The disease is characterized by
intermittent claudication resulting from arterial atherosclerosis of peripheral
blood vessels, impairing blood flow to the lower limbs. Growth factors, such as
vascular endothelial growth factor (VEGF-A), have been shown to promote
angiogenesis and improve blood flow to the lower limbs in animal models.
Gene therapy is an attractive approach to peripheral vascular disease since it
can provide expression of a vascular growth factor for a long period of time in
the affected limb. The use of naked DNA for this indication has limitations due
to low transfection efficiency. Noncondensing polymers such as poloxamers
have been shown to produce good efficacy results in preclinical models of
peripheral vascular disease. In a phase II clinical trial a plasmid encoding an
angiomatrix protein Del-1 was formulated with poloxamer 188 and adminis-
tered by intramuscular injection into patients with moderate to severe periph-
eral arterial disease [135]. One-hundred five patients randomized to treatment
and control groups received Del-1 plasmid formulation with poloxamer 188 or
poloxamer 188 alone as 21 intramuscular injections to each lower extremity.
The treatment was safe and produced a significant increase in the mean peak
walking time, claudication onset time, and ankle brachial index compared to
baseline values in both treatment and control groups. Both groups also
demonstrated significantly improved quality of life at follow-up compared to
baseline. None of the serious adverse events were determined to be treatment
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related. Interestingly, both efficacy and adverse events were not significantly
different between the treatment and control group, which suggests that the
delivery polymer by itself has biological activity useful for treatment of
peripheral arterial disease. In another human study, poloxamer 407 was used
to deliver plasmid DNA encoding a zinc finger protein transcription factor
engineered to enhance the VEGF expression in skeletal muscle of patients with
intermittent claudication [136]. The results from this randomized, double-blind,
dose-escalation, placebo-controlled study, designed to determine the safety,
preliminary efficacy, and biological activity of the poloxamer-formulated
plasmid, have not been published.

Wloch et al. [137] used a poloxamer-based formulation to deliver a viral
vaccine in human subjects. VCL-CB01, a test cytomegalovirus (CMV) DNA
vaccine that contains plasmids encoding CMV phosphoprotein 65 (pp65) and
glycoprotein B (gB) was formulated with poloxamer CRL1005 and a cationic
surfactant BAK to induce cellular and humoral immune responses in 44
healthy adult subjects. Thirty-two subjects received 1- or 5-mg doses of vaccine
on a 0-, 2-, and 8-week schedule, and 12 subjects received 5-mg doses of
vaccine on a 0-, 3-, 7-, and 28-day schedule. The vaccine was generally well
tolerated, with no serious adverse events. Common adverse events included
mild to moderate injection site pain and tenderness, induration, erythema, mild
to moderate malaise, and myalgia. Evidence of immunogenicity including
IFN-γ and T-cell responses were observed in several of the treated patients.

15.5.4 Cystic Fibrosis

Cystic fibrosis remains one of the very few genetic diseases that have been
targeted by gene therapy. A genetic mutation results in abnormal fluid and
electrolyte conductance across the bronchial airways leading to the clinical
manifestation of this fatal disease. Previous gene therapy approaches have
utilized viral vectors or cationic liposomes to achieve gene transfer of the cystic
fibrosis gene with limited success. A polymeric gene carrier, PEG�PLL, has been
evaluated for safe and efficient delivery of the cystic fibrosis gene in patients with
cystic fibrosis after successful evaluation in animal models [97]. In a double-blind
study, a single intranasal administration of escalating doses of cystic fibrosis gene
plasmid (0.8, 2.67, and 8.0 mg DNA) formulated with PEG�PLL in 12 cystic
fibrosis (CF) patients was safe and well tolerated. There was no evidence of a
significant increase in inflammatory mediators in serum or nasal washing.
Approximately 0.58 copies of the cystic fibrosis gene were quantified per cell in
the nasal scrapings. Partial to complete biological response was achieved in eight
subjects with some evidence of a dose trend. The corrections generally persisted
for up to 6 days after gene transfer. This study shows gene transfer to nasal
epithelium with PEG�PLL is safe and effective. It would be interesting to see if
the duration of the observed effects can be extended by repeated delivery since the
effect of single dosing lasted for about one week.
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16.1 TISSUE ENGINEERING

A large fraction of the total health-care costs worldwide can be attributed to
tissue loss or organ failure due to congenital or acquired diseases, accidents, or
trauma. These costs are not only of monetary value but, more importantly, of
value in human life and quality of life. The current demands for transplant
organs and tissues, however, is far outpacing the supply, and all manner of
projections indicate that this gap will continue to widen [1]. Thus, there has
been an urgent demand for more successful regenerative strategies to repair
or replace damaged tissues and organs. Tissue engineering is a thriving new
area of multidisciplinary research that has potential to revolutionize the
treatment of diseased and damaged tissues or organs. The ability to develop
materials that can interface with tissues structurally, mechanically, and
biofunctionally is important to the success of regenerative strategies [2]. As a
new and multidisciplinary endeavor, tissue engineering holds the promises of
(a) eliminating reoperations by using biological substitutes, (b) using biological
substitutes to solve problems of implant rejection, transmission of diseases
associated with xenografts, and the shortage in organ donations, (c) providing
long-term solutions in tissue repair or treatment of diseases, and (d) potentially
offering treatments for medical conditions that are currently untreatable [3].

The approaches to construction of any tissue or organ typically rely on three
essential components: cells, which will ultimately form the new tissue; scaffolds,
designed to maintain the cells in a three-dimensional environment at the
implantation site; and signals that guide the gene expression and extracellular
matrix (ECM) production of cells during tissue development [4]. There are
three major strategies currently being explored for tissue engineering, namely,
the use of cells or cell substitutes, the use of cells placed on or within matrices,
or the direct implantation of scaffolds (Fig. 16.1). Cell-based tissue engineering
strategies allow replacement of only those cells that supply the needed function
and permit the manipulation of cells before infusion or implantation. The
potential limitations include difficulty to obtain specific cell type in sufficient
quantity for reconstruction purposes, failure of cells to maintain their function
in the recipient, and immunological rejections. In the second approach, cells are
placed on or within matrices or scaffolds, with or without growth factors and
grown in vitro. These cells then proliferate, migrate, and differentiate into
the specific tissue while secreting the ECM components required for creating
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the tissue. The polymer�cell construct thus formed is implanted at the desired
site. For in situ regeneration, a scaffold implanted directly into the injured
tissue stimulates the body’s own cells to promote local tissue repair. Such an
approach of guided tissue regeneration involves an autologous reseeding of the
decellularized matrix after implantation by the adjacent host tissue through cell
migration or circulating stem or progenitor cells [5].

In vitro tissue engineering involves tissue reconstruction in vitro, in factories
or laboratories, on a large scale by providing all essential materials. Another
way is substitution of organ functions by use of allo or xenogeneic cells. Such
engineered organs are called bioartificial organs because they are composed of
heterogeneic cells and manmade membranes or porous constructs for immune-
isolation to protect the cells from host attack and maintain the cell function. On
the other hand, for in vivo tissue engineering, the host living body provides
most of the materials necessary for tissue regeneration automatically. Most of
the current tissue engineering is performed in vivo with or without biodegrad-
able scaffolds. If the healthy ECM is still available in the body, no artificial
scaffold is needed, for example, transplantation of myocardial cells for
myocardial infarction therapy [6]. For the regeneration of a large-sized defect,
however, it is necessary to use a biodegradable scaffold with/without cell
seeding and with/without growth factor depending on application [7].

A number of materials have been used to cater to the diverse needs of tissue
regeneration in the form of permanently implanted prostheses, mostly based on
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Individual cells/aggregates from
patient/donor injected directly or

after manipulation

A complete 3D tissue grown
in vitro with/without growth factors
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FIGURE 16.1 Various tissue engineering approaches and their clinical applications.
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metals and commonly used engineering plastics to a wide range of tissue
scaffolds that are mostly based on biostable or biodegradable polymers, either
for drug/cell/growth factor delivery or as bioactive or functional support.
Biodegradable polymers may be further classified on the basis of their origin,
namely, natural and synthetic polymers. Natural polymers have the advantage
of having an intrinsic property of environmental responsiveness via degrada-
tion, bioactivity, the ability to present receptor-binding ligand to cells, and
remodeling by cell-secreted enzymes [8]. They are also generally nontoxic, even
at high concentrations, and, therefore, can be readily fabricated into a desired
form as a tissue engineering scaffold or used as a growth factor delivery system.
However, they suffer from some drawbacks such as immunogenic response,
complexities associated with their purification resulting in batch-to-batch
variation, restrictions with the versatility of designing devices with specific
biomechanical properties, variable rate of in vivo degradation (especially in
case of enzymatically degradable polymers) with the site of implantation,
depending on availability and concentration of the enzymes and the possibility
of disease transmission [9, 10]. Synthetic polymers on the other hand provide
the flexibility to tailor mechanical properties and degradation kinetics to suit
various applications, are biologically inert, and can be fabricated into various
shapes with desired pore morphologic features conducive to tissue growth.
Furthermore, synthetic polymers can be designed with chemically functional
groups that can induce tissue growth and are available in a wide variety of
compositions with readily adjustable properties [10�12].

Owing to the aforementioned features, biodegradable polymers have become
indispensible for successful tissue engineering applications. The current review
focuses on the biodegradable polymers used in tissue engineering, current
advances in the development of need-specific biomaterials, and the clinical
applications thereof.

16.1.1 Why Biodegradable Polymers?

Recent times have observed a paradigm shift from use of biostable materials to
“biodegradable” materials for use in tissue engineering and other biomedical
applications. This is because various tissue engineering applications (therapeu-
tic devices, three-dimensional porous scaffolds, controlled/sustained-release
drug delivery vehicles, etc.) demand materials with specific physical, chemical,
biological, biomechanical, and degradation properties to provide efficient
therapy. Consequently, a wide range of natural or synthetic polymers capable
of undergoing degradation by hydrolytic or enzymatic route are being
investigated for biomedical applications. A polymer should have certain
characteristics for its use as a scaffold in tissue engineering, including
biodegradability, biocompatibility, lack of immunogenicity, ease of processa-
bility, mechanical strength, biological functionality, and the like. The polymer
may be used as such for scaffold fabrication or may be modified before or after
scaffold fabrication on a need basis (Fig. 16.2).
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Biodegradability. Scaffolds may be designed to degrade rapidly as they are
replaced by new host tissue or may be chemically crosslinked to slow the rate of
degradation or add strength to the scaffold [13]. Degradation rate should be
such that the scaffold is bioabsorbed at a predetermined time period and also
provide sufficient support until the full regrowth of impaired tissue at the defect
site [14]. However, it is always desirable to synchronize the polymer degrada-
tion with the replacement by natural tissue produced from cells [15]. Premature
degradation of the material combined with lack of timely in vivo development
of replacement tissue may result in reduced mechanical strength of an
engineered tissue over time, which may lead to its failure. In case of implants,
degradability is essential because it eliminates the need for implant removal in a
second surgical intervention and provides space for native tissue growth [16].

Various physical and chemical mechanisms have been elucidated for poly-
meric degradation. Physical degradationmechanisms include sorption, swelling,
softening, dissolution, mineralization, extraction, crystallization, decrystalliza-
tion, stress cracking, fatigue fracture, and impact fracture. Chemical degrada-
tion occurs by hydrolysis, oxidation, solvolysis, radiolysis, fracture induced by
radical reactions, enzymatic degradation, and so forth [17]. Various parameters
may affect the final degradation rate of a given polymeric scaffold, such as
polymer properties (molecular weight and its distribution, copolymer ratio,

Use of biodegradable polymers
in tissue engineering

In vitro/in vivo/ex
vivo application

Drug/growth factor
encapsulation

Conventional
systems

Dual release
systems

Drug/growth
factor loaded
microspheres
in gel

Drug/growth factor
(GF)-loaded

nanoparticles in GF-
loaded microspheres

Drug/growth factor
(GF)-loaded

microspheres in GF-
loaded gel

Physical crosslinking

Chemical crosslinking

Ionic crosslinking

Photochemical cross
linking

Matrix
systems

ECM protein
immobilization

Short peptide
sequence attachment

Surface micro/
Nanopatterning

Hydrophilicity
improvement

Physical means,
e.g., photolithography

Chemical means,
e.g., micro
contact printing

Plasma treatment

Graft copolymerization
of hydrophilic polymers

Polymer used as such
for scaffold fabrication

Surface modification of polymer
after scaffold fabrication

Bulk modification of polymer
(copolymerization/functional

group attachment to polymer chain
before scaffold fabrication)

FIGURE 16.2 Strategies for use of biodegradable polymers in tissue engineering.
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polymer structure and morphology, crystallinity, glass transition temperature,
radiation and chemical treatments, end-group chemistry [18�20], environmental
conditions, medium temperature, and pH [21] and scaffold properties (architec-
ture, porosity, surface area, etc.) [22�24]

Polymer degradation rate has an effect on growth factor release, mechanical
properties of the scaffold, and on many cellular processes including cell
viability, cell growth, tissue regeneration, and host response [25, 26]. The
comparative study of fast [poly(lactic-co-glycolic) acid (PLGA)] versus slow
degrading [poly(ε-caprolactone) (PCL)] three-dimensional scaffolds indicated
that fast degradation negatively affects cell viability and migration into the
scaffold in vitro and in vivo, the effect being most likely due to significant
acidification of the local environment due to polymer degradation [15]. In
general, polymer degradation can occur through homogeneous/bulk erosion or
heterogeneous/surface erosion. However, it should be mentioned that both are
extremes, and erosion mechanism of a polymer device is often characterized
by a combination of both. Surface-eroding polymers contain highly labile
bonds (polyanhydride) or acid-labile bonds (polyorthoesters) in their polymer
main chain, which degrade very fast in contact with water. Thus, degradation
rate on the surface is much faster than penetration rate of water into the
polymer bulk. In consequence, erosion is limited to the surface and drug release
is degradation controlled. This behavior changes if degradation rate is slower
than the rate of water diffusion into the device, for example, polyesters. In this
case, water penetrates into the bulk and degradation occurs throughout the
polymer (bulk erosion). The resulting pores and channels in the matrix
influence the rates of polymer degradation and drug release [27].

Biocompatibility and Lack of Immunogenicity. Chemical compositions of
polymers used for scaffold fabrication should be such that not only the surface
but also the degradation products are biocompatible, causing minimal immune
or inflammatory responses, both local and systemic, and with an acceptable
toxicity profile. The biocompatibility of a polymer depends on both its chemical
structure and the processing method that produces it. During a polymerization
process, an initiator, a monomer, and sometimes a catalyst are needed, and
these materials often remain in preformed implants even after purification.
Residual unreacted monomers or initiators are also a particular concern for in
situ forming implants. Therefore, the toxicity and concentration of these
substances should be considered when assessing biocompatibility. Removal
of these potentially toxic components is usually effected by prolonged rinsing in
aqueous solution.

The International Organization for Standardization (ISO) has developed
guidelines for biological evaluation of medical devices that apply to bioma-
terials and tissue engineering systems [28]. The fitness of a biomaterial for a
purpose is first determined by studying the chemical, toxicological, physical,
electrical, morphological, and mechanical properties. The ISO guidelines for
evaluation and testing for material selection include determining (a) materials
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required to manufacture the scaffold, (b) intended additives, process contami-
nants, and residues (e.g., initiator required for a polymerization), (c) leachable
substances (important for in situ polymerizations where unreacted monomer
is present), (d) properties and characteristics of the final product, and
(e) degradation products. Evaluation of degradation products is particularly
important for biodegradable materials in tissue engineering. Identification,
quantification, and pharmacokinetic studies of the degradation process
should be performed [29]. In vitro assays such as Almer blue and MTT
assay along with short-term and long-term in vivo implantation methods give
a fair idea of the biocompatibility of a polymer. The implant chemistry,
degradation, and mechanical strength are analyzed to observe the in vivo
response of the biomaterial. The thickness and biochemical composition of
the capsule is another marker for measuring inflammatory response. Potential
systemic effects may be analyzed through blood and urine sampling and
determining the presence of any polymer by-products in organs and tissues.
Cellular differentiation studies are particularly important since production
of a specific ECM or cell activity is required for tissue development and
maintenance.

Biological Functionality. The design criteria for modern tissue engineering
scaffolds involve use of materials equipped with molecular cues mimicking
certain aspects of structure or function of natural ECM [30]. Biomolecular
recognition of materials by cells has been achieved by surface modification of
fabricated scaffold or bulk modification of polymer before scaffold fabrication,
via chemical or physical methods with bioactive molecules that can incur specific
interactions with cell receptors (Fig. 16.2). Surface modification of biomaterials
with bioactive molecules such as a native long chain of ECM proteins (e.g.,
fibronectin, vitronectin, and laminin) as well as short peptide sequences derived
from intact ECM proteins (e.g., RGD found in fibronectin, collagen, and
vitronectin; REDV found in fibronectin; GTPGPQGIAGQRGVV (P-15) found
in collagen) is an attractive approach to develop biomimetic niches that interact
biomolecularly with the cells to control their function, guiding the spatially and
temporally complex multicellular processes, and facilitating tissue regeneration
[31�35]. The use of short cell-binding peptides is, however, advantageous over
long-chain native ECM proteins as they are flexible, experience minimal steric
effect, have usually lower immunogenicity, can be easily synthesized and purified
at relatively low costs, and are more stable than large ECM proteins during
the surface modification and sterilization processes [36]. Surface micro/
nanopatterning by physical (photolithography) or chemical (microcontact
patterning) means and hydrophilicity improvement by plasma treatment or
graft copolymerization can also be used to improve the surface properties of
polymeric scaffolds for various tissue engineering applications [37]. Bulk
modification of polymers can be achieved through physical, chemical, photo-
chemical, and ionic crosslinking of various cell adhesion peptides into three-
dimensional polymeric networks [38�40].
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Drug/Growth Factor Carrying Ability. Initially, polymeric materials were
used only as support materials. However, the current understanding empha-
sizes the ability to provide additional functionality besides the bare capability
to withstand mechanical loads or to possess suitable degradation kinetics.
Scaffolds should, among other properties, guide cell adhesion and also provide
the means to deliver growth and differentiation factors for long-term support of
the proliferating adherent cells, which makes the polymeric carriers traditional
drug delivery matrices for bioactive molecules. Achieving this “fusion” of cell
carrier and release system may be a key factor for the development of new
generations of tools and products based on tissue engineering principles.
Consequently, today’s tissue engineering scaffolds can be considered special
types of drug/growth factor delivery matrices, which additionally possess pores
or accessible regions for cell penetration [41]. Hence, factors such as loading
capacity, desired drug/growth factor distribution, namely, uniform (for con-
trolled release) or discrete (if the spatial patterning of release is to occur),
optimal binding affinity for the drug for achieving desired release kinetics, and
drug�polymer compatibility have become important deciding factors when
choosing a polymer for a tissue engineering application.

Mechanical Strength. For all body tissues, except bone, the design require-
ment is such that the polymeric scaffold has to be relatively soft and pliable, yet
relatively tough—properties rarely exhibited by materials based on metals or
ceramics. Hence, future tissue regeneration scaffolds will have to be based
predominantly on biodegradable polymers, and these will eventually become
the most widely used biomaterials [42]. A three-dimensional architecture with a
desired volume, shape, and mechanical strength sufficient to shield cells from
damaging compressive or tensile forces (without inhibiting appropriate bio-
mechanical cues) or matching those of the tissue at the implantation site. The
mechanical properties of a tissue scaffold should be similar to those of
the surrounding tissues. Though this transition from metals, ceramics, and
engineering plastics to biodegradable polymers has been surprisingly slow, in
the recent past, a paradigm shift has been observed toward the use of
biodegradable polymers for various tissue engineering and biomedical appli-
cations. The major driving forces are the mechanical properties and long-term
biocompatibility issues with many of the existing permanent implants and many
levels of ethical and technical issues associated with revision surgeries [10].

16.2 BIODEGRADABLE POLYMERS USED IN TISSUE ENGINEERING

A wide variety of biodegradable polymers of both natural and synthetic origin
have been used in various biomedical applications. Although these biodegrad-
able polymers have been discussed in various sections of this book, we are
elaborating only the biodegradable polymers used specifically for tissue
engineering applications in the following section.
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16.2.1 Natural Polymers

In the natural environment, polysaccharides play a vital role in membranes and
intracellular communication, in storage, and protein functions as structural
components and as catalysts [43]. Currently, the focus is to mimic the natural
milieu; and the natural polymers provide an impressive and practical means for
this. Regardless of the tissue/organ involved, natural polymers are applicable in
the tissue engineering field to repair/regenerate the tissue/organ. A comprehen-
sive review on use of polymers of natural origin in tissue engineering applications
has been presented by Malafaya et al. [44] and Nair and Laurencin [10]. The
following section briefly mentions natural polymers such as collagen, gelatin,
fibrin, and alginate with major focus on their latest biomedical applications.

Protein-Based Polymers.
Collagen. Collagen is the most abundant protein (30% of all proteins) present
in the human body, rendering strength and flexibility to connective tissues such
as tendons, bones, cartilage, blood vessels, skin, and other musculoskeletal
tissues. It has been extensively explored for an array of tissue engineering and
biomedical applications owing to its mechanical, hemostatic, and cell-binding
properties; it also exhibits excellent biocompatibility profile and is biodegrad-
able. It is the major component of the ECM and serves as a natural substrate
for cell attachment, proliferation, and differentiation. Gelinsky et al. [45] have
reported mineralized collagen type-I-nanocomposite-based porous scaffold
preseeded with human marrow stromal cells for bone tissue engineering. A
Food and Drug Administration (FDA)-approved bilayer skin substitute
Integra (Dermal Regeneration Template), is currently on the market for
treatment of full thickness or deep partial thickness thermal injury; it is
composed of a dermal layer of crosslinked bovine collagen and glycosamino-
glycan (GAG) and an epidermal layer of polysiloxane [46]. Orcel and Apligraf
are other FDA-approved collagen-based bilayer dressings seeded with live
human keratinocytes and fibroblasts for the treatment of chronic ulcers.
Hybrid scaffolds of collagen/poly(lactic-co-glycolic) acid (PLGA) have been
reported for tracheal [47] and articular cartilage tissue engineering [48].
Duragen, is a suture-free, three-dimensional collagen matrix graft developed
for spinal dural repair and regeneration has obtained 510(k) clearance from
FDA [49]. Similarly, a composite of fibrillar collagen, hydroxyapatite, and
tricalcium phosphate (Collagraft) has been approved by FDA for use as a
biodegradable synthetic bone graft substitute. YIGSR (Tyr-Ile-Gly-Ser-Arg)
peptide-modified collagen gels have been found to improve the adhesion and
proliferation of corneal epithelial cells [50]. Several forms of collagen are
currently being investigated as scaffolds for cardiovascular, musculoskeletal,
and nervous tissue engineering [50].

Gelatin. Gelatin is derived by denaturing collagen and is hence free of
antigenicity which is associated with collagen. Depending upon the conditions
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(acidic/alkaline) under which collagen is processed, electrically different types
of gelatin are obtained with a variety of isoelectric point values ranging from
9.0 to 5.0. It is theoretically possible for gelatin to form polyion complexes with
any type of charged biomolecules, although the strength of the interaction
depends on the type of biomolecules used. Due to its promising properties,
gelatin mainly in the form of microspheres has used in drug delivery for tissue
engineering applications targeting several tissues including bone, cartilage, and
skin; but others such as adipose tissue have applied gelatin as carrier to deliver
an active biomolecule to improve the temporary cell functions. The group of
Mikos [51�53] together with Tabata [54, 55] have done vast work with gelatin,
commonly using this strategy to incorporate a single biomolecule such as
transforming growth factor-β1 (TGF-β1) [51] or in combination with insulin-
like growth factor-1 (IGF-1) for dual release [52] as well as the encapsulation of
marrow stromal osteoblasts in the surface of the gelatin microspheres [56, 57].
Modified dextran�gelatin hydrogels have shown excellent cell proliferation
and network formation of encapsulated umbilical artery smooth muscle cells
(SMCs) [58]. There are several commercially available gelatin-based carriers for
drug delivery that are being applied in tissue engineering applications [59�61].
The most commonly used ones are Gelfoam commercialized now by Pfizer in
United States (formerly Pharmacia and Upjohn), which is an absorbable
gelatin sponge also available in powder form by milling the gelatin sponges.
Liu et al. [62] have studied nanofibrous gelatin/apatite composite scaffold for
bone tissue engineering and reported higher surface area and mechanical
strength as compared to Gelfoam and showed enhanced osteogenic differentia-
tion. PCL/gelatin biocomposite scaffolds have been found to exhibit properties
most appropriate for nerve tissue engineering and exhibited enhanced nerve
differentiation and neurite outgrowth [63].

Fibrin. Fibrin is a biopolymer that is derived from fibrinogen and is involved in
the natural blood clotting, fibrinolysis, cellular and matrix interactions,
inflammatory response, and wound healing. It is one of the earliest biopolymers
used as biomaterials due to the excellent biocompatibility, biodegradability,
injectability and the presence of several ECM proteins, such as fibronectin, that
favorably affect cell adhesion and proliferation. Several allogenic fibrin sealants
such as Tisseel, Evicel, and Crosseal have been approved by FDA for clinical
application as hemostats. The most widely used forms of fibrin scaffolds are
fibrin hydrogels, fibrin glue, and fibrin microbeads [64]. Due to its injectability
and biodegradability, fibrin has also been investigated as a carrier vehicle for
bioactive molecules and cells such as keratinocytes [65], urothelium cells [66],
tracheal epithelial cells [67], murine embryonic stem cells [68], and mesenchy-
mal progenitor cells [69], and also used to encapsulate chondrocytes for
cartilage tissue engineering [70]. Fibrin and fibrin/alginate composites have
been studied for chondrogenic differentiation of bone marrow stromal cells
(BMSCs). Encapsulated BMSCs in fibrin differentiated into chondrocytes that
secreted aggrecan and collagen II and thus the use of fibrin was advocated for
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cartilage repair [71]. Bioseed is a fibrin-based product obtained by mixing
keratinocytes with fibrin and is used to treat chronic wounds.

Silk Fibroin. Silk represents protein polymer spun into fibers by some lepidop-
tera larvae such as silkworms, spiders, scorpions, mites, and flies [72]. Spider
silk is lightweight, extremely strong and elastic, safe, biodegradable, and
exhibits mechanical properties comparable to the best synthetic fibers produced
by modern technology [73]. Since domesticated spiders are difficult to maintain
to produce massive amounts of silk; silk fibroin, a mass-producible natural
polymer produced by silkworms, appears to be an attractive alternative. In the
medical field, silk has long been used for surgical sutures [74]. Silks are
attractive biomaterials for tissue engineering because of their biocompatibility
[72, 75], slow degradability [76], and excellent mechanical properties. Degrad-
able silk is a mechanically robust biomaterial that offers a wide range of
mechanical and functional properties for biomedical applications including
drug delivery [77, 78]. Hino and co-workers have reported a novel type of
fibroblast growth factor (FGF) delivery system using fibroin as a scaffold [79].
Three-dimensional porous silk fibroin matrices fabricated by a rapid freeze-
drying technique have been reported for tissue engineering applications by
Mandal and Kundu [80]. A study of the recovery of Achilles tendon defect of
rabbit using silk fibroin has shown feasibility of exploring silk fibroin for
tendon engineering [81].

Other Protein-Based Polymers. Elastin and soybean are other attractive
protein origin polymers that have been applied to a limited extent in the tissue
engineering applications. Elastin is the principal mammalian ECM protein that
imparts elasticity to tissues and is a key component of artery, lung, skin, elastic
ligament, bladder, and elastic cartilage [82]. It is a highly crosslinked insoluble
polymer composed of a number of covalently bonded tropoelastin molecules
[83]. Elastin shows minimal interaction with platelets and hence has been
evaluated as biological coatings for synthetic vascular grafts [84]. Synthetic
elastin microfibers of crosslinked tropoelastin have also been studied for
attachment and proliferation of three different primary cell types from elastic
tissues and found to support their growth [85]. Elastin-like polypeptides (ELP)
are artificial polypeptides composed of the pentapeptide repeats of human
tropoelastin. ELPs have been found to have excellent biocompatibility, non-
immunogenic properties, and degradation products composed of natural
amino acids that are nontoxic. ELPs are also currently being investigated as
potential biomaterials for cartilage tissue engineering [86].

Soybean has been the subject of scientific interest due to its richness in
proteins (40�50%), lipids (20�30%), and carbohydrates (26�30%). It is a
species of legume native that can be processed into three kinds of protein-rich
products: soy flour, soy concentrate, and soy isolate, which varies in protein
content. Soy protein is abundant, renewable, inexpensive, and biodegradable,
making it an attractive source of degradable materials for tissue engineering
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uses. Nevertheless, the application of soy-based polymers in this field is still
very narrow. The use of soy-based polymers for drug delivery and tissue
engineering applications is proposed by the group of Reis et al. [87�90].

Carbohydrate-Based Polymers. Polysaccharides are a class of biopolymers
formed from many monosaccharide units joined together by glycosidic
linkages. Physical properties of carbohydrates such as solubility, gelation,
and surface properties are dictated by the monosaccharide composition, chain
shapes, and molecular weight. These macromolecules exhibit good hemocom-
patibility, are nontoxic, and show unique biological functions ranging from cell
signaling to immune recognition. With a few exceptions, they are also
more economical in comparison with other biopolymers such as collagen.
Polysaccharide-based polymers have been widely proposed as scaffold materi-
als in tissue engineering applications as well as carriers for drug delivery.

Chitosan. Chitosan is a cationic linear polymer obtained from chitin compris-
ing copolymers of β(1-4)-glucosamine and randomly located N-acetyl-D-
glucosamine. It is the fully or partially deacetylated form of chitin and has
attracted much attention in tissue engineering with a wide variety of applica-
tions ranging from skin, bone, cartilage, and vascular grafts to substrates
for mammalian cell culture. It has been proved to be biologically renewable,
biodegradable, biocompatible, non-antigenic, nontoxic, and biofunctional [91].
The degree of deacetylation of typical commercial chitosan is usually between 70
and 95%, and the molecular weight between 10 and 1000 kDa [92]. Chitosan is
also a bioadhesive material. Biological activity of chitosan on bone regeneration
has been demonstrated in many reports [93, 94]. Chitosan is structurally similar
to GAGs found in extracellular matrices as in native articular cartilage and
plays a key role in modulating chondrocytes morphology, differentiation, and
function and hence could be explored for cartilage tissue engineering. In
addition, chitosan was found to enhance blood coagulation [95] and accelerate
wound healing [96, 97]. Thus it can act as an ideal wound dressing as it exhibits a
positive charge, film-forming capacity, mild gelation characteristics, and a
strong tissue adhesive property. Biomedical applications of chitosan and its
derivatives have been reviewed recently by Jayakumar et al. [98] and Kim et al.
[99]. Injectable composite hydrogel of chitosan/hyaluronic acid have also been
studied for tissue engineering [100]. A chitosan-based bandage is also commer-
cially available on the market (HemCon, HemCon Medical Technologies, Inc.,
USA) due to its wound healing properties.

Alginate. Alginates are naturally derived polysaccharide block copolymers
composed of regions of sequential β-D-mannuronic acid monomers (M blocks),
regions of α-L-guluronic acid (G blocks), and regions of interspersed M and G
units and have a structural role in giving flexibility and strength to marine
plants. Commercial alginates are extracted from brown algae Laminaria
hyperborean, Ascophyllum nodosum, and Macrocystis [92]. Bacterial alginates
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have also been isolated from Azotobacter vinelandii and several Pseudomonas
species [92]. Alginates undergo reversible gelation in aqueous solution under
mild conditions through interaction with divalent cations such as Ca21 . This
has led to their wide use as cell transplantation vehicles to grow new tissues,
as wound dressings, and also in three-dimensional culture of chondrocytes
(Table 16.3). Sequential delivery of growth factor bone morphogenetic proteins
(BMP-2 and BMP-7) has been studied using complexed microspheres of poly(4-
vinyl pyridine) and alginic acid for bone tissue engineering [101]. Alginate
microbeads have also been used to deliver FGF-1 suspended in type I collagen
gels and shown to induce neovascularization in a vascular pedicle model of
adipose tissue engineering [102]. Several alginate based wound dressings are
commercially available, namely, Nu-Derm commercialized by Johnson &
Johnson, Curasorb by Covidien, formerly registered as Kendall, and AlgiSite
by Smith & Nephew. Another interesting tissue engineering-driven com-
mercial application of alginate is in the form of alginate beads used for
plating freshly isolated cells (intervertebral disk, cartilage, bone, synovial tissue,
and synovial fluid) marketed by Articular Engineering LCC for research
purposes.

Hyaluronan. Hyaluronan/hyaluronic acid is a naturally occurring largest
nonsulfated GAG and a major macromolecular component of the intercellular
matrix of most connective tissues such as cartilage, vitreous of the human eye,
umbilical cord, and synovial fluid [103]. Hyaluronic acid is a linear poly-
saccharide that consists of alternating disaccharide units of α-1,4-D-glucuronic
acid and β-1,3-N-acetyl-D-glucosamine, linked by β(1-3) bonds [104]. It is
most frequently referred to as hyaluronan due to the fact that it exists in vivo as
a polyanion and not in the protonated acid form [103]. It is water soluble and
forms highly viscous solutions with unique viscoelastic properties and hence
works as an excellent lubricant and shock absorber in synovial fluid. Hyalur-
onan and its associated networks have many physiological roles that include
tissue and matrix water regulation, structural and space-filling properties,
lubrication, and a number of macromolecular functions [103]. Tissue engineer-
ing applications of hyaluronan has been mainly focused on cartilage, bone and
osteochondral tissues, wound healing, and promoting angiogenesis. Hyalur-
onan is available for several purposes: for lubrication and mechanical support
for the joints in osteoarthritis (Nuflexxa from Savient Pharmaceuticals, Inc.,
USA; Artz from Seikagaku Corporation in Japan), as a viscoelastic gel for
surgery and wound healing (Bionect from JSJ Pharmaceuticals, USA), and for
implantation of artificial intraocular lens (Healon from OVD from Advanced
Medical Optics in the USA, Opegan R from Seikagaku in Japan, Opelead from
Shiseido in Japan, and Orthovisc from Anika in the USA). Hyaff commercia-
lized by Fidia in Italy represents a family of benzyl esters of hyaluronic acid
with different alcohols and is used as a biomaterial for biomedical applica-
tions. Hyaff is biocompatible, biodegradable, and easily processable. A viscous
formulation of HA containing fibroblast growth factor (Ossigel) is undergoing
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a late-stage clinical trial as a synthetic bone graft to accelerate bone fracture
healing.

Chrondroitin Sulfate. Chondroitin sulfate is one of the most important
glycosaminoglycan (GAG) and consists of repeating disaccharide units of
D-glucuronic acid and N-acetyl galatosamine sulfated at either the 4- or 6-
position [105]. GAGs are vital constituents of the lubricating fluid of the joints
and are also present in cartilage, synovial fluid, bone, and heart valves. With
the exception of hyaluronan, these polysaccharides are covalently linked to a
protein core, thereby forming proteoglycans. Furthermore, GAGs are practi-
cally nonimmunogenic and degrade to nontoxic oligosaccharides. Due to its
GAG nature, chondroitin sulfate is an attractive natural origin polymer used
particularly in cartilage tissue engineering [106]. Chondroitin sulfate can bind
with core protein to produce highly absorbent aggregan, which is a major
structure inside cartilage and acts as a shock absorber [105]. Also, in vitro
studies suggest that chondroitin sulfate is able to increase matrix component
production by human chondrocytes [107]. It can produce sydecan, which is a
cell receptor that can interact with adhesion proteins, cells, and the ECM
[105]. Furthermore, chondroitin sulfate proteoglycans have a critical role in
regeneration and plasticity in the central nervous system as reviewed by
Galtrey and Fawcett [108]. Chondroitin sulfate is also a component of
the dermal layer of FDA approved skin substitute Integra used for treating
burns [109].

Starch. Starch is a natural polysaccharide composed of α-amylose (20�30%)
and amylopectin (70�80%). Its biodegradability, abundant availability, and
renewable nature make it one of the promising natural polymers for use in
tissue engineering applications. Starch per se is extremely difficult to process
and is brittle when used without the addition of a plasticizer. Water is the most
commonly used plasticizer with starch; at times, low molecular weight alcohols
are also employed especially for the production of thermoplastic starches to
render starch more processable [110]. Over the years several materials have
been blended with starch to improve its processability. Reis and co-workers
[111, 112] have proposed starch-based materials (blends of starch with different
synthetic polymers, such as ethylene vinyl alcohol, poly(lactic acid) (PLA),
cellulose acetate, and poly(ε-caprolactone) (PCL) as materials with potential
for biomedical applications, such as scaffolds for bone tissue engineering
applications [112, 113], bone cements [114, 115], and as drug delivery systems
[112, 116, 117]. Bilayered constructs based on poly(L-lactide) (PLLA) and starch
have also been proposed for tissue engineering of osteochondral defects [118].
Starch�PCLmicroparticles have been reported recently for controlled release of
bioactive agents for drug delivery and tissue engineering applications [119].

Polyhydroxyalkanoates. Polyhydroxyalkanoates (PHAs) are biological
polyesters produced by microorganisms under unbalanced growth conditions.
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PHAs have gained major importance due to their structural diversity and close
analogy to plastics, additionally these are also biodegradable and show good
biocompatibility. For tissue engineering applications, mainly PHA including
poly 3-hydroxybutyrate (PHB), copolymers of 3-hydroxybutyrate and
3-hydroxyvalerate (PHBV), poly 4-hydroxybutyrate (P4HB), copolymers of
3-hydroxybutyrate and 3-hydroxyhexanoate (PHBHHx), and poly 3-hydro-
xyoctanoate (PHO) are available in sufficient quantity for research. Altering
the compositions of PHAs allow favorable mechanical properties, biocompat-
ibility, and degradation profiles. Ye et al. [120] have reported PHB/PHBHHx
scaffolds as suitable materials to produce neocartilage upon seeding with
adipose-derived stem cells (hASCs). PHB foams with high pore connectivity
were fabricated, and bioactive glass in micrometer and nanometer size was
introduced into the scaffold microstructure. This advanced composite scaffold
proved suitable for MG-63 cell attachment and proliferation. When implanted
in rat, it exhibited bioactivity, biocompatibility, and bactericidal properties,
thus paving the way for the next generation advanced scaffolds for bone tissue
engineering [121].

16.2.2 Synthetic Polymers

Poly(α-esters). Poly(α-ester)s represents a class of thermoplastic polymers
that have been most explored for tissue engineering applications owing to their
immense diversity and synthetic versatility. These have hydrolytically labile
aliphatic ester linkages in their backbone and hence are biodegradable.
Among the class of poly(α-ester)s, the most extensively investigated polymers
are the poly(α-hydroxy acid)s, which include poly(glycolic acid) (PGA) and the
stereoisomeric forms of PLA and their copolymers (PLGA) due to their
good biocompatibility and controllable degradation rates tailored to specific
demands of each tissue type.

Poly(glycolic acid). PGA is a highly crystalline (45�55% crystallinity), hydro-
philic, linear aliphatic polyester. It has a glass transition temperature ranging
from 35 to 40�C, high melting point (200�C), high tensile strength, and a
relatively low solubility in most common organic solvents. Due to its excellent
fiber-forming ability, it was initially investigated for developing resorbable
sutures. The first biodegradable synthetic suture called DEXON was approved
by FDA in 1969. Recently, Wang et al. [122] have studied cell proliferation,
osteogenic differentiation, and matrix formation of human umbilical cord
mesenchymal stromal cells (hUCMSCs) on three-dimesional (3D) PGA non-
woven mesh scaffolds and found an increase in cell density and differentiation
of hUCMSCs along the osteogenic lineage. Composite scaffold of PGA and
β-tricalcium phosphate (β-TCP) have exhibited the ability for osteogenesis,
mineralization, and biodegradation for repair of critical bone defects in rat
femoral medial-epicondyles [123]. However, its high rate of degradation, acidic
degradation products, and low solubility limit its biomedical applications.
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Poly(lactic acid). PLA contains an extra methyl group that makes it more
hydrophobic, more amorphous, and more soluble in organic solvents than
PGA. This group also imparts it chiral nature and lactide thus exists in two
optically active forms; L-lactide and D-lactide. Poly(L-lactide) (PLLA) is also a
crystalline polymer (37% crystallinity), it has a glass transition temperature of
60�65�C, and a melting temperature of approximately 175�C [124]. Poly
(L-lactide) is a slow-degrading polymer compared to polyglycolide, has good
tensile strength, low extension, and a high modulus (approximately 4.8 GPa),
and hence is considered an ideal biomaterial for load-bearing applications, such
as orthopedic fixation devices) [10]. Various research and marketed applica-
tions of PLA have been reviewed by Nair and Laurencin [10]. An electrospun
composite tubular scaffold of PLA/silk fibroin has been reported for tissue
engineering blood vessels owing to its biocompatibility, appropriate biomecha-
nical strength, and support of cell growth [125]. Porous PLA/β-TCP composite
scaffolds have also been developed and proposed for tissue engineering
applications [126].

Poly(Lactic-co-Glycolic) Acid. Poly(α-hydroxyesters) have been widely copo-
lymerized to yield polymers with desirable mechanical properties and degrada-
tion rates. One such copolymer is PLGA, which has been most extensively
explored in drug delivery and tissue engineering applications. In the composi-
tion range of 25�75%, PLGA forms amorphous polymers. It has been
reported that PLGA 50/50 degrades in approximately 1�2 months, 75/25 in
4�5 months, and 85/15 in 5�6 months [127].

Biodegradable sutures have been one of the earliest and successful applica-
tion of PLGA: PuraSorb (80LA:20GA), Vicryl (10LA:90GA), Vicryl Rapid (an
irradiated version of Vicryl with a faster rate of degradation), and PANA-
CRYL are commercially available. Scaffolds made from PLGA have been used
for tissue engineering of various target organs. Commercially available skin
substitutes Dermagraft and Transcyte are PLGA based and used for skin
regeneration during wound healing. PLGA has also been recently investigated
as scaffold for neural tissue regeneration. Plasma polymerized allylamine
treated PLGA scaffold particles when injected into the lesion cavity along
with neural stem cells, integrated efficiently with the host tissue forming a
primitive neural tissue, thus presenting an advanced method to enhance brain
repair after stroke [128]. Also, micropatterned PLGA films conjugated with
laminin and collagen have shown positive results in early-stage neurite out-
growth and elongation [129]. Hydroxyapatite-PLGA particularly electrospun
PLGA fibers and nano-HA, is one of the most studied composite scaffolds for
bone tissue engineering and has shown promising results due to its appropriate
mechanical strength and tailored degradation rates [130, 131]. PLGA has been
used to develop microtubular orientation-structured blood vessel and in vitro
experiments showed good cell proliferation and anchorage along the direction
of microtubes [132].
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Poly(Caprolactone). PCL is a semicrystalline polyester of great research
interest owing to its ease of processability and solubility in a wide range of
organic solvents. It has a low melting point (55�60�C) and glass transition
temperature (2 60�C) along with the ability to form miscible blends with a
wide range of polymers [10]. Due to its slow degradation and biocompatibility,
it offers an attractive material for long-term biomedical and drug delivery
applications. Our lab has also reported surface-modified PCL microspheres as
scaffold for tissue engineering [18, 133]. PCL electrospun nanofibers have also
been reported as a scaffold for tissue engineering applications. Several
copolymers of PCL have been reported with improved properties and faster
degradation rates. Fibers of copolymer of PGA and PCL are commercially
available as monofilament suture (Monoacryl). PCL/polyethylenimine (PEI)
blend electrospun nanofibers have been investigated for tissue engineering
applications [134]. Poly-L-lactic acid (PLLA) fibers embedded in a porous poly
(caprolactone) matrix have been reported for guided cell�material interaction
of marrow stromal cells and human osteoblasts (HOB) for bone tissue
engineering [135].

Polydioxanone. Polydioxanone (PDO) is colorless, crystalline, biodegrad-
able synthetic polyester that is used for biomedical applications, particularly in
the preparation of surgical sutures. Polydioxanone suture (also called PDS) is a
synthetic absorbable monofilament suture. In addition to sutures, PDS has also
been investigated for several orthopedic applications as fixation screws for
small bone and osteochondral fragments (Orthosorb Absorbable Pins) [136].
Other biomedical applications include orthopedics, plastic surgery, drug
delivery, cardiovascular applications, and tissue engineering.

Polyorthoesters. Polyorthoesters (POE) are amorphous hydrophobic poly-
mers containing hydrolytically labile, acid-sensitive, backbone linkages. These
were developed by the ALZA Corporation (Alzamer) as hydrophobic surface-
eroding polymers particularly for drug delivery applications. By using diols with
varying levels of chain flexibility, the rate of degradation for these polymers, pH
sensitivity, and glass transition temperatures can be controlled. Till date, four
different classes of polyorthoesters have been developed (POE I, II, III, and IV).
Few orthopedic applications of this class of polymers have been explored but
major use of POEs has been limited to drug delivery systems [137].

Polyanhydrides. Polyanhydrides are a class of hydrolytically unstable sur-
face-eroding polymers that are either aliphatic, aromatic, or a combination of
the two [138, 139]. To obtain polyanhydrides with high mechanical strength for
load-bearing applications, poly(anhydride-co-imides) have also been designed
and investigated for bone tissue engineering, have been reported to be
osteocompatible, and supported endosteal bone growth [140]. A copolymer
of 1 : 1 sebacic acid and erucic acid dimer has been found to be useful as a
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potential delivery vehicle for gentamicin (Septacin) in the treatment of
osteomyelitis. A novel polyanhydride blend has been used to fabricate nerve
guidance conduits to align and support regenerating cells, and these, when
implanted subcutaneously in rats initiated fibrin matrix production and
angiogenesis and were noncytotxic [141]. Readers are recommended to refer
to literature reviews for details of hydroxy-fatty-acid-based polyanhydride
[142] and poly(ester-anhydride) drug delivery systems [143, 144].

Polyurethanes. Polyurethanes (PURs) are generally prepared by the poly-
condensation reaction of diisocyanates with alcohols and amines. Biostable
polyurethanes have been extensively investigated as materials for the prepara-
tion of long-term medical implants, especially cardiac pacemakers and vascular
grafts due to their excellent biocompatibility, mechanical properties, and their
synthetic versatility [10]. Attempts have been made to develop biodegradable
polyurethanes. Biodegradable polyurethanes have recently been investigated as
candidate materials for bone-regenerative medicine. Polyurethanes for biome-
dical engineering have been reviewed by Gunatillake and Meijs [145] and
Guelcher [146]. Human-bone-derived cells (HBDCs) were seeded and cultured
on polyurethane scaffolds in a bioreactor for 14 days and implanted sub-
cutaneously into Severe Combined Immunodeficiency (SCID) mice for 4 and
13 weeks. It was also found that HBDCs implanted as a component of tissue-
engineered product survived and retained their ability to produce the specific
human bone ECM, which resulted in higher mechanical properties of the
harvested explants when preseeded with HBDCs [147]. Polyurethane scaffolds
have also been investigated for localized delivery of platelet-derived growth
factor (PDGF) in rat skin excisional wounds where a biphasic release was seen
for PDGF, and PUR/PDGF scaffolds showed almost complete wound healing
with reepithelization at day 14 after implantation [148]. Biodegradable seg-
mented L-tyrosine polyurethanes (LTUs) have been developed using a tyrosine-
based chain extender desaminotyrosine-tyrosyl-hexyl (DTH) ester and pro-
posed for biomedical applications as tissue engineering scaffolds [149].

PEG-Based Polymers. Polyethylene glycol (PEG) is a biocompatible and
nontoxic polymer that has been mainly used to modify other polymers since it is
known to reduce protein adsorption and modify polymer conformation. PEG
hydrogels have been studied for biomedical applications in tissue engineering
and delivery of growth factors [150, 151]. Enzymatically degradable PEG
hydrogel scaffolds have shown an ability to direct cell differentiation of
mesenchymal stem cells to smooth muscle cells and circumvent a major
problem related to scar formation during bladder reconstruction [152].

There have been concerns regarding use of PLA as tissue engineering
scaffolds due to its hydrophobic surface and dimensional shrinkage during
degradation. Hence, PEG�PLA copolymers have been explored for biomedical
applications. Differentiation of marrow stromal cell to the osteoblastic pheno-
type was evaluated on PEG�PLA scaffolds compared to PLA, PGA, and
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polystyrene scaffolds, marked improvement was seen as measured by two-fold
increase in alkaline phosphatase activity, and mineralization [153]. Blends of
electrospun PEG�PLA have also shown positive response toward the biolo-
gical activities of seeded human dermal fibroblasts (HDFs) and enhanced cell
growth within fibrous mats [154]. Strehin et al. [155] have recently reported a
pH-sensitive chondroitin sulfate�PEG tissue adhesive and hydrogel with
several potential biomedical applications specifically in wound healing and
regenerative medicine. The hydrogel supported the cell viability and produced
minimal inflammatory response when implanted subcutaneously in a rat model.

Pluronic F-127 is a commercial name for a copolymer of polyethylene oxide
and polypropylene oxide. It is a thermosensitive, biocompatible hydrogel and is
FDA approved for use in humans [156] and also investigated for cartilage and
lung tissue engineering [157�159]. Vashi et al. [156] developed a three-
dimensional culture system using bone-marrow-derived mesenchymal stem
cells (BM-MSCs) and Pluronic F-127 hydrogel scaffold and found BM-
MSCs differentiated into adipocytes in Pluronic F-127 in the presence of
adipogenic stimuli over a period of 2 weeks, with some differentiation present
even in the absence of such stimuli. Recently, a biomimetic hydrogel has also
been developed using Pluronic F-127 and fibrinogen and reported to be
biocompatible and aiding cell-signaling through fibrinogen backbone [160].

Polyfumarates. Poly(propylene)fumarate (PPF) is a linear polyester whose
repeating units contain two ester bonds and one unsaturated carbon�carbon
double bond. It undergoes bulk erosion via hydrolysis of its ester bonds, and
the degradation products formed are primarily fumaric acid and propylene
glycol. The double bonds in PPF allow the polymer to be crosslinked thermally
or by photoinitiator into a solid, polymeric network. These networks are
mechanically strong, biocompatible, and biodegradable [161, 162]. Polyfuma-
rates suffer a limitation particularly with respect to bone tissue engineering,
that is, lack of mechanical strength due to flexible C�O�C region in its
backbone. Hence, several strategies have been devised that include incorpora-
tion of ceramics [162, 163] or nanoparticles [164] in them. Several studies have
proved the potential of crosslinked PPF alone or its composites for bone tissue
engineering. Composites of PPF with ceramics such as tricalcium phosphate or
calcium sulfate create high-strength matrices and hence have been reported to
be suitable for orthopedic applications [162, 163].

Other polyfumarate-based polymers, namely poly(caprolactone fumarate)
and poly(ethyleneglycol fumarate), have also been developed into injectable
systems and termed as “self-crosslink,” as no crosslinking agent is required, but
a photoinitiator and accelerator are required [165]. Mikos and co-workers have
done considerable work on fumarates and reported their significance in tissue
engineering [51�53, 56, 57, 166]. Their group has designed novel oligo[poly
(ethylene glycol) fumarate] (OPF) hydrogel composites containing embedded
chondrocytes and TGF-β1-loaded gelatin microparticles for cartilage tissue
engineering [53].
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Poly(amino acids). Poly(L-glutamic acid) is composed of naturally occurring
L-glutamic acid residues linked together through amide bonds. It is degraded
into monomeric L-glutamic acid by lysosomal enzymes, thus making it an ideal
candidate as biodegradable biomaterial. The polymer is highly charged at
physiological pH and has been identified as a unique gene/plasmid delivery
vehicle [167]. Chang et al. [106] have recently studied poly(γ-glutamic acid)-
graft-chondroitin sulfate-blend-poly(ε-caprolactone) (γ-PGA-g-CS/PCL) com-
posite biomaterial as a scaffold for cartilage tissue engineering and reported
excellent biodegradation and biocompatibility for chondrocytes and its poten-
tial in tissue engineering as temporary substitutes for articular cartilage
regeneration.

Poly(aspartic acid) (PAA) is synthesized from aspartic acid by thermal
polymerization. PAA is a highly water-soluble ionic polymer with a carboxylate
content much higher than poly(glutamic acid) [10]. Chemically modified PAA
are also being considered as potential biomaterials. PAA has also been used to
modify poly(D,L-lactide) (PDLLA) films to enhance the cell affinity and found
to enhance the interactions between osteoblasts and PDLLA films [168].

Poly(L-lysine) is a small polypeptide of the essential amino acid L-lysine.
Recently, the poly-L-lysine-coated PLGA microspheres containing retinoic acid
have been explored for nerve tissue engineering. Embryonic carcinoma cells
were seeded on them and found to exhibit differentiation into neural cells [169].

16.3 MAJOR APPLICATIONS OF BIODEGRADABLE POLYMERS
IN TISSUE ENGINEERING

16.3.1 Scaffolds to Support Cellular Activities and Induce
Tissue Regeneration

Scaffolds are central components of many tissue engineering strategies because
they provide an architectural context in which ECM, cell�cell, and growth
factor interactions combine to generate regenerative niches. There is a sig-
nificant challenge in the design and manufacture of scaffolds that possess both:
a highly porous structure and the ability to control the release kinetics of
growth factors over the period of tissue regeneration [137]. Biodegradable
polymeric scaffolds for tissue engineering have received much attention since
they provide a temporal and spatial environment for cellular growth and tissue
growth [14].

Three-dimensional culture on scaffolds has a long history, starting with the
culture of chick embryo heart tissue on silk veil, followed by the introduction of
sponge matrices for the culture of tissue [170]. In 1969, it was observed that
bone formed when pieces of a synthetic sponge made out of polyhydroxyethyl
methacrylate (poly-HEMA) were implanted into the skin of young pigs [171].
Since then, the idea of using bioengineered three-dimensional scaffolds for in
vitro cell culture as well as for in vivo tissue replacement has received increasing
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attention and is today the most promising approach to mimic the complex
three-dimensional cellular structure of living tissues [172].

Three-dimensional cell culture matrices/scaffolds can overcome monolayer
culture limitations for clinical-scale cell expansion, such as lack of structural
architecture, finite material selections, surface area, and unique ECM for each
cell type and thus support cell growth, organization, and differentiation on or
within their structure [109]. Various cell culture matrices currently being
explored include hydrogels, microparticles, fibers, self-assembling peptides,
three-dimensional porous scaffolds in the form of meshes, spheres, foams, and
sponges [18, 173�179]. Various techniques have been used for fabricating
biodegradable polymers into three-dimensional porous scaffolds. The conven-
tional methods include fiber felts, fiber bonding, melt molding, solvent casting/
particulate leaching, membrane lamination, gas foaming/particulate leaching,
emulsion freeze-drying, hydrocarbon templating, thermally induced phase
separation, and high-pressure processing [14, 179�185]. Electrospinning has
also been utilized in producing a nanofibrous 3-D matrix. Complex scaffold
architecture designs generated using hierarchical image-based or computer-
aided design (CAD) techniques cannot readily be built using conventional
techniques. Instead, scaffold architectures must be built using layer-by-layer
manufacturing processes known collectively as solid freeform fabrication
(SFF) or rapid prototyping technologies. SFF systems as categorized by the
processing technique include laser-based processing systems, printing-based
systems, and nozzle-based systems. Laser-based systems include the stereo-
lithography system, which photopolymerizes a liquid and the selective laser
sintering (SLS) system, which sinters powdered material. In each system,
material is swept over a build platform that is lowered for each layer. Printing-
based systems include three-dimensional printing, which prints a chemical
binder onto a powder bed, and wax printing machine, which prints two types
of wax materials in sequence. Nozzle-based systems process material either
thermally or chemically as it passes through a nozzle. The fused deposition
modeler prints a thin filament of material that is heated through a nozzle. The
Bioplotter, the only commercial machine developed to print biological cells as
well as a range of biomaterials, prints material that is processed either
thermally or chemically [186�191].

16.3.2 Delivery Carriers for Drugs or Growth Factors

Though scaffolds play an important role as support matrices, they are often
unable to create the exact/correct microenvironment during the engineered
tissue development to promote the accurate in vitro tissue development. The
emerging and promising next generation of engineered tissues is relying on
producing scaffolds with an informational function, for example, material
containing growth factor sequence that facilitates cell attachment, prolifera-
tion, and differentiation that is far better than noninformational polymers. The
use of growth factors has been considered as a way to manipulate not only the
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host healing response at the site of injury to facilitate the tissue repair but also
to manipulate and improve the in vitro tissue growth in order to produce more
biofunctional engineered tissues. Various chemoattractants, growth factors,
and cytokines have been used to draw desired cell types into structure growth
factors, induce cell proliferation to regenerate tissue, and to induce tissue-
specific cell functions, respectively. Hence, the strategy is to mimic the matrix
and provide the necessary information or signaling for cell attachment,
proliferation, and differentiation to meet the requirement of dynamic recipro-
city for tissue engineering.

Classically, single proteins have been delivered as either bolus injections into
the site of disease or by systemic administration. This strategy is limited
because the inherent instability of many proteins in vivo requires very high
levels of protein for a measurable effect, and the potential exists for uncon-
trolled activities at distant sites [192]. Currently, various delivery systems used
in tissue-engineered devices incorporate growth factors either directly in
the scaffold (dispersed/dissolved) or after fabrication, and release occurs as
the scaffold degrades to induce tissue regeneration. Conventionally, these
delivery systems are of matrix or reservoir type. Further, the release may occur
by a diffusion-controlled mechanism, erosion mechanism, or a combination of
both. Factors affecting the release include those related to scaffold (pore size
and tortuosity), polymer (type, molecular weight, rate, and mechanism of
degradation) and growth factor (solubility, rate of diffusion through the pores
of the scaffold) [193]. Depending on device and application, the growth factor
type(s), dosage, release pattern (constant, pulsatile, and time programmed),
spatial distribution and kinetics of release, and duration of delivery need to be
optimized. Successful delivery of growth factor(s) requires targeting responsive
cells, at the required pharmacological concentration, while maintaining the
stability of the active form of the growth factor(s). Cell responsiveness is
determined by their level of growth factor receptor expression and would
clearly determine the effectiveness of an appropriately delivered factor.

The limited success of current efforts may be related not only to mode of
growth factor delivery but also to the requirements for multiple signals to drive
the regeneration process to completion [194]. The lack of delivery vehicles that
allow for a localized and controlled delivery of more than a single factor is a
major constraint on delivering appropriate combinations of factors for success-
ful tissue engineering. Dual delivery of growth factors, namely vascular
endothelial growth factor (VEGF)-165 (as an initiator of angiogenesis) and
platelet-derived growth factor (PDGF)-BB (for promotion of maturation of
blood vessels), each with distinct kinetics, from a single, structural polymer
scaffold were reported for the first time by Richardson et al. [194]. Holland
et al. [52] reported an injectable, biodegradable scaffold for simultaneous
delivery of IGF-1 and TGF-β1 to injured cartilage tissue in a controlled manner
using gelatin microparticles encapsulated in water-soluble polymer, OPF.
Table 16.1 lists a few commercially available products where polymeric carriers
have been used for delivery of various drugs and growth factors.
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Recently, gene delivery in the form of naked DNA, plasmid DNA, small
inhibitory ribonucleic acid (SiRNA) releasing scaffolds has been applied as a
versatile and promising approach for manipulating the local environment for
directing cell function in various tissue engineering applications. The first
papers to address the issue of difficulty in delivering and sustaining release of
peptide-based growth factors rationalized that cells grown on a polymer
scaffold could be transfected with growth-factor-encoding plasmid that was
released from the scaffold as it degraded. The transfected cells could then
synthesize their own growth factors, leading to enhanced viability and
proliferation [195]. Plasmid DNA was incorporated into porous scaffolds
fabricated from PLGA polyesters that varied in their molecular weight and
lactic/glycolic acid ratios (to modulate the rate of polymer degradation). The
mechanical properties of the scaffold can also influence the efficiency of gene
transfer to seeded cells. DNA transfer to cells in culture can also be improved
by DNA delivery from the cell growth substrate. Synthetic gene delivery
platforms typically encompass three length scales—nano, micro, and
macro—depending on what is the desired cell type, anatomical site, or clinical
application. Nanoscale delivery vectors are generally polycationic polymers or
lipids that self-assemble with the polyanionic nucleic acids to form polyelec-
trolyte complexes that are internalized by endocytic pathways in somatic cell
lineages. Microscale delivery systems usually consist of DNA entrapped within
a polymer matrix for DNA vaccination or local DNA delivery. Macroscale
systems are two-dimensional or three-dimensional scaffolds designed to deliver
DNA to a population of cells proximal to the scaffold surface, for tissue
engineering, and other applications [196].

16.3.3 Biologically Functional Device Components

Biodegradable polymers have also been used as components of biologically
functional devices. Some of the applications include their use in multifunctional
devices as sensing/stimulating elements (conducting polymers) [197], as non-
thrombogenic surfaces [198] or diffusional barriers, as a temporary barrier to
protect a space of tissue regeneration from the host, and as bioartificial organs
[199�201]. Table 16.2 presents a list of commercially available functional
devices based on biodegradable polymers.

When a body defect is generated, the defect space will be soon filled with the
fibrous tissue produced by fibroblasts, which are ubiquitously present in the
body and can rapidly proliferate. Once this ingrowth of fibrous connective
tissue into the space takes place, more tissue repair or regeneration cannot be
expected. To prevent tissue ingrowth, biomedical materials called “barrier
membranes” are used. The objective of membranes is to make space for tissue
regeneration and prevent the undesirable tissue ingrowth, permiting repair of
the defective tissue. The examples include guided channel for broken peripheral
nerve fibers and guided regeneration of lost periodontal tissues and alveolar
bone [202, 203].
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Another major application for use of biodegradable polymers is their use as
adhesion barriers. An ideal adhesion prevention barrier is a material, agent, or
substance that would prevent drying, necrosis, or inflammation of the tissue. It
should prevent tissue surfaces from contacting, prevent bleeding from tissue
surfaces, and prevent blood clot formation from sticking tissue planes together.
The material should not provide a matrix for fibroblasts to infiltrate and bridge
the gap between tissue surfaces. Hydrophilic polymers such as hyaluronic acid,
carboxymethylcellulose, and dextran are used in the form of dilute solutions
for reducing adhesion in various surgical interventions. Recently, Repel-CV, a
film composed of PLA and PEG has been commercialized by SyntheMed,
Inc. for use as a temporary adhesion barrier. PEGs have also been used in
peripheral vascular reconstructions to achieve adjunctive hemostasis by me-
chanically sealing areas of leakage, for example, CoSeal. A self-polymerizing
sealant consisting of PEG ester and trilysine amine solutions has recently been
approved by the FDA as a spine sealant following dura mater surgery.

Engineered organs made by substitution of organ functions by the use of
allo- or xenogeneic cells are called bioartificial organs because they are
composed of heterogeneic cells and manmade membranes or porous constructs
for immunoisolation to protect the cells from host attack and maintain the cell
function. Liver, kidney, and pancreas are target organs that have attracted
much attention of researchers on bioartificial organs. Recent successes in
harvesting and expanding cells in vitro and the development of biologically
active scaffolds may allow the creation of functioning renal units that can be
applied for partial or, eventually, full replacement of organ function.

16.4 CLINICAL APPLICATIONS

16.4.1 Skin and Cosmetic Surgery

Skin-engineered products have applications in full thickness burns, chronic
wounds, aesthetic surgery, and cosmetic dermatology. Extensive burns cause
the most serious injury to the human skin. The deep skin wounds of a large area
must be permanently covered as soon as possible in order to optimize the
healing and maximize survival. To achieve this, various skin substitutes in the
form of hydrogels, membranes, sponges, fibrous meshes, and the like have been
proposed to cover full-thickness skin defects. These may be fabricated using
synthetic or natural biopolymers such as collagen, elastin, chitosan, polyglac-
tin, and biodegradable polyesters [204]. Collagen sponges, dressings, acellular
collagen matrix from a human cadaver, and drugs (antibiotics such as
gentamicin and local anesthetics, e.g., lidocaine) containing collagen products
are also available for wound dressing, surgery, and cosmetic dermatology
(Table 16.3).

The concept of drug and growth factor loading into the scaffold or carrier gel
have improved the therapy pattern by reducing infection at the site of injury, for
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example, Collatamp. Collagen, hyaluronic acid, and fibrin-based gels are also
used as carriers for the fibroblast cells so that wound healing at the injury site
can be accelerated. Collagen itself has very poor dimensional stability due to its
fast degradation when being contacted with body fluid. Therefore, collagens are
often incorporated into some other biopolymers for improved strength and
tailored degradation rates of the resultant blends or composites. Besides
collagen, another biopolymer and synthetic biodegradable polymers such as
chitosan, PLGA, and hyaluronic acid are also widely used in skin tissue
engineering. Mainly, collagen, chitosan, chitosan-g-caprolactone [204], PLGA
[205], poly(ethyleneglycol terephthalate)�poly(butylenes terephthalate)
(PEGT/PBT) [206] are being explored in various forms. Biomaterials used as
skin grafts play a role in providing epidermal cover, dermal replacement, and
epidermal/dermal replacement. Contraction of skin grafts [207], sterilization,
neovascularization of tissue-engineered skin, and fibrosis of the skin grafts are
some of the major challenges for the skin tissue engineering [208].

16.4.2 Bone, Dental, Oral, and Craniofacial Applications

Bone is a dynamic and highly vascularized tissue that continues to remodel
throughout the life of an individual and poses high regenerative capacity.
Despite this, large bone defects, as observed after bone tumor resections and
severe nonunion fractures, lack the template for an orchestrated regeneration
and require surgical intervention [209]. Bone graft materials are used in a
variety of clinical orthopedic procedures, including spinal fusion, total joint
replacement, trauma, delayed unions, nonunions, oral and craniofacial, and
other void and defect-filling applications.

The drive to create synthetic alternatives to conventional bone grafts has led
to the development of several clinically available implants. Table 16.4 shows a
list of some of the more common synthetic bone replacement materials. Bone
replacement implants vary in composition, which include ceramics, polymers,
and natural materials such as collagen. The main types of bone grafts currently
used in the clinical setup may be broadly classified as biological (autografts,
allografts, and xenografts) or synthetic, based on their origin. An autograft is a
section of bone taken from the patient’s own body, whereas an allograft is
taken from a cadaver. Autologous iliac crest bone graft (ICBG) is considered as
the gold standard for bone repair. Xenografts are bone tissues obtained from
other species. This method of grafting provides the defect site with structural
stability and natural osteogenic behavior. However, both types of grafts are
limited by certain uncontrollable factors. For autografts, the key limitation
is donor site morbidity in which the remaining tissue at the harvest site is
damaged by removal of the graft. It may be manifested as infections, seromas,
hematomas, herniation, vascular and neurological injuries, and donor site
fractures. Other considerations include the limited amount of bone available
for harvesting and unpredictable resorption characteristics of the graft [210,
211]. A limitation of some allografts and xenografts has been the immunogenic
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response to the foreign tissue of the graft [212]. The tissue is often rejected by
the body and is subject to an inflammatory reaction. These grafts are also
capable of transmitting diseases.

Hence, a need has arisen for developing new bone regenerative strategies
where synthetic bone materials such as calcium phosphate, hydroxyapatite, and
polymers are being used for the treatment. These tissue-engineered products are
bone fillers, bone grafting materials, and cements that primarily include
osteogenic, osteoconductive, and osteoinductive elements for rapid bone
healing [213]. Polymers of natural source, such as collagen, hyaluronic acid,
chitosan [214], and alginates [59] are widely used and provide biological
informational guidance to cells thus favoring cell attachment and promoting
chemotactic response. Apart from this, synthetic polymers such as PCL [215],
PLGA [216], PLA, PGA, polyfumarates, and PEG have been explored in
various alternative forms as drug delivery carriers and as scaffolds for bone
tissue engineering. Additionally, composite materials, which involve use of
inorganic-organic composites aiming to mimic the composite nature of the real
bone, are also widely explored as they combine the toughness of the polymer
phase with the compressive strength of an inorganic one to generate bioactive
materials with improved mechanical properties and degradation profile [62,
123, 161, 210].

Hydrogel, nanocomposites, biofunctionalized porous scaffolds such as
fibers, and polymeric microparticles are used as carrier systems. Collagen is
widely used as the component for bone tissue engineering. In past decades the
concepts of using bioactive scaffold and loading bioactive agents such as
growth factors, gene vector, and loading the cells such as MSCs and differ-
entiated cells within the scaffold are preferred for enhanced bone healing. TGF-
β1, BMP-2, BMP-4, BMP-7, FGF-2, and PDGF are some of the commonly
used growth factor loads in the carrier systems for bone formation and dental
treatment [217, 218]. BMP stimulates endochondral ossification and chondro-
genesis of mesenchymal stem cells, and IGF strongly stimulates proliferation
and chemotactic migration of many cell populations and plays an important
role in bone metabolism. Growth factors overall affect the bone regeneration
and its healing, hence loaded in the carrier system. Cells that are responsible for
tissue regeneration may be either delivered via biomaterial carriers or recruited
in vivo by signaling molecules. Readers may refer to the cited reviews for a
detailed overview of polymeric biomaterials used in bone repair [219].

There is a special challenge for the regeneration of cartilage, bone, muscle,
tendons, cranial sutures, temporomandibular joints (TMJ), salivary glands,
periodontium, and teeth due to the complexity of dental, oral, and craniofacial
(DOC) structures [217]. Oral dental applications may be further divided into
tooth replacement and repair [220], oral and maxillofacial surgery [221],
periodontal tissue engineering [222], and small bone void-filling applications.
Conventional dental implants are metal based. Similarly, many tooth fillings
still use mercury-based amalgams. The possibility that repair of dental hard
tissues (dentine and enamel) might involve the use of cells to remineralize
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the damage to teeth naturally, is an exciting prospect, which will involve the
role of stem-cell-based tissue engineering using polymeric scaffolds for whole-
tooth replacement and repair of dental disease [220]. Gene-based therapies
for regeneration of dental and periodontal tissue regeneration are also used
[223, 224].

16.4.3 Cartilage

Cartilage, a predominantly avascular, aneural, and alymphatic tissue, is
composed of sparsely distributed chondrocytes embedded within a dense
ECM. This ECM is composed primarily of type II collagen and proteoglycans,
that provide the tissue with sufficient mechanical properties for function in vivo
and have limited capacity for self-repair [225]. Two possible approaches for
cartilage tissue regeneration have been developed—preparation of cells that are
subsequently injected into the lesion (with or without scaffold) allowing
regeneration to occur in vivo [termed autologous chondrocyte implantation
(ACI)] and tissue reconstruction in vitro whereby a ready-to-use graft is
transplanted into the defect. ACI has become the dominant clinical cell-based
therapy for the repair of cartilage lesions over the past decade. In this
technique, expanded articular chondrocytes are implanted under a periosteal
flap after surgical debridement of the lesion. ACI has demonstrated excellent
short to midterm repair, although the evaluation of long-term repair remains
somewhat controversial. The second approach aims to produce neocartilagi-
nous tissue combining cells with various biomaterials, bioreactor systems, and
growth factor cocktails [226].

At present, tissue-engineered cartilage products that target defects of stressed
cartilage such as in joints or intervertebral disks are considered more important
commercially (Table 16.5). Such defects can be due to injury, trauma, osteoar-
thritis, or rheumatoid arthritis. Established forms of therapy for cartilage
damage in joints are arthroscopic surgery to smooth the surface of the damaged
cartilage area; surgical procedures, such as microfracture, drilling, abrasion, in
order to let bone marrow cells infiltrate the defect, resulting in the formation of
fibrous cartilage tissue; analgesic therapy; full or partial artificial joint pros-
theses, often after years of progredient joint defects. Artificial joints generally
last 10�15 years and revision surgery is problematic, and joint replacement
therapy is recommended mainly for patients over the age of 50 [227].

As earlier discussed, collagen and hyaluronic-acid-based products are more
widely used clinically, when compared to other polymers in tissue engineering.
Cartilage tissue has an abundance of collagen type II and hyaluronic acid,
hence these are used most commonly as the injectable carrier gels for the
delivery of the cells (i.e., chondrocytes and mesenchymal stem cells) to the site
of defects and gel alone is also used as the visco supplements to relieve pain due
to osteoarthritis [226] (Table 16.5). Particulate carrier systems and gels were
considerably explored in the last decade as an injectable system, majorly due to
the larger surface-to-volume ratio and simultaneous achievement of localized
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and controlled delivery of drug and growth factors [228, 229]. Readers may
refer to the mentioned citations for details of various polymers, cells and,
scaffolds explored in research and understanding of the osteoarthritis pathol-
ogy conditions [225, 226, 230, 231].

16.4.4 Vascular and Cardiovascular: Heart Valves, Stents, and Blood
Vessels

Heart valves, vessel grafts, and cell grafts (into the heart muscle after
myocardial infarction) are major tissue-engineered products used in the
cardiovascular treatment. Atherosclerosis and cardiovascular disease are
the most common causes of morbidity and mortality worldwide. Such vascular
and coronary diseases are treated surgically using bypass procedures, whereby
grafts of principally autogenous tissue, for example, internal mammary artery
or saphenous vein, are used. The patency rates of internal mammary artery are
high at 10 years, whereas 50% of saphenous vein grafts become occluded after
10 years owing to gradual deterioration and neointima formation. In 30�50%
of bypass patients, all viable autologous tissue has already been used; under
these circumstances, synthetic prostheses are utilized.

Major applications of biodegradable polymers in cardiovascular tissue
engineering involve use of various hemostatic agents (e.g., CoStasis, Cohesion
Technologies, Inc., USA), artificial heart valves (e.g., Mitroflow Aortic
Pericardial Heart Valve, CarboMedics, Inc. Austin, Texas), and vascular grafts
(e.g., Vascugel, Pervasis Therapeutics, Inc., USA). Polymers also play a major
role as drug delivery devices in atherosclerosis treatment in the form of drug
eluting stents (TAXUS, CYPHER) (Table 16.6). In peripheral surgery, woven
polyethylene tetraphthlate (Dacron) and expanded polytetrafluoroethylene
(ePTFE) are used, although for coronary artery bypass ePTFE alone is
suitable. One-stage or two-stage seeded ePTFE in coronary artery bypass
grafts, a 91% patency rate at 2.5 years (4 mm) and 65% patency at 9 years
(5 mm) have been demonstrated in studies of endothelial cells (EC); ePTFE
graft coated with synthetic peptide RGD (arginine�glycine�aspartic acid) or
fibrin are used for the same. Human stem and progenitor cells have been
isolated and grown in the grafts. Progenitor cells have potential therapeutic
uses owing to their ability for self-renewal, a high proliferation capacity and
potential to differentiate [232]. Research is also going to grow the heart muscle
cells for cardiac regeneration [233]. Masuda et al. [234] reported the use of
myocardial cell sheet for the repair to a damaged heart. Potential of stem cells
in cardiac tissue regeneration is described by Wu et al. [235].

16.4.5 Neural Tissue Engineering

The complexity of the nervous system allows for information to be received and
transmitted through the body. As a result, brain, spinal cord, and peripheral
nerve tissue pose unique challenges when designing drug delivery scaffolds to
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serve as replacements for injured or diseased tissue. The regeneration cap-
ability of the human adult nervous system is often limited. As a result, patients
who have injuries or traumas to the nervous system often suffer from the loss
of sensory or motor function and experience neuropathic pains. In order to
facilitate nerve regeneration, many therapeutic approaches have been at-
tempted. In the peripheral nervous system (PNS), direct end-to-end surgical
reconnection is a common method of treatment for nerve transection injuries,
when the injury gap is small. Nerve autografts are considered as the gold
standard for bridging larger nerve defect gaps. However, tissue-engineered
scaffolds may serve as an alternative choice for implantation to facilitate
neural repair [236] (Table 16.7). Many requirements must be met when
designing such scaffolds, including creating a permissible, biocompatible
environment that allows for cell infiltration and restoration of neuronal
connections lost to injury. The scaffolds should also deliver appropriate cues
for promoting nerve regeneration in a controlled, localized manner. By
following this guidance, engineered tissues can be produced that promote
regeneration while becoming fully integrated into the existing healthy tissue
[237]. Nanofibers have also been explored for neural tissue repairs due to
their high surface-to-volume ratio. Fibers fabricated with collagen, gelatin,
laminin, chitosan, PCL, PLA, PLGA, PHB, PHBV, poly(acrylonitrile-co-
methylacrylate) (PAN-MA), copolymer of methyl methacrylate (MMA) and
acrylic acid (AA) (PMMAAA), PDS, and polyamide have been explored for
the neural tissue engineering [236].

16.4.6 Tissue-Engineered Organs

Despite high medical needs, tissue engineering of complete organs is far from
being available. Important scientific-technical hurdles must be overcome,
for example, vascularization of tissue-engineered organs, controlled three-
dimensional structures, and coordinated action of different cell types. The
concept of “organ printing,” that is, computer-aided, jet-based three-dimen-
sional tissue engineering of organs, has been proposed as a possible means to
achieve this goal [227]. There are few organs such as urinary bladder, kidney,
heart valves and heart muscle, liver, and pancreas that are being developed
based on the tissue engineering approach (Table 16.8). Encapsulated pancreatic
islets have been implanted in patients for the treatment of diabetes. BetaRx and
DIABECELL are two such products that are currently under clinical trials for
the treatment of diabetes. Liver assist systems (HepatAssist 2000 System) and
Bioartificial Liver Support System (BLSS) containing encapsulated hepatocytes
are under clinical investigation to provide extracorporeal support to patients
with liver failure. A kidney support system with encapsulated urothelial cells is
in development for the treatment of patients with kidney failure [238] and a
bioartificial bladder (Neobladder, Curis) based on PGA has been developed as
a replacement engineered organ.
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16.4.7 Surgical Applications

Surgical aids are devices used during surgery such as an adhesive or sealant, in
the form of screws and sutures, or as adhesion barriers. Various biodegradable
polymers have been used for a wide range of surgical applications. Biodegrad-
able sutures have been one of the earliest and successful applications of
polyesters such as PLGA and PLA. PLGA-based sutures include PuraSorb
(80LA:20GA), Vicryl (10LA:90GA), Vicryl Rapid (an irradiated version of
Vicryl with a faster rate of degradation), PANACRYL, and so forth. Sutures
made up of PLA (Progrip) and PDS are also commonly used as surgical aids
(Table 16.9). Polyester mesh (Parietex) is used for tissue repair. Various
commercially available polymeric functional devices are discussed in Section
16.3.3 (Table 16.2).

16.5 ADVANCES IN DISCOVERY OF NEED-SPECIFIC POLYMERIC
BIOMATERIALS AND BIOMATERIAL DESIGN

Despite the advances in the field of tissue engineering, the major challenges still
remain unresolved as lab-grown tissues still exhibit lack of functional and
biomechanical stability and vascularization needed for transplantation. Recent
advances in the field of stem cell technology have opened a new arena in the
development of regenerative medicine [239]. A major drawback of traditionally
used polymeric scaffolds is that, while providing architectural support for
neotissue development, they do not adequately mimic the complex interactions
between cells and ECM that promote functional tissue regeneration. Hence, the
development of ‘‘smart’’ bioactive biomaterials that actively participate in the
formation of functional tissue is paramount for improvement in the clinical
outcomes of current regenerative strategies [240]. Currently, material design
aims to regulate tissue regeneration by different mechanisms, such as control-
ling specific cell-binding interactions, releasing growth factors, degrading at a
controlled rate, and responding to environmental cues [30].

Virtual polymer libraries are an extraordinary means to explore a wide range
of new polymer compositions in a time- and cost-effective fashion. Briefly,
virtual polymer libraries are large collections of polymer structures created
using various molecular modeling tools. The model structures are then used
to derive predictions on polymer properties, thereby creating a rational way to
select a smaller subset of these virtual polymers for actual synthesis and
exploration. This approach, commonly used in drug discovery, is only now
being explored as a tool in biomaterials design.

In this context, biomaterials scientists can learn a lot from the field of drug
discovery where two powerful techniques, molecular similarity�diversity
analysis and quantitative structure�property relationship models enable the
prediction of target properties for a library of compounds, thereby accelerating
and optimizing the discovery process. The real challenges in the adaptation of
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these techniques in a wide range of material design programs are the lack of
knowledge of many materials scientists of the powerful high-throughput and
modeling techniques already available for drug discovery, and the high cost of
acquiring the necessary high-throughput instrumentation and computational
resources in the laboratory [42].

Further, basic understanding of the three-dimensional structure of existing
biological molecules is being applied to a “bottom-up” approach to generate
new, self-assembling supramolecular architectures [241]. Smart peptide amphi-
philes, which can be induced to self-assemble by changes in concentration,
pH, or the level of divalent cations or can be modified to present bioactive
sequences such as RGD, YIGSR to cells via nanofiber gels, or as coatings on
conventional tissue engineering scaffolds have been developed [242, 243].
Genetic engineering, advances in chemical synthesis, and exploitation of pep-
tide and oligonucleotide self-assembly have allowed tissue engineers to use a
bottom-up approach in combining multiple properties to tailor materials
for specific applications. Current trends suggest that biomaterial development
will continue to create more lifelike multifunctional materials that are able
to simultaneously provide complex biological signals (chemical, structural,
and mechanical), replace mechanical function, and respond to environmental
stimuli. A continuing challenge for this approach will be to find ways of
exploiting these sophisticated tools without unduly complicating large-scale
production for clinical research [244].

Another challenge is to design an interface so that the implant can be
securely attached and is compatible with cell growth but also allows removal if
infection or poor performance is experienced. Dongan Wang and colleagues
[245] recently proposed an exciting new concept based on a “glue” capable of
binding the proteins present in the existing cartilage to the materials used for
tissue reconstruction or regeneration. They functionalized chondroitin sulfate,
which is one of the components of native cartilage, with two distinct organic
moieties: methacrylate and aldehyde groups. Aldehydes could form a covalent
bond with the native cartilage tissue (presumably reacting with the amine
groups of the collagen) forming an adhesive layer, and at the same time this
adhesive could bind to the biomaterial, as the methacrylate groups participated
in the polymerization reaction used to solidify the biomaterial once it is
introduced in the tissue defect. This study is an excellent example of the
high level of sophistication that can be achieved in tissue engineering and
introduces the perspective that native tissue is to be considered as a partner in
determining the fate of new tissues [246].

A successful strategy to develop true human replacement parts will require
convergence of the recent advances in tissue, matrix, growth factor, and
developmental biology with technological breakthroughs in tissue informatics,
bioinformatics, high-throughput combinatorial and computational methods in
biomaterials design, and stem cell technologies [1247].
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16.6 CONCLUSION

It is expected that the field of biomaterials will continue to expand. However,
there are a number of challenges that must be overcome. Advances in the
isolation, expansion, and storage of embryonic and adult pluripotent stem cells,
the development of bioactive scaffolds for efficient delivery of cell-based
therapeutics, and the application of genetic engineering will help to conquer
the current limitations of regenerative medicine. The development of high-
throughput biological and biochemical screens for evaluation and development
of novel materials and growth factor composites is also necessary.

Further, there is a need to develop new polymeric materials that can
reproduce the effects of biological structures. The adoption of combinatorial
and computational approaches in biomaterials design can potentially address
challenges in design of need-specific materials by accelerating the discovery of
new biomaterials and by increasing the diversity of promising polymer
structures. With the recent advancements and further developments, the
scientific community is aiming to develop the tissue substitute that will fulfill
everyone’s clinical needs.
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17.1 INTRODUCTION

One of the main challenges associated with clinical applicability of new
biomaterials is the requirement for rapid and innocuous implantation. Tradi-
tional implantable materials have required surgeries that greatly increase the
tissue trauma and risk of infection and overall morbidity [1, 2]. Additionally,
the surgical technique itself may lead to inflammation that can negatively affect
outcomes and tissue�material integration [3]. As a result, interest has been
focused on biopolymers that can be injected into the body in a minimally
invasive manner while retaining their abilities to repair or regenerate damaged
tissues. These in situ forming injectable systems have the additional advantage
of being able to completely fill irregular and less accessible defects, resulting in
close tissue�biomaterial integration and improved outcomes [4�6].

Injectable systems have been designed for both tissue engineering and drug
delivery applications. In one case, drug-loaded hydrogels or microspheres are
injected into the patient to achieve sustained local or systemic delivery. In
tissue engineering, a biomaterial is loaded with cells or bioactive agents and
injected into a tissue defect. This implanted cell�biomaterial combination will
then interact with the surrounding environment in order to form a functional
replacement for tissue lost to disease or trauma.

While injectable systems have many advantages over other biomaterial
implants, they also pose some challenges to achieve full efficacy. The monomer
that is injected must exhibit low toxicity to encapsulated cells, and the poly-
merization method must not cause chemical or heat damage to the surrounding
tissue. This constraint sharply limits the chemistries and techniques available
for in situ scaffold solidification. In situ forming injectable systems also often
result in materials with weaker mechanical properties than might be otherwise
possible with pre-formed implantable materials. The mechanically weak imp-
lants possible withmost in situ polymerization technologies have restrictedmuch
of these injectable polymers to the tissue engineering of soft tissues including
cartilage, intervertebral disk, dermal fillers, and ophthalmic materials [6�9].
Nevertheless, injectable systems have also been used as temporary fillers for
defects in harder tissues such as bone [10�13].

There exist two major classes of injectable polymers in clinical use today.
Naturally occurring biological polymers such as collagens, glycosaminoglycans
(GAGs), and other extracellular matrix (ECM) molecules have been used
extensively in injectable materials [14]. These materials have the advantages of
exhibiting significant biological functionality and activity and are readily
biodegradable. However, they are derived from biological sources, which raises
significant concerns of immunogenicity, homogeneity, and difficulty in their
control and modification. The potential for disease transmission, while very
low, must also be recognized.

On the other extreme are entirely synthetic injectable polymers. There are a
wide variety of such materials, including such diverse polymers as poly(ethylene
glycol) (PEG), poly(N-isopropylacrylamide) (NIPAAm), and suspensions of
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solid poly(lactide-co-glycolide) (PLG) microspheres. These polymers can be
easily modified to produce a variety of tightly controlled synthetic materials for
injection [15, 16]. Due to the extremely flexible nature of synthetic polymer
chemistry, these can be modified to form solids or gels in situ using a variety
of triggers: pH, ionic strength, light, and temperature. Pitfalls to the use of
synthetic polymers revolve around their relatively weak biological functionality,
biodegradability, and concerns about the toxicity of unpolymerized monomers
and leaching of chemicals necessary for polymerization.

More recently, researchers have begun to develop biosynthetic composite
materials to capitalize on the advantages of both systems [4, 16, 17]. These
materials include covalent and noncovalent interactions between a synthetic
polymer backbone and biologically active molecules (often extracellular matrix
components or relevant proteins). This combination has resulted in injectable
materials with well-controlled physical properties that exhibit significant
biological functionality and better biocompatibility.

A number of promising injectable materials have been developed for clinical
use, and many more are in development. This chapter will examine injectable
polymers currently in clinical use or clinical development. First, we will examine
the underlying chemistry and design of in situ forming materials. Additional
design parameters affecting material properties and functionality will be
discussed. We will conclude with a thorough overview of common injectable
materials in the clinic and their uses, with an eye to highlighting future trends
in the field.

17.2 CHEMISTRY OF IN SITU FORMING MATERIALS

Frequently, there exists a mismatch between the desired material properties
of an injectable polymer during injection and its long-term properties at
the implant site. Thus, much of the material’s design associated with injectable
polymers focuses on how to change the injected material in situ into a cross-
linked solid or gel. This in situ crosslinking is carried out by a number of
triggers, the most popular being photoactivation, temperature, pH, or ionic
strength. This section will briefly examine the major chemistries involved in each
crosslinking method as well as potential drawbacks.

17.2.1 Photoinitiated Biomaterials

In situ crosslinking of an injected material can be accomplished using a light
source and photoinitator that results in free radical formation. A standard
free radical-driven polymerization of appropriately functionalized monomers
results, frequently using (meth)acrylate or other unsaturated derivatives
[16, 18�20]. The speed and degree of crosslinking can be tailored with varying
light wavelengths and photoinitiator choice. Commonly used photoinitiation
systems use ultraviolet or visible light and a variety of photoinitiators [20�22].
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A number of studies have shown that transdermal photopolymerization of
injected materials is possible, though this is highly contingent on the tissue
thickness and wavelength of light chosen [23]. Generally, red and infrared
wavelengths (B600�1000 nm) will penetrate much deeper into tissue than blue
or ultraviolet [24, 25]. While deeper penetration and faster polymerization times
can be obtained by using higher intensity light sources, tissue heating and
damage may result. Alternatively, light can be applied directly to the injected
material using minimally invasive instrumentation. Concerns exist about the
biocompatibility of various photoinitation systems, as many are cytotoxic
at high doses. Nevertheless, a number of low-concentration photoinitiation
systems have been developed that exhibit minimal toxicity and still result in
efficient crosslinking [21].

17.2.2 Thermogelling Biomaterials

As opposed to covalently crosslinked hydrogels, some injectable polymers
spontaneously and reversibly form a gel upon heating, the opposite of what
normally occurs with polymers. This curious behavior of thermally responsive
polymers is due to lower critical solution temperature (LCST) behavior found
in a specific class of biomaterials [19, 26, 27]. Generally, these materials include
both hydrophobic and hydrophilic regions, such as the well-known block
copolymer poly(ethylene oxide)�poly(propylene oxide)�poly(ethylene oxide)
(PEO�PPO�PEO), commonly known as Pluronics or poloxamers [26]. Upon
an increase in temperature, the more hydrophobic PPO blocks aggregate and
expel their associated water, forming a solid gel. This behavior is due to an
energetic balance between the enthalpy associated with gelation and the entropy
of free water molecules compared to PPO-associated water. An increase in
temperature favors the energetic contribution of free water entropy, resulting in
gel formation.Appropriately tweaking the size and hydrophilicity of the polymer
blocks as well as the polymer concentration in solution can yield an LCST
transition near body temperature. Thus, upon injection into the body, the liquid
polymer solution can solidify without other crosslinking agents. This property
has been used extensively for cell encapsulation due to its mild conditions and
reversible nature. Commonly used thermally responsive polymers use the
aforementioned poloxamers, poly(N-isopropylacrylamide) (NIPAAm), methyl-
cellulose, and chitosan [27, 28]. While these gels tend to avoid the toxicity
concerns of photopolymerization, they do not contain covalent crosslinks and
are therefore significantly weaker.

17.2.3 Ionic Crosslinking of Biomaterials

Some biomaterials can be reversibly gelled using divalent cations such as Ca21 .
The cations form ionic bridges between two negatively charged groups on
a polymer, effectively crosslinking the material. These ionic crosslinks can
be broken using chelating agents such as citrate. Alginate, which contains
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negatively charged carboxylate groups on its guluronate residues, is the most
commonly used polymer in ionic crosslinking [29]. Alginate is a long-chain
polysaccharide isolated from the cell walls of brown algae. It is composed of a
complex combination of glycosidically linked mannuronate and guluronate
residues; the guluronate residues contribute to the ionic crosslinking [30].

The degree of crosslinking and the subsequent gel properties can be modified
by a variety of methods. Increasing calcium and alginate concentration can
result in faster gelation and stronger mechanical properties [31, 32]. The
composition of the alginate itself can also affect gelation. Increasing the ratio
of guluronate to mannuronate and the molecular weight will result in stronger
gels [30, 33]. As binding of calcium to guluronate residues is cooperative, longer
blocks of guluronate residues will also yield stronger crosslinking [33, 34].
While this theoretically allows for very exact control over degree of crosslinking,
the biological origin of alginate makes it difficult to obtain homogeneous and
consistent samples.

17.2.4 Other In Situ Crosslinking Methodologies

A variety of other strategies exist for in situ crosslinking of injectable bio-
materials. Several systems utilize spontaneous chemical reactions between two
monomer solutions that are mixed together immediately prior to injection.
Fibrinogen and thrombin are a typical example of this technique; upon mixing,
thrombin converts soluble fibrinogen into a crosslinked fibrin network within
seconds [35]. Another example of this strategy is the use of the spontaneous
reaction of N-hydroxysuccinimide (NHS)-conjugated GAG molecules and
amine-functionalized synthetic monomers. Not only does this reaction form
a crosslinked network upon mixing, but the NHS moieties can also bind to
amines in the surrounding tissue to improve tissue�material integration and
adhesion [36].

Injectable biomaterials can also form networks through self-assembly. Upon
mixing of monomers or an environmental trigger (osmolarity, pH, light, etc.),
the materials spontaneously form a network structure through noncovalent
interactions. Self-assembling systems are many and varied. Synthetic peptide
amphiphiles that self-assemble through hydrophobic interactions have been
used extensively to form nanofibrous scaffolds [37�39]. Other groups have used
peptide/protein�ECM interactions to drive self-assembly, such as interactions
between the polysaccharide heparin and polymer-conjugated heparin binding
peptides [40, 41]. Peptides that mimic ECM proteins such as elastin and silk
have been observed to self-associate upon a temperature change [42]. Self-
assembled networks are readily reversible upon a change in buffer or extra-
cellular fluid conditions, and their physical properties can be easily tailored by
changing the concentrations, hydrophilicities, and molecular weights of their
components.

Lastly, some injectable materials do not exhibit significant in situ forming
properties. These materials frequently consist of a highly viscous “carrier”
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solution containing within it microscale crosslinked particles such as micro-
spheres or processed pieces of larger crosslinked gels. This approach has the
advantages of not requiring complex and potentially cytotoxic crosslinking
methodologies and requires no external stimuli after injection. Unsurprisingly,
though, these injectable materials tend to have much shorter residence times at
the tissue of interest, and may have compromised physical and biological
properties as a result of their processing for injection.

17.3 DESIGN CONSIDERATIONS FOR INJECTABLE MATERIALS

While much of the design of injectable materials focuses on scaffold formation
after injection, a number of other criteria must be considered in material
selection and optimization. These considerations are determined by both
clinical needs and biologically driven design for optimal results. While the
specific concerns for each tissue and material are quite varied, a number of
fundamental criteria are fairly universal. These include the handling character-
istics of the material during preparation and injection, the mechanics and
degradability of the scaffold in vivo, potential cytotoxicity and tissue damage
associated with polymerization, and the immune response to the material.

17.3.1 Handling Characteristics

Injectable polymers have strict handling requirements in order to be useful
clinically. Most clinical applications require that the material be viscous prior
to injection in order to facilitate easier and more precise placement of the
injected material in vivo. At the same time, the viscous solution must be easily
injected through a small diameter needle. As a result, many injectable polymer
solutions have been designed to include shear thinning properties. These
materials have initially high viscosity, which decreases with increasing rate of
shear. During injection, these materials will decrease viscosity, allowing for
easier flow, but will exhibit high-viscosity behavior and limit material “creep” in
vivo [43, 44].When injection is followed by in situ crosslinking, the high viscosity
enables the crosslinking to take effect before significant amounts of injected
material is lost to the surrounding tissue. Additionally, shear thinning behavior
can limit cell settling in cell-laden injections. Many long-chain polymer and
biopolymer solutions exhibit shear thinning properties. These properties can be
understood as a result of physical entanglement of polymer strands. At higher
shear rates, the time scale of chain reentanglement is slower than the shear rate,
resulting in lower resistance to flow. Thus, shear thinning properties can often
be added to an injectable material by supplementing the solution with certain
high-molecular-weight polymers.

Some injected materials have more specific rheological requirements. Ortho-
pedic injectable biomaterials ideally exhibit characteristics similar to Bingham
fluids. These fluids behave similarly to pastes or mayonnaise; they are a rigid
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solid at low shear stresses until a “yield stress” is reached, where they will then
deform as a viscous fluid [45]. The advantage of such a material design is that
the material will stay in place between injection and crosslinking and can be
appropriately “molded” by the physician prior to polymerization. While shear
thinning fluids will still flow at low shear rates, albeit slowly, Bingham fluids
will act as solids under such conditions. This yields great improvements in the
geometrical requirements for orthopedic surgeries; knees can be operated on in
such a way that defects that are not horizontal can still be filled with the
biomaterial. As of yet, there are no clinical products exhibiting this behavior.

Materials such as fibrin glue that assemble spontaneously by the reaction
or binding between two components must also consider mixing in their design.
To achieve a homogeneous final product, the unreacted components must
be mixed quickly and efficiently. This process is even more difficult given the
viscosity of most polymer solutions. Mixing has been addressed through the use
of specially designed mixing chambers in dispensing syringes. Additionally, the
speed of the reaction can be carefully tailored by changing buffer conditions
(pH, ionic strength, etc.) to enable adequate mixing time while still polymeriz-
ing quickly enough in situ.

17.3.2 Mechanics and Degradation

Until now, we have only addressed design criteria associated with the injection
and crosslinking of the material. Once crosslinking is completed, injectable
materials may have a range of mechanical and degradative properties. These
properties should be tailored for the tissue and application in question.

Generally, injectable polymer networks will have fairly weak mechanical
properties; Young’s moduli range from tens to hundreds of kilopascals. Mate-
rials can be strengthened by increasing polymer concentration and decreasing
molecular weight between crosslinks. Additionally, materials have been sig-
nificantly strengthened by the addition of composite materials, including
encapsulated microspheres and fibers [46, 47]. Addition of long-chain polymers
that are not incorporated into the network (such as unmodified ECMmolecules)
can increase the strength of the construct through physical entanglement but
may also interfere with the crosslinking process.

Degradation of injected materials is closely tied to mechanical properties. As
a material degrades, it may become weaker (in bulk degradation regimes), and a
stronger network may degrade more slowly. Degradation can occur passively
through hydrolysis or by an active proteolytic process. Hydrolytic degradation
occurs with rates ranging from days to months or years for a variety of synthetic
polymers, including polyesters such as poly(lactide-co-glycolide) (PLGA), poly
(caprolactone) (PCL), and various poly(anhydrides). Hydrolytically degradable
materials cannot respond appreciably to cellular cues, so the degradation rate
should be carefully tuned to match the observed rate of tissue synthesis.

Proteolytically degradable materials may include ECM molecules that are
susceptible to degradation by cell-secreted matrix metalloproteinases (MMPs)
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and other proteases. Researchers have also isolated MMP-sensitive peptide
sequences that have been synthesized and incorporated into polymer scaffolds
[48]. These MMP-sensitive synthetic networks allow the cells to selectively
degrade the scaffold while retaining much of the control afforded by synthetic
scaffolds. In a similar vein, the degradation rate of crosslinked ECM scaffolds
has been tuned by including hydrolytically degradable polymers such as
PLGA or PCL between the crosslinks to supplement its endogenous proteolytic
degradation [49].

Recently developed biomaterials have also raised the possibility of selectively
photodegradable materials. While not normally hydrolytically or proteolyti-
cally degradable, these materials contain bonds that can be selectively cleaved
upon exposure to light. This can be a useful clinical tool to specifically control
the time and degree of degradation to match a therapeutic need. Furthermore,
photolabile bonds can be used to control release of pendant functional groups
from a polymer network after implantation [50].

Degradation of injectable materials also plays a role in cellular migration
and infiltration inside a scaffold. Cellular motility within a scaffold is largely
dependent upon pore size, cell attachment moieties, and mechanics. Migration
within a scaffold can be adjusted using varying degradation rates and sensitivity
to proteolysis [48]. This can also prove useful for encouraging or discouraging
infiltration of the host’s cells into the scaffold.

17.3.3 Cytotoxicity and Tissue Damage

As with any implantable material, injectable materials must be carefully
designed and tested to reduce or eliminate toxicity and tissue damage. This is
particularly relevant for in situ crosslinking materials, as both the uncrosslinked
polymers and the crosslinking process may damage cells and tissues in the area.
Polymers that may be relatively benign in crosslinked form can cause cell death
in monomeric or macromeric form. Additionally, reactive functional groups on
uncrosslinked polymers may react with proteins and other cellular components,
damaging both encapsulated cells and the surrounding tissue. These concerns
can be minimized by reducing the amount of time the uncrosslinked polymer
is in contact with tissues, changing the polymer properties, and reducing the
reactivity of functional groups. Frequently, changing the hydrophilicity or
molecular weight on the polymer or grafting on a copolymer can have significant
effects on toxicity, though the exact mechanisms are not always well under-
stood [51, 52].

Network formation itself may also lead to toxicity. In photopolymeri-
zation and other radical polymerization schemes, the crosslinking is driven
by radical formation and propagation. Unsurprisingly, an excess of radicals
or radical-producing species will damage cells and tissues. The needs of rapid
and efficient network formation must always be weighed against toxic effects.
Radical polymerizing injectable systems in development use initiator types
and concentrations that have been shown to exhibit minimal toxicity while
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still achieving optimal crosslinking [21, 53, 54]. Similarly, any external stimuli
[such as ultraviolet (UV) light, temperature changes, ionic strength changes,
etc.] used to drive polymerization have to be optimized to minimize unwanted
tissue damage while still achieving good network formation.

Although polymerization of these materials tends to be fairly efficient,
there will invariably be some injected material that is not incorporated into
the network [55]. This may include unpolymerized macromers, initiators, and
buffers or solvents. These materials can leach out of the injected material
and enter the surrounding tissue. In abnormal clinical conditions, the polymer-
ization itself may also not be effective, resulting in a much higher concentration
of material infiltrating into the tissue. Substances that are not fully consumed
during polymerization should be carefully tested to cause minimal damage to the
surrounding tissue and should be investigated as to their clearance mechanisms
from the body.

17.3.4 Immunological Concerns

Although an implantable material may not exhibit significant cytotoxicity, the
immune response is another material�host interaction that must be carefully
considered in the design of injectable materials. Biologically derived materials
and allogenic or xenogenic cells will cause a specific immune response, while
entirely synthetic materials can exhibit a range of responses from a generalized
foreign body reaction to a specific immunogenic reaction [56]. A severe immune
response will impair tissue�material integration and largely negate the purpose
of implantation and may well lead to deleterious systemic effects.

When using natural materials such as ECM molecules, proteins, and other
tissue components, immune considerations become critical. Ideally, all biomo-
lecules should be derived from bacteria using recombinant methods rather than
isolated from animals or mammalian cell culture. This will reduce the presence
of a variety of immunogenic impurities (such as unwanted glycosylation and
protein contamination), as has been seen with early injectable biomaterials such
as hyaluronan and collagen [57]. Unfortunately, even bacteriologically derived
materials can contain impurities that may cause an immune reaction, so
processing and purification are essential.

Cell encapsulation into injectable materials is another major source of
immunogenicity. Although using the patient’s own cells would eliminate this
concern, the quantity and quality of autologous cells is frequently inadequate
for the repair task at hand. Expansion of autologous cells in culture will
increase the quantity of cells for injection, but often results in phenotypic
changes from primary cells that reduce their repair potential [58]. This concern
has been addressed by selecting postexpansion cells for biomarkers that are
known to correlate with more robust repair, such as TiGenix’s ChondroCelect
system for autologous chondrocyte implantation [59]. Alternatively, many
proposed materials incorporate allogenic or xenogenic cells for encapsulation.
To address immunologic concerns, these cells must be effectively isolated from
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the immune system. This can be accomplished by the use of material scaffolds
with sufficiently small pore sizes or by injecting the material into an immuno-
privileged tissue [60]. Cell-based therapies are still very new, and addressing the
issues of safety and immunogenicity remains one of the main barriers to their
implementation in the clinic.

It is important to note that although the major concerns for immunogenicity
revolve around naturally derived materials and exogenous cells, some synthetic
materials can also cause immune reactions. Synthetic peptides in particular
can cause significant immune responses, though this is largely dependent on
its specific bioactivity, size, and conjugation to other materials. As injectable
materials continue to move toward more complex biological-synthetic compo-
site materials, it will be necessary to carefully test the immunogenic potential of
a proposed material prior to clinical use.

17.4 INJECTABLE POLYMERS IN THE CLINIC AND CLINICAL
DEVELOPMENT

Injectable materials were first introduced into the clinic several decades ago, but
their growth has been fairly slow. Major constraints included adequate material
control, biocompatibility issues, and engineering concerns about the injection
characteristics and mechanics. With the recently increased sophistication of
biomaterial design and characterization, more injectable systems have been
developed. This section will give an overview of the major classes of injectable
polymers and their uses. It will focus on currently used materials and those
under intensive development.

17.4.1 Naturally Derived Polymers

Fibrin. Fibrin glue is one of the oldest and most widely used injectable
polymers in clinical use today. It utilizes mammalian clotting mechanisms to
quickly form a stable, biodegradable polymer network. The glue consists of
fibrinogen and thrombin in separate solutions that are mixed together during
injection, often using a double-barrelled syringe/mixing system such as Duplo-
ject (Baxter). The thrombin enzyme rapidly converts fibrinogen into fibrin
monomers. The fibrin is then crosslinked with Factor XIII into a network [61].
Crosslinking can occur within less than 1 min of application depending on the
concentration of thrombin used [62].

Fibrin glue has been widely used in the clinic for a variety of applications.
Initially intended as a hemostatic adhesive in surgery, its uses have greatly
expanded in the last two decades. Most purposes still use it in an adhesive
or sealant capacity, though it is no longer limited to hemostasis. Fibrin glue
has been used to augment sutures in blood vessel anastomoses, improving
periosteal flap seals in cartilage repair, and sealing air leaks in thoracic surgery
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[63�65]. In recent years, fibrin constructs have been used for prospective
tissue engineering and drug delivery scaffolds. It has been proposed for tissue
engineering of cartilage, bone, vascular grafts, cornea, muscle, and more
[35, 66]. Materials based on fibrin glue have been used extensively as adjuncts
to tissue engineering therapies but have not yet been used as cell-supporting
scaffolds in the clinic.

Major challenges to the use of fibrin include its weak mechanical strength,
fairly rapid degradation, and tendency to shrink upon culture with cells.
This has encouraged a variety of synthetic modifications to fibrin scaffolds.
Mechanical strength has been improved through enhanced crosslinking regimes
and the use of composite scaffolds with synthetic and biological polymers.
Enhancing the crosslinking and the grafting of copolymers also reduces gel
shrinkage and slows degradation. To enhance the bioactivity of fibrin, research-
ers have covalently crosslinked synthetic peptides, growth factors, and other
biomolecules to the fibrin scaffolds [35]. It is unclear, though, whether tissue
engineering approaches using fibrin are near to clinical applicability. Never-
theless, given its well-established track record and widespread usage, it remains
a commonly used material substrate for early translational therapies.

Hyaluronic Acid. Hyaluronic acid (HA) is another commonly used base
material for injectable polymers. It is a long-chain polysaccharide consisting of
alternating glucuronic acid and N-acetyl glucosamine residues. HA is a major
component of the ECM, forming the core polysaccharide for attachment to
aggrecan proteoglycans through link protein. In its structural role, HA
molecular weight is very high (on the order of 1�10 MDa) and exhibits unique
mechanical properties. Its high hydrophilicity and water retention, further
augmented by the addition of aggrecan and other GAGs, results in good
resistance to compression and complex hydrodynamic properties. In articular
cartilage, HA provides much of the tissue’s unique mechanical properties in
compression. In solution, HA is highly viscous and is a major component of the
lubricants in synovial fluid. As a biomaterial, it is readily degradable by
endogenous hyaluronidases and exhibits good biocompatibility [67].

HA has been used as an injectable polymer in the clinic for several purposes.
The viscoelastic properties of HA have been used as an ophthalmic surgical aid
including such products as Amvisc (Bausch & Lomb), Healon (Abbott), and
Duovisc (Alcon). Initial products either exhibited low-viscosity “dispersive”
properties to improve adherence to and protection of the corneal endothelium
during phacoemulsification or high-viscosity “cohesive” properties (correspond-
ing to much higher molecular weights) for maintaining the anterior chamber
during surgery and making removal after surgery easier. Recently, second-
generation “viscoadaptive” ophthalmic viscosurgical devices have claimed to
contain both cohesive and dispersive properties as a function of shear rate
[68]. This is not a surprising property, given the shear thinning properties of
high-molecular-weight linear polysaccharides, but it is unclear how functionally
different this is from similar cohesive devices. Alternatively, there exists a
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well-established “soft-shell” surgical technique to use both a high-molecular-
weight cohesive and a low-molecular-weight dispersive (based on either HA,
chondroitin sulfate, or hydroxypropylmethylcellulose) in order to both protect
the corneal endothelium and open the anterior chamber [69].

HA is also used as a longer-lasting injectable material in the dermal filler
market. Dermal fillers are used primarily for aesthetic purposes of facial
contouring and include Restylane (Medicis/Q-Med) and Juvederm (Allergan)
[9]. They also have been used to correct human immunodeficiency virus
(HIV)-associated facial lipoatrophy, and HA�dextranomer fillers have been
used to treat stress incontinence (Zuidex, Q-Med) and vesicoureteral reflux
(DeFlux, Q-Med) [70, 71]. A number of soft-tissue fillers have been used in the
past, including autologous fat, collagen, and various synthetic materials, but
HA has recently taken a large share of the market. Its advantages include very
good biocompatibility, reversibility (through injection of hyaluronidase), and
mechanical properties that closely approximate the “feel” of natural dermis.
Early HA fillers contained fairly low concentrations and minimal degrees of
crosslinking but exhibited poor long-term persistence. To increase persistence,
current-day fillers are composed of a high concentration of crosslinked HA gels
(using divinyl sulfone or a similar crosslinker) that are mechanically dissociated
into particles approximately 100 μm in diameter. To improve the viscous
properties for injection, uncrosslinked long-chain HA is also added in low
concentrations [72]. Even with these improvements, patients typically return for
further injections within 6 months. Furthermore, some granulomatous reac-
tions have been noted in isolated cases, even with HA purified from bacter-
iological and not animal sources [73]. Nevertheless, HA is still seen as the gold
standard in soft-tissue fillers, and extensive work is being done to further
improve its persistence and biocompatibility.

The last major class of HA injectables in the clinic are viscosupplements
used in the joint space as a symptomatic treatment of osteoarthritis. HA forms
a major component of the synovial fluid and articular cartilage, providing for
much of the lubrication properties of joints due to its high hydration. Since HA
in the joint decreases in molecular weight and concentration with age and
disease progression, these HA-containing viscosupplements aim to improve the
lubrication of the joint, reducing further wear and limiting osteoarthritic pain.
The HA is also hypothesized to improve endogenous HA production in the
joint, probably mediated by binding to CD44, though exact mechanisms of
action are currently unclear [74]. Major products include Synvisc (Genzyme),
Hyalgan (Sanofi-Aventis), Supartz (Smith & Nephew), and Orthovisc (Anika/
Depuy). First-generation products consisted of uncrosslinked HA of either
animal or bacteriological origin. Due to very rapid clearance of injected HA,
though, later products have increased the concentrations and molecular
weights of injected HA and introduced crosslinked derivatives for better
stability [75]. While this has improved residence times, there still exists very
rapid degradation; any analgesic effects that may occur disappear within a few
months. Even beyond the issue of clearance times, it is still unclear whether
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injected HA has a significant clinical effect when compared to phosphate buffer
saline (PBS) injection controls; this may be because injection of any fluid will
flush out some of the joint debris accumulated during the progression of joint
degeneration. Nevertheless, the weight of clinical evidence is trending toward
HA injections having some clinical efficacy [76]. Some hypersensitivity reac-
tions have been observed in a low percentage of patients, prompting concerns
of immunogenicity, HA sourcing, and crosslinking methodologies [77].

Due to its role as a major ECM molecule, HA is also being developed for a
number of other clinical applications. Photopolymerizing HA and HA�ECM
composite hydrogels have been developed to regenerate cartilage, often using
encapsulated adult or embryonic stem cells [6, 78, 79]. Injectable HA hydrogels
are also in development for regeneration of vocal folds, skeletal muscle, and
neurons [80�82]. Extensive work still needs to be done in fine-tuning scaffold
mechanical properties, optimizing the non-HA components in composite
materials, and directing cell-mediated tissue organization. In particular, it
seems that the presentation of HA in a material—whether as a crosslinked
gel, as free polysaccharides embedded in a polymer matrix, or as a spongelike
solid—may have significant impact on the cellular response. Nevertheless,
second-generation autologous chondrocyte implantation procedures may use
HA-based materials instead of a simple cell medium. Additionally, continual
improvements in the traditional uses of viscosupplementation, soft-tissue fillers,
and ophthalmic surgical aids are likely, potentially utilizing more complex
material designs.

Collagen. Collagen, as the most abundant protein in the ECM, is a natural
candidate for use in biomaterials. It is relatively easy to isolate from a variety of
connective tissues and can be injected either as a suspension or after chemical
modification [83]. Collagen also exhibits some weak temperature-dependent
gelation behavior, increasing its appeal as an injectable biomaterial. Collagen is
composed of a triple helix of three separate helical polypeptide strands contain-
ing large amounts of proline, hydroxyproline, and glycine. These coiled coils are
further organized into higher order fibrillar structures, bestowing collagen with
high tensile strength [84]. Aside from its mechanical role, collagen also is an
important cell- and matrix-adhesion molecule. The presence of collagen has
been shown to greatly alter cell phenotype, proliferation, and differentiation.
Collagen is not a homogeneous molecule in all tissues. Over 20 types of collagen
have been identified, but the major molecules of interest include collagen I
(largely structural roles), collagen II (hyaline cartilage and the vitreous humor),
and collagen IV (basement membrane of epithelial layers). Most collagen used
in the clinic today fulfills a largely structural role and is primarily composed of
collagen I [85].

Like HA, one of the largest uses of collagen injections is in the facial
cosmetic industry. Early collagen dermal fillers were uncrosslinked suspensions
of bovine collagen (Zyderm, Allergan), which were concentrated and cross-
linked by gluteraldehyde to improve persistence times (Zyplast, Allergan).
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While relatively successful and still in limited use today, these fillers required
allergy testing for bovine collagen prior to injection, had relatively low
persistence times (6�18 months), and exhibited occasional granulomatous
reactions [86]. To avoid potential immunological concerns, newer collagen
fillers have used human sourcing from either cadaveric or autologous sources.
Allergan has developed collagen isolated from cultured human dermal fibro-
blasts in both uncrosslinked (Cosmoderm) and crosslinked (Cosmoplast)
varieties [87]. To avoid potential complications and toxicity from gluteraldehyde
crosslinking, Ortho Dermatologics has recently developed Evolence, a porcine
source collagen crosslinked by glycation with ribose [88]. Lastly, Artefill is
a composite material of poly(methylmethacrylate) microspheres suspended in a
collagen gel. This synthetic-biologic filler lasts far longer than collagen fillers
alone (up to 5 years) but has significant issues with granulomatous reactions,
nodularity, and mechanics [89].

Collagen injections have also been used for noncosmetic tissue bulking
applications. A major application involves injection laryngoplasty, a procedure
involving the injection of material into the vocal folds to treat paralyzed or
scarred cords. Early materials were generally synthetic, including the com-
monly used poly(tetrafluoroethylene) (PTFE; Teflon), but concerns about the
permanence and biocompatibility led to the increased use of collagen injections
[80]. Aside from the purely mechanical effects, collagen injections have been
postulated to increase native collagen production in scarred or atrophied vocal
folds, though the evidence is not yet compelling [90]. Significant advantages
to collagen injections are the better injection properties in comparison to
low-viscosity Teflon microparticles, mechanics closer to the native tissue, and
nonpermanent residence time. While permanent fillers have their advantages in
not requiring follow-up treatment, they also leave little room for error in a very
delicate and difficult procedure [80]. Collagen injections have used both bovine
and human collagen sources, though generally only with products previously
developed for cosmetic purposes. Due to concerns about both the short
persistence and potential reactions to earlier collagen formulations, clinicians
have begun using crosslinked collagens from human or autologous sources.
Others have injected Cymetra (LifeCell), a micronized version of Alloderm, the
widely used decellularized cadaveric dermis. This is not pure collagen but a
mixture of the variety of ECM components found in the dermis [91]. Although
other biomaterials are in development, including hyaluronic acid and hydro-
xyapetite particles, collagen-based materials are still a major material of interest
for larnygoplasty.

Due to its widespread use in other areas of cell culture and biomaterials,
collagen has been frequently considered as a major component for future
injectable tissue engineering therapies. Significant interest has focused on
collagen due to its large number of available functional groups for modification
and its biological activity. Previously used crosslinked collagens (using gluter-
aldehyde or a similar chemical crosslinking system) have exhibited issues with
toxicity. As a result, modern polymer chemistry has been used to develop new
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forms of injectable collagen-based materials. Collagen has provided the
cell-adhesive biological functionality of a variety of biosynthetic scaffolds,
including thermoresponsive NIPAAm-grafted gelatin and spontaneously react-
ing PEG�collagen hydrogels for cartilage regeneration [92, 93]. Collagens and
gelatins have been modified with photopolymerizable functionalities such as
styrenes or cinnamates to regenerate a range of tissues including cartilage and
nerve [94�96]. The potential applications of injectable collagens for tissue
engineering are vast, which is reflected in the range of available materials.

Other Polysaccharides. While not as widespread in clinical use as fibrin, HA,
or collagen, a variety of other ECM components have been proposed for use in
injectable materials. They frequently are composed of long-chain polysacchar-
ides. These polysaccharides are diverse and have significant variation in
biological and physical properties but can all be chemically modified with ease
[14]. Of the multitude of polysaccharides that have been explored, we will discuss
three prominent molecules: chondroitin sulfate, alginate, and chitosan.

Chondroitin sulfate (CS) is a sulfated GAG that is present in a variety of
tissues. CS proteoglycans form the majority of the sulfated GAGs in articular
cartilage. It is hypothesized that the negatively charged sulfate groups con-
tribute to the compressive mechanical properties of articular cartilage due to
their hydrophilicity. CS also has a potent signaling role, probably due to its
charge interaction with various proteins in the extracellular space [97]. While
CS clearly has the potential to be an important component of injectable
biomaterials, especially in cartilage, care must be taken in its use. CS sulfation
patterns vary among different tissues and species and can have significant
effects on bioactivity. Elucidating these differences and their effects is still a
subject of ongoing investigation [98].

CS has been used with mixed results as an oral therapy for treating
osteoarthritis. As an injectable therapy, CS has been chemically modified for
photopolymerization and incorporated into a synthetic hydrogel. Bone-
marrow-derived mesenchymal stem cells encapsulated in this gel exhibited
enhanced chondrogenesis that mimicked the mesenchymal condensation
steps in embryonic development [99]. While this and other CS-based therapies
are not yet at a clinical stage, the data suggests a potent role for relevant
polysaccharides in material-directed stem cell differentiation.

Alginate, as previously described in Section 17.2.3, is a long-chain poly-
saccharide isolated from algae that can be reversibly crosslinked by divalent
cations. Its proposed clinical uses include cell encapsulation and as a drug
delivery vehicle. As alginate is not a polysaccharide normally degraded by
mammalian cells, its uses as a cell delivery vehicle are frequently limited to
cases where only a trophic effect is desired. Classically, it has been postulated
for encapsulation of pancreatic islet cells to treat diabetes. Care must be
taken to ensure the alginate is sufficiently purified to ensure biocompatibility.
Additionally, mechanics and porosity of the gels must be carefully tailored
by appropriate selection of G : M ratios as discussed above. Despite these
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limitations, preclinical studies with diabetic mice have yielded promising results
[100]. Newer studies have combined alginate with cell-adhesive molecules such
as gelatin to achieve scaffolds that can better simulate extracelluler matrix
(ECM) and improve engraftment [101, 102].

As a drug delivery vehicle, alginate’s main advantage is its mild gelation
conditions, allowing for encapsulation of delicate protein therapeutics. Addi-
tionally, the gels are stable over a wide range of temperatures and can be
modified or coated to change the diffusion characteristics of a given biomolecule.
Alginate also possesses some mucoadhesive properties, raising the potential
of targeted delivery to specific tissues [103]. Emerging uses of alginate
combine it with other polymers (such as thermoresponsive NIPAAm) to yield
hydrogels with complex porosity and stability dependent on combinations of
temperature, ionic strength, and pH [104].

Chitosan, like alginate, is a polysaccharide purified from nonmammalian
sources. It is derived through the deacetylation of chitin, normally purified
from the shells of shrimp or crabs. Chitin is a simple linear polymer of
N-acetylglucosamine, which upon deacetylation becomes a mix of glucosamine
and N-acetylglucosamine depending on the degree of deacetylation. Chitosan is
noted for its relative insolubility in water at neutral pH and is both biocompa-
tible and readily biodegradable. The degradation and other properties of
chitosan can be most easily modified by changing the degree of deacetylation,
which higher deacetylation corresponding to slower biodegradation ranging
from days to months [105]. The cationic nature of chitosan (due to the large
number of deacetylated amines) allows unique interactions with a variety of
anionic biomolecules, including deoxyribonucleic acid (DNA) and GAGs.
Drawbacks to chitosan include potential immunogenicity for poorly purified
derivatives as well as difficulties associated with its poor native water solubility.
A wide variety of chemical modifications of chitosan are possible due to the
abundant amine and hydroxyl groups of glucosamine. These modifications
have allowed for the careful tailoring of the physical properties and biological
activity of chitosan for two major applications: tissue engineering and delivery
of drugs or DNA [106].

Photocrosslinkable chitosan has been synthesized by the addition of
UV-reactive azide functionalities and has been proposed as a tissue adhesive
or to repair amniotic membranes [107, 108]. Chitosan with thermogelling
properties has been developed either through complex interactions with β-
glycerophosphate or through covalent modification with NIPAAm [109, 110].
Furthermore, the pH-dependent solubility of chitosan has been exploited to
form pH-sensitive injectable materials. When dissolved in dilute acids, it can
then be injected into an environment with neutral or alkaline pH (such
as the body), forming a gel-like precipitate [111]. Chitosan has also been
combined with other biopolymers such as collagen or alginate to improve
scaffold functionality and properties. These and similar modifications have
been proposed as injectable tissue engineering scaffolds for bone, cartilage, liver,
and other tissues [102, 112, 113].
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Chitosan’s central role as a delivery vehicle is tied to its polycationic charge,
mucoadhesivity, biodegradability, and ease of processing. It forms complexes
easily with anionic drugs, proteins, andDNA.Additionally, it seems to be able to
perturb lipid bilayers, a significant advantage for intracellular delivery. Injectable
hydrogels and suspensions of chitosan microspheres have been designed for
chemotherapy, gene delivery, ocular drug delivery, and much more [114�116].

17.4.2 Synthetic Polymers

Poly(siloxane). A synthetic injectable polymer family that is well established
in the clinic is poly(siloxane) and its derivatives. Poly(siloxane), also known as
silicone, is a general name for polymers containing silicon and oxygen and some
organic chemical group. The most commonly used silicone in clinical practice is
poly(dimethylsiloxane), or PDMS. Silicone has unique viscoelastic properties,
acting as a solid for low shear rates and temperature but as a viscous liquid
under shear and at higher temperatures. Silicone is extremely stable at a wide
range of temperatures and is resistant to chemical degradation in an aqueous
environment. PDMS can be injected into the body and has been shown to
be fairly bioinert, largely due to the hydrophobicity of the methyl groups
that “shield” the inner silicon�oxygen backbone [117]. As a result, silicone
injections are generally considered nondegradable and biocompatible. Never-
theless, concerns exist about the potential granulomatous reactions to silicone,
as well as potential damage due to silicone migration in the body [118]. These
injections can be composed of either uncrosslinked poly(siloxane) chains
or suspensions of highly crosslinked “poly(siloxane) elastomeric particles”.
By varying the polymer concentration, crosslinking density, particle size, and
molecular weight, the relevant viscoelastic properties can be modified.

As silicone has effectively no bioactivity, its clinical use has been directed
almost exclusively by its physical properties. Unsurprisingly, silicone injections
are used as bulking agents in both cosmetic applications and clinical treat-
ments. Similar to collagen, crosslinked microparticles of silicone suspended in a
carrier have been used to treat stress incontinence and vesicoureteral reflux
(Macroplastique, Uroplasty) as well as provide cosmetic correction in the face
(Bioplastique, Bioplasty) [119, 120]. Its main advantages are the permanence of
injected material, ease of synthesis, and the good control over physical
properties. Material longevity is a particular advantage, as naturally derived
polymers are resorbed quickly and require frequent reinjections. Significant
concerns exist over migration of the silicone particles in the body as well as the
extent of foreign body reactions at the site of injection [120, 121]. Additionally,
the synthesis and crosslinking of silicone uses a number of toxic reagents that
must be carefully removed prior to injection; nonmedical-grade silicones have
led to a number of adverse events [122].

Uncrosslinked silicone oil has also been used in a number of clinical applica-
tions. They were originally approved for intraocular injections as a “tamponade”
to treat retinal detachment and tears (Silikon 1000, Richard-James Inc., Adato
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Sil-ol 5000, Bausch & Lomb). The unique interfacial surface energy between the
retina and silicone oil allows for the formation of relatively stable balls of silicone
oil in the eye that are transparent and effectively permanent [8]. While this is
far more effective than more quickly cleared tamponade materials, the perma-
nence of the silicone oil can have its own problems; notably, long-term residence
of silicone oil can cause cataracts, glaucoma, or keratopathy [123, 124]. Thus, the
silicone must invariably be removed after complications arise, a complex and
difficult process. These silicone oils have also been used off-label in cosmetic
applications, although significant concerns about safety exist, especially given the
difficulty of completely removing the material.

In sum, the permanence of injectable silicone materials is both its most
attractive feature and its largest drawback. Silicone, having little biological
functionality, has been used extensively for various applications that need a
long-term “filler” for defective or degenerative tissue, whether in urologic,
ophthalmic, or cosmetic applications. Its long-term stability means that repeat
injections will rarely be necessary, easily outperforming degradable materials
such as collagen or hyaluronic acid. Nevertheless, its lack of degradation by the
body means that migrated silicone can potentially cause a long-term health
hazard. Additionally, its physical properties and migration through tissue make
it difficult to remove completely when necessary.

Polyesters. Polyesters are among the most popular hydrolytically degradable
biopolymers. The three polyesters in common use are poly(glycolic acid)
(PGA), poly(lactic acid) (PLA), and poly(caprolactone) (PCL), which differ
by the number and structure of carbons between each ester linkage of the
polymer backbone. These ester linkages give polyesters their degradability, with
PGA degrading fastest, followed by PLA and PCL. Copolymers of polyesters,
particularly poly(lactide-co-glycolide) (PLGA), have been produced in varying
ratios to tailor the degradation rate of a polyester material [125]. Degradation
of polyesters yields acidic breakdown products that may cause irritation or
tissue damage in high concentrations, but in general the materials are well
tolerated [15]. Polyesters are generally insoluble in aqueous conditions, which
limits their utility as injected biomaterials. Nevertheless, injectable polyesters
have been used for a variety of clinical applications focused on degradable
tissue bulking and drug delivery systems [126].

Polyesters can easily be processed into microspheres for injection. These
microspheres are frequently synthesized by various emulsion techniques be-
tween a polyester-containing organic phase and an aqueous phase. For drug
delivery applications, a small-molecule therapeutic can be encapsulated into the
microsphere at the time of formation and will be released as the polyester
degrades. Polyester microspheres are used in the clinic for both soft-tissue fillers
and drug delivery applications [127]. A suspension of PLA microspheres in
carboxymethylcellulose and mannitol has been used extensively in facial plastics
for treating HIV-associated facial lipoatrophy and for cosmetic correction
(Sculptra, Sanofi-Aventis). While HA and collagen-based soft-tissue fillers rely
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on actual tissue bulking with the ECM molecules injected, PLA microspheres
are suggested to cause a greater foreign body response. The associated collagen
deposition at the site of injection is theorized to provide the observed short-term
correction. Unsurprisingly, the foreign body response can also be a significant
detriment; development of inflammatory nodules after injection is a significant
concern, though it can be mediated by appropriate injection technique [128].

Polyester microspheres have been used extensively for drug delivery. PLGA
microspheres have been developed to treat prostate cancer (gonadotropin-
releasing hormone (GnRH) analog; Lupron Depot, Abbott), growth hormone
insufficiency (recombinant human growth hormone (hGH); Nutropin Depot,
Genentech), alcoholism (opioid antagonist; Vivitrol, Alkermes), bipolar disorder
(psychotropic agent; Risperdal Consta, Ortho-McNeil-Janssen), andmany others
[129�131]. A wide array of drugs can be encapsulated in PLGA, and any disease
that requires a constant delivery of drug (as opposed to the dynamic fluctuations
inherent in oral administration) may benefit from long-term release. As the
microspheres degrade, drugs are released into the body at a roughly constant
rate until the depot is exhausted within 1�3 months, depending on the lactide-to-
glycolide ratio. Although these microspheres can migrate some in the body, there
are not significant concerns associatedwith this as in siliconemicroparticles, as the
PLGA will be degraded in short order. Nevertheless, there are two potential
complications. First, care should be taken not to inject the microspheres into the
bloodstream. Second, some granulomatous reactions at the injection site have
been observed, though these tend to be relatively minor complications [132].

Although PLGA microspheres are a commonly used injectable drug delivery
system, they have some practical drawbacks. In particular, the microspheres
frequently clog the needle of the syringe during injection, synthesis of uniform
microspheres is difficult, and particle migration in vivo is not easy to predict.
To counter some of these issues, some researchers have instead developed a
unique in situ forming PLGA drug reservoir. Briefly, PLGA and the drug are
dissolved in an organic solvent such as N-methylpyrrolidone (NMP). Upon
injection into an aqueous environment, the solvent diffuses into the surround-
ing tissue and is replaced by water. The PLGA and drug then precipitate out of
solution, forming a solid implant for continuous drug release. This process has
been harnessed as the Atrigel delivery system to deliver Eligard, a GnRH
analog (Sanofi-Aventis). While an obvious concern is the use of an organic
solvent in the injection, reported reactions have been fairly mild [133, 134].
Additionally, these in situ forming PLGA delivery systems have shown better
consistency when compared to traditional microsphere systems. The rate and
length of release can be tailored by the solvent-to-polymer ratio, which changes
the kinetics of scaffold solidification, the polymer molecular weight, and the
ratio of glycolide-to-lactide-to-caprolactone in the polymer formulation.

Poly(Ethylene Glycol). Poly(ethylene glycol) (PEG) is a widely used polymer
in biomaterials. Its high hydrophilicity results in a very large hydrodynamic
volume and is critical for understanding its biological and physical properties.
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Its major attraction as a biomaterial is its nonadhesive and hydrophilic nature,
making unmodified high-molecular-weight PEG very biocompatible [135].
Long-chain PEG forms a viscous liquid in aqueous solution and can be
readily formed into a hydrogel through either chemical or physical crosslinking
strategies [136]. The PEG backbone is not normally considered either hydro-
lytically or proteolytically degradable, but growing evidence implies a low,
basal level of degradation of PEG materials in vivo, potentially catalyzed by
reactive oxygen species [137�139]. PEGs have been used in almost every aspect
of biomaterials science, from coatings on medical devices to drug conjugates
to tissue engineering scaffolds. In injectable form in the clinic, PEG-based
materials have been used for tissue adhesives, drug delivery, and are being
developed for a wide range of tissue engineering applications.

Due to their biocompatibility, ease of modification, and relative strength
compared to natural materials such as fibrin, it is unsurprising that PEG has
been used as the core of several tissue adhesives and sealants. Some formula-
tions, such as FocalSeal (Genzyme), are not directly injectable. Rather, the
acrylate-substituted PEG and photoinitiator is brushed onto a tissue (such as a
freshly sutured blood vessel or a lung) and photopolymerized by exposure to
light [140, 141]. In contrast, CoSeal (Baxter) is an injectable, fast-setting PEG-
based sealant that utilizes a spontaneous reaction between two differently
modified tetrafunctional PEGs and the tissue surface. One PEG monomer is
functionalized with amine and thiol-reactive N-hydroxysuccinimide (NHS)
groups, and the other is end modified with thiols. The NHS�PEG can react
with endogenous amines on the tissue surface and SH-PEG to form both an
adhesive and cohesive gel with moderate mechanical strength [142]. CoSeal has
been used to seal lungs and blood vessels against leaks as well as a coating for
adhesion prevention [143�145]. Its main advantage is the lack of potentially
toxic components in other sealants, such as gluteraldehyde or cyanoacrylates in
Bioglue (CryoLife) and Dermabond (Ethicon), and its lack of potentially
immunogenic biological components. A significant concern is its weaker mecha-
nical integrity that poses a potential risk for sealant failure under mechanical
strain [146]. On the other hand, CoSeal is less stiff than other alternatives,
allowing dynamic tissues such as lungs and blood vessels more freedom of
movement than stiffer sealants. Other concerns involve foreign body reactions
compromising the efficacy of the sealant, and the low viscosity of the applied
monomers prior to gelation, resulting in the adhesive “creeping” to surrounding
structures.

Newer PEG-based adhesives in development have included biological com-
ponents to enhance the biocompatibility and temper the inflammatory response
to injection. Using a similar approach to CoSeal, researchers have used amine-
modified PEG in conjunction with NHS-modified CS. The NHS-CS attaches
to amines on both the PEGs and tissue, providing strong cohesive and adhesive
properties. Besides the enhancement in biocompatibility, CS provides a large
number of sites for chemical modification, making optimization of the gel
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properties a simple matter of changing the degree of functionalization. Reaction
kinetics can bemodified by changing the pH of themixed adhesive solution, with
gelation ranging from seconds to minutes. The proteolytically degradable CS
polymers also make the adhesive bioresorbable with time as the underlying
tissue heals. CS-PEG adhesives have been demonstrated in preclinical studies to
augment sutures in ophthalmic surgeries [36].

PEG has also been used as a crucial component in drug delivery strategies.
Many such strategies have moved away from insoluble drug reservoirs such
as microspheres and instead tried to incorporate the drugs into more
easily injectable hydrogels. Researchers have exploited the relatively hydro-
phobic nature of PLGA to develop a thermogelling material composed of the
block copolymer PLGA�PEG�PLGA (ReGel, BTG) [147]. Similar to Pluro-
nics or NIPAAm, the copolymer undergoes a sol�gel phase transition as
temperature is increased due to the difference in hydrophilicities between the
two blocks. The water-soluble PEG allows for the easy injectability of the
material, and the PLGA precipitates out of solution upon injection into body
temperature, providing an in situ drug reservoir for long-term delivery. ReGel
has been commercialized for sustained local delivery of the chemotherapeutic
paclitaxel in esophageal cancer, marketed as OncoGel. The material has been
well tolerated in clinical studies and showed promising results when compared
with systemic administration of chemotherapeutics [148]. Elaborations of
this idea have been postulated as potential tissue engineering scaffolds for
bone [149].

Although PEG-based injectables in the clinic are still somewhat limited in
scope, an enormous number of PEG-based injectables are in development,
particularly in the field of tissue engineering. PEG hydrogels are being
developed for applications in eye, cartilage, intervertebral disk, liver, and
neural regeneration, among others [150�154]. The modifications to PEG-based
materials are quite varied. PEG injectables have been modified with acrylates
and other chemistries for photopolymerization, with hydrophobic polymers
for thermogelation, and with various proteins and peptides for self-assembly
[136, 149, 155]. ECM molecules have been grafted to PEG to add a proteoly-
tically degradable sequence and improve the bioactivity of the material [156].
Synthetic peptides have been incorporated into PEG hydrogels in order to
introduce cell or ECM binding sites as well as MMP-sensitive degradation
sequences [48, 157]. Growth factors and other signals have been tethered to the
PEG network to control cellular migration, proliferation, and differentiation
[158]. While the proposed product space of PEG-based injectables is quite
large, these regenerative therapies have a high barrier to entry into the clinic.
Significant regulatory hurdles remain, especially when cells are implanted with
the material. Nevertheless, the popularity of PEG materials is rooted in its
long history in implanted medical devices, its excellent biocompatibility,
its ease of synthesis and modification, and the similarity of PEG hydrogels to
native ECM.
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17.5 CASE STUDY: CHONDUX

Clearly, there exists a great diversity of candidate polymers for injectable
therapies. Most injectable polymers in the clinic today are composed of simple
materials that have been used in one variation or another for decades (e.g.,
collagen, silicones, fibrin, etc.). While the sophistication of the material design
and polymer chemistry has greatly improved, the fundamental materials have
not appreciably expanded to include new biosynthetic composites. Despite the
promising results that have been found in innumerable cellular and animal
studies, relatively few innovative injectable materials have been brought to the
clinic. Nevertheless, the therapeutic potential of novel classes of injectable
materials has resulted in a small but growing number of new clinical products.
In this section, we will follow the clinical development of a new injectable
polymer for cartilage repair.

A recent CS-based polymer that shows early promise in both preclinical and
clinical models is the Chondux cartilage filler device for the repair of full-
thickness cartilage lesions of the knee (Cartilix). This is a two-component
injectable gel system that combines a bioadhesive based upon CS with an
HA-based filler. The adhesive is composed of CS chemically modified with
two separate functionalities: amine-reactive aldehydes and photoreactive acry-
lates. This adhesive can thus bind with amines present on a defect surface while
presenting a photoreactive functionality for further attachment to a filler
material, providing good tissue�material integration [159]. The photopolymer-
izable filler is based upon HA, a commonly used material in cartilage repair
procedures. This filler device nicely demonstrates the underlying concepts of new
injectable materials: It combines the bioactivity of natural polymers relevant to
cartilage development and repair (HA and CS) with synthetic modifications to
enable good tissue�implant integration and in situ gelation.

The adhesive simply requires painting on the base and sides of the defect and
bonds in seconds. The filler material is then injected and polymerized by UV
light and within 4 min forms a stable gel that is now bound in three dimensions
to the cartilage lesion (Fig. 17.1). This technique achieves the stated goals of
both safety and ease of use. Importantly, Chondux has been successfully
utilized in cartilage repair in concert with microfracture, a somewhat efficacious
long-standing orthopedic technique for cartilage repair. Preliminary clinical
studies with ChonDux have shown significant improvements in cartilage repair.
When compared with microfracture alone, patients experienced better function
and reduced pain (Fig. 17.2). Additionally, follow-up magnetic resonance
imaging (MRI) showed significant improvement and consistency in tissue fill
when compared to microfracture alone [160].

It is thought that the new biomaterial guides the endogenous tissue repair
and so makes an older procedure (microfracture) more robust and less capri-
cious. The relative paucity of new injectables in the clinic may be tied to the
hurdles associated with developing and validating an entirely new therapy and
proving both safety and efficacy when compared to gold standards. These
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complex materials may indeed lead to significant improvements in patient
outcomes with sufficient optimization in the clinic. The concept of combining
new biomaterials with existing methods of treatment in order to produce
superior, more durable and/or more consistent results is likely to be repeated in
other systems.

17.6 CONCLUSION

Injectable materials are an important class of biomaterial that exhibit good
integration with host tissues and minimally invasive implantation. Their pri-
mary strength, namely having liquid properties during implantation, is also
their greatest limitation. Widespread use of injectable materials has been slow
to develop, largely due to the technical challenges of designing biocompatible,
long-lasting, in situ forming implants with appropriate physical and biological
properties. Early products such as silicone or fibrin were adapted from other

(a) (b)

(d) (e)

(c)

FIGURE 17.1 Cartilage lesion after (a) debridement, (b) adhesive application and

microfracture, and (c) injection and photopolymerization of the hydrogel. Irregular

defects were treated (d). Upon release of the tourniquet, the gel remained securely in

place as blood infiltrated (e).
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purposes and were rarely ideal for their proposed usage. Naturally sourced
materials were poorly controlled and rarely had adequate mechanics or long-
evity. Synthetic materials had significant purity concerns and rarely interacted
with the surrounding tissue. In situ forming systems were primitive and often
toxic.

In recent years, advances in biosynthesis and polymer chemistry have
opened up a wide range of new possibilities for injectable materials. Sophisti-
cated in situ forming chemistries have been elaborated and optimized for a
range of biomaterials. Quality and control of natural materials have dramati-
cally improved, and the range of synthetic polymers has expanded greatly to
include more biocompatible materials with a range of mechanical and degra-
dative properties. To capitalize on the strengths of both material sources, newer
injectables in clinical development have blurred the lines between natural and
synthetic materials. ECM molecules and other proteins are routinely functio-
nalized with chemical reactive groups for crosslinking, and synthetic polymers
are now designed with peptides or growth factors attached to interact with
biological systems. These improved systems have much more tunable behavior
and can be applied to a range of tissues and diseases.

A lingering question about injectable biomaterials involves regulation of
these complex products. While generally classed as medical devices, regulatory
agencies have not yet fully developed a methodology for evaluating in situ
forming materials that are a mix of biological and synthetic components and
that frequently undergo a chemical reaction at the implant site. Proposed use of
injectable materials as carriers for cell transplantation adds yet another layer
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FIGURE 17.2 IKDC, a scoring system to measure patient function, improved

significantly with ChonDux treatment.
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of complexity to the regulatory process. Potential safety concerns range from
toxicity of the monomers, chemical crosslinkers, and unpolymerized residues to
immunogenicity of biological components to clearance from the body. The
regulatory path is complex and requires addressing all of these concerns before
approval for clinical use.

Nevertheless, injectable polymers comprise a rapidly growing class of
biomaterials with a range of applications in drug delivery and tissue engineering.
The rapidly expanding availability of new materials and techniques for their
modification promises a dramatic improvement in the quality and quantity of
clinically available injectable therapies. By focusing on the core design concepts
of injectability, in situ forming chemistry, bioactivity, mechanics, degradability,
and safety, injectable polymer systems will form an integral part of future
regenerative medicine and drug delivery.

REFERENCES

1. Jacques, M., T. J. Marrie, and J. W. Costerton. Review: Microbial colonization of

prosthetic devices. Microb. Ecol. 1987;13:173�191.

2. Campoccia, D., L. Montanaro, and C. R. Arciola. The significance of infection

related to orthopedic devices and issues of antibiotic resistance. Biomaterials

2006;27(11):2331�2339.

3. Kirkpatrick, C. J., V. Krump-Konvalinkova, R. E. Unger, F. Bittinger, M. Otto,

and K. Peters. Tissue response and biomaterial integration: The efficacy of in vitro

methods. Biomol. Eng. 2002;19(2�6):211�217.

4. Prestwich, G. D., X. Z. Shu, Y. Liu, S. Cai, J. F. Walsh, C. W. Hughes, S. Ahmad,

K. R. Kirker, B. Yu, R. R. Orlandi, A. H. Park, S. L. Thibeault, S. Duflo, and

M. E. Smith. Injectable synthetic extracellular matrices for tissue engineering and

repair. Adv. Exp. Med. Biol. 2006;585:125�133.

5. Kretlow, J. D., L. Klouda, and A. G. Mikos. Injectable matrices and scaffolds for

drug delivery in tissue engineering. Adv. Drug. Deliv. Rev. 2007;59:(4�5), 263�273.

6. Elisseeff, J. Injectable cartilage tissue engineering. Expert Opin. Biol. Ther. 2004;4

(12):1849�1859.

7. Boyd, L. M. and A J. Carter. Injectable biomaterials and vertebral endplate

treatment for repair and regeneration of the intervertebral disc. Eur. Spine.

J. 2006;15(Suppl 3):S414�421.

8. Soman, N. and R. Banerjee. Artificial vitreous replacements. Biomed. Mater. Eng.

2003;13(1):59�74.

9. Johl, S. S. and R. A. Burgett. Dermal filler agents: A practical review. Curr. Opin.

Ophthalmol. 2006;17(5):471�479.

10. Khan, Y., M. J. Yaszemski, A. G. Mikos, and C. T. Laurencin. Tissue engineering

of bone: Material and matrix considerations. J. Bone Joint Surg. Am. 2008;90(Suppl

1):36�42.

11. Leach, J. K. and D. J. Mooney. Bone engineering by controlled delivery of

osteoinductive molecules and cells. Expert Opin. Biol. Ther. 2004;4(7),1015�1027.

REFERENCES 655

ch017 14 April 2011; 12:33:31



12. Lewis, G. Injectable bone cements for use in vertebroplasty and kyphoplasty: state-

of-the-art review. J. Biomed. Mater. Res. B Appl. Biomater. 2006;76(2):456�468.

13. Oliveira, S. M., C. C. Barrias, I. F. Almeida, P. C. Costa, M. R. Ferreira,

M. F. Bahia, and M. A. Barbosa. Injectability of a bone filler system based

on hydroxyapatite microspheres and a vehicle with in situ gel-forming ability.

J. Biomed. Mater. Res. B Appl. Biomater. 2008;87(1):49�58.

14. Mano, J. F., G. A. Silva, H. S. Azevedo, P. B. Malafaya, R. A. Sousa, S. S. Silva,

L. F. Boesel, J. M. Oliveira, T. C. Santos, A. P. Marques, N. M. Neves, and

R. L. Reis. Natural origin biodegradable systems in tissue engineering and rege-

nerative medicine: present status and some moving trends. J. Roy. Soc. Interface

2007;4(17):999�1030.

15. Gunatillake, P., R. Mayadunne, and R. Adhikari. Recent developments in

biodegradable synthetic polymers. Biotechnol. Annu. Rev. 2006;12:301�347.

16. Ifkovits, J. L. and J. A. Burdick. Review: Photopolymerizable and degradable

biomaterials for tissue engineering applications. Tissue Eng. 2007;13(10):

2369�2385.

17. Betz, R. R. Limitations of autograft and allograft: New synthetic solutions.

Orthopedics 2002;25(5 Suppl):s561�570.

18. Burkoth, A. K. and K. S. Anseth. A review of photocrosslinked polyanhydrides: In

situ forming degradable networks. Biomaterials 2000;21(23):2395�2404.

19. Van Tomme, S. R., G. Storm, and W. E. Hennink. In situ gelling hydrogels for

pharmaceutical and biomedical applications. Int. J. Pharm. 2008;355(1�2):1�18.

20. Nguyen, K. T. and J. L. West. Photopolymerizable hydrogels for tissue engineering

applications. Biomaterials 2002;23(22):4307�4314.

21. Williams, C. G., A. N. Malik, T. K. Kim, P. N. Manson, and J. H. Elisseeff.

Variable cytocompatibility of six cell lines with photoinitiators used for polymeriz-

ing hydrogels and cell encapsulation. Biomaterials 2005;26(11):1211�1218.

22. Sawhney, A. S., C. P. Pathak, and J. A. Hubbell. Interfacial photopolymerization of

poly(ethylene glycol)-based hydrogels upon alginate-poly(l-lysine) microcapsules

for enhanced biocompatibility. Biomaterials 1993;14(13):1008�1016.

23. Elisseeff, J., K. Anseth, D. Sims, W. McIntosh, M. Randolph, and R. Langer.

Transdermal photopolymerization for minimally invasive implantation. Proc. Natl.

Acad. Sci. U. S. A. 1999;96(6):3104�3107.

24. Meinhardt, M., R. Krebs, A. Anders, U. Heinrich, and H. Tronnier. Wavelength-

dependent penetration depths of ultraviolet radiation in human skin. J. Biomed.

Opt. 2008;13(4):044030. doi:10:1117/1.2957970.

25. Ritz, J. P., A. Roggan, C. Isbert, G. Muller, H. J. Buhr, and C. T. Germer. Optical

properties of native and coagulated porcine liver tissue between 400 and 2400 nm.

Lasers Surg. Med. 2001;29(3):205�212.

26. Klouda, L. and A. G. Mikos. Thermoresponsive hydrogels in biomedical applica-

tions. Eur. J. Pharm. Biopharm. 2008;68: (1): 34�45.

27. Ju, X. J., R. Xie, L. Yang, and L. Y. Chu. Biodegradable “intelligent” materials in

response to physical stimuli for biomedical applications. Expert Opin. Ther. Pat.

2009;19(4):493�507.

28. Desbrieres, J., M. Hirrien, and S. B. Ross-Murphy. Thermogelation of methylcel-

lulose: Rheological considerations. Polymer 2000;41:2451�2461.

656 INJECTABLE POLYMERS

ch017 14 April 2011; 12:33:31



29. Smidsrod, O. and G. Skjak-Braek. Alginate as immobilization matrix for cells.

Trends Biotechnol. 1990;8(3):71�78.

30. Draget, K. I., G. Skjak-Braek, and O. Smidsrod. Alginate based new materials. Int.

J. Biol. Macromol. 1997;21(1�2):47�55.

31. LeRoux, M. A., F. Guilak, and L. A. Setton. Compressive and shear properties of

alginate gel: Effects of sodium ions and alginate concentration. J. Biomed. Mater.

Res. 1999;47(1):46�53.

32. Kong, H. J., K. Y. Lee, and D. J. Mooney. Decoupling the dependence of

rheological/mechanical properties of hydrogels from solids concentration. Polymer

2002;43(23):6239�6246.

33. Kohn, R. and B. Larsen. Preparation of water-soluble polyuronic acids and their

calcium salts, and the determination of calcium ion activity in relation to the degree

of polymerization. Acta Chem. Scand. 1972;26(6):2455�2468.

34. Braudo, E. E., A. A. Soshkinsky, V. P. Yuryev, and V. B. Tolstoguzov. The

interaction of polyuronides with calcium ions. 1: Binding isotherms of calcium ions

with pectic substances. Carbohydr. Polym. 1992;18:165�169.

35. Ahmed, T. A., E. V. Dare, and M. Hincke. Fibrin: A versatile scaffold for tissue

engineering applications. Tissue Eng. Part B Rev. 2008;14(2):199�215.

36. Strehin, I., W. M. Ambrose, O. Schein, A. Salahuddin, and J. Elisseeff. Synthesis

and characterization of a chondroitin sulfate-polyethylene glycol corneal adhesive.

J. Cataract Refract. Surg. 2009;35(3):567�576.

37. Beniash, E., J. D. Hartgerink, H. Storrie, J. C. Stendahl, and S. I. Stupp. Self-

assembling peptide amphiphile nanofiber matrices for cell entrapment. Acta

Biomater. 2005;1(4):387�397.

38. Lee, H. K., S. Soukasene, H. Jiang, S. Zhang, W. Feng, and S. I. Stupp. Light-

induced self-assembly of nanofibers inside liposomes. Soft Matter 2008;4

(5):962�964.

39. Bell, C. J., L. M. Carrick, J. Katta, Z. Jin, E. Ingham, A. Aggeli, N. Boden,

T. A. Waigh, and J. Fisher. Self-assembling peptides as injectable lubricants for

osteoarthritis. J. Biomed. Mater. Res. A 2006;78(2):236�246.

40. Zhang, L., E. M. Furst, and K. L. Kiick. Manipulation of hydrogel assembly and

growth factor delivery via the use of peptide-polysaccharide interactions. J. Control.

Release 2006;114(2):130�142.

41. Seal, B. L. and A. Panitch. Physical polymer matrices based on affinity interactions

between peptides and polysaccharides. Biomacromolecules 2003;4(6):1572�1582.

42. Hart, D. S. and S. H. Gehrke. Thermally associating polypeptides designed for drug

delivery produced by genetically engineered cells. J. Pharm. Sci. 2007;96

(3):484�516.

43. Allahham, A., P. Stewart, J. Marriott, and D. Mainwaring. Factors affecting shear

thickening behavior of a concentrated injectable suspension of levodopa. J. Pharm.

Sci. 2005;94(11):2393�2402.

44. Gupta, D., C. H. Tator, and M. S. Shoichet. Fast-gelling injectable blend of

hyaluronan and methylcellulose for intrathecal, localized delivery to the injured

spinal cord. Biomaterials 2006;27(11):2370�2379.

45. Hoare, T.,D.Zurakowski, R.Langer, andD. S.Kohane.Rheological blends for drug

delivery. I. Characterization in vitro. J. Biomed.Mater. Res A 2009;92A(2):575�585.

REFERENCES 657

ch017 14 April 2011; 12:33:31



46. Ambrosio, L., R. De Santis, and L. Nicolais. Composite hydrogels for implants.

Proc. Inst. Mech. Eng. H 1998;212(2):93�99.

47. Zhao, H., L. Ma, C. Gao, and J. Shen. A composite scaffold of PLGA micro-

spheres/fibrin gel for cartilage tissue engineering: Fabrication, physical properties,

and cell responsiveness. J. Biomed. Mater. Res. B Appl. Biomater. 2009;88

(1):240�249.

48. Raeber, G. P., M. P. Lutolf, and J. A. Hubbell. Molecularly engineered PEG

hydrogels: A novel model system for proteolytically mediated cell migration.

Biophys. J. 2005;89(2):1374�1388.

49. Chung, C., M. Beecham, R. L. Mauck, and J. A. Burdick.The influence of

degradation characteristics of hyaluronic acid hydrogels on in vitro neocartilage

formation by mesenchymal stem cells. Biomaterials 2009;30(26):4287�4296.

50. Kloxin, A. M., A. M. Kasko, C. N. Salinas, and K. S. Anseth. Photodegradable

hydrogels for dynamic tuning of physical and chemical properties. Science 2009;324

(5923):59�63.

51. Jain, A., and S. K. Jain. PEGylation: An approach for drug delivery. A review. Crit.

Rev. Ther. Drug Carrier Syst. 2008;25(5):403�447.

52. Vihola, H., A. Laukkanen, L. Valtola, H. Tenhu, and J. Hirvonen. Cytotoxicity of

thermosensitive polymers poly(N-isopropylacrylamide), poly(N-vinylcaprolactam)

and amphiphilically modified poly(N-vinylcaprolactam). Biomaterials 2005;26

(16):3055�3064.

53. Cruise, G. M., O. D. Hegre, D. S. Scharp, and J. A. Hubbell. A sensitivity study of

the key parameters in the interfacial photopolymerization of poly(ethylene glycol)

diacrylate upon porcine islets. Biotechnol. Bioeng. 1998;57(6):655�665.

54. Atsumi, T., M. Ishihara, Y. Kadoma, K. Tonosaki, and S. Fujisawa. Comparative

radical production and cytotoxicity induced by camphorquinone and 9-fluorenone

against human pulp fibroblasts. J. Oral Rehabil. 2004;31(12):1155�1164.

55. Shin, H., J. S. Temenoff, and A. G. Mikos. In vitro cytotoxicity of unsaturated

oligo[poly(ethylene glycol) fumarate] macromers and their cross-linked hydrogels.

Biomacromolecules 2003;4(3):552�560.

56. Anderson, J. M., A. Rodriguez, and D. T. Chang. Foreign body reaction to

biomaterials. Semin. Immunol. 2008;20(2):86�100.

57. Yamada, T. and T. Kawasaki. Microbial synthesis of hyaluronan and chitin: New

approaches. J. Biosci. Bioeng. 2005;99(6):521�528.

58. Dell’Accio, F., C. De Bari, and F. P. Luyten. Microenvironment and phenotypic

stability specify tissue formation by human articular cartilage-derived cells in vivo.

Exp. Cell Res. 2003;287(1):16�27.

59. Dell’Accio, F., C. De Bari, and F. P. Luyten. Molecular markers predictive of the

capacity of expanded human articular chondrocytes to form stable cartilage in vivo.

Arthritis Rheum. 2001;44(7):1608�1619.

60. Dusseault, J., F. A. Leblond, R. Robitaille, G. Jourdan, J. Tessier, M. Menard,

N. Henley, and J. P. Halle. Microencapsulation of living cells in semi-permeable

membranes with covalently cross-linked layers. Biomaterials 2005;26

(13):1515�1522.

61. Redl, H. and G. Schlag. Fibrin sealant (Tissucol). Application using a duploject

system. Rev. Laryngol. Otol. Rhinol. (Bord) 1987;108(1):9�11.

658 INJECTABLE POLYMERS

ch017 14 April 2011; 12:33:31



62. Zhao, H., L. Ma, J. Zhou, Z. Mao, C. Gao, and J. Shen. Fabrication and physical

and biological properties of fibrin gel derived from human plasma. Biomed. Mater.

2008;3(1):15001.

63. Cho, A. B. and R. M. Junior. Application of fibrin glue in microvascular

anastomoses: Comparative analysis with the conventional suture technique using

a free flap model. Microsurgery 2008;28(5):367�374.

64. Steinwachs, M. New technique for cell-seeded collagen-matrix-supported autolo-

gous chondrocyte transplantation. Arthroscopy 2009;25(2):208�211.

65. Moser, C., I. Opitz, W. Zhai, V. Rousson, E. W. Russi, W. Weder, and

D. Lardinois. Autologous fibrin sealant reduces the incidence of prolonged air

leak and duration of chest tube drainage after lung volume reduction surgery:

A prospective randomized blinded study. J. Thorac. Cardiovasc. Surg. 2008;136

(4):843�849.

66. Martin, N. E., J. W. Kim, and D. H. Abramson. Fibrin sealant for retinoblastoma:

where are we? J. Ocul. Pharmacol. Ther. 2008;24(5):433�438.

67. Volpi, N., J. Schiller, R. Stern, and L. Soltes. Role, metabolism, chemical

modifications and applications of hyaluronan. Curr. Med. Chem. 2009;16

(14):1718�1745.

68. Sato, M., C. Sakata, M. Yabe, and T. Oshika. Soft-shell technique using Viscoat

and Healon 5: A prospective, randomized comparison between a dispersive-

viscoadaptive and a dispersive-cohesive soft-shell technique. Acta Ophthalmol.

2008;86(1):65�70.

69. Arshinoff, S. A. Dispersive-cohesive viscoelastic soft shell technique. J. Cataract

Refract. Surg. 1999;25(2):167�173.

70. Molitierno, J. A., H. C. Scherz, and A. J. Kirsch. Endoscopic treatment of

vesicoureteral reflux using dextranomer hyaluronic acid copolymer. J. Pediatr.

Urol. 2008;4(3):221�228.

71. Chapple, C. R., F. Haab, M. Cervigni, C. Dannecker, A. Fianu-Jonasson, and

A. H. Sultan. An open, multicentre study of NASHA/Dx Gel (Zuidex) for the

treatment of stress urinary incontinence. Eur. Urol. 2005;48(3):488�494.

72. Beasley, K. L., M. A. Weiss, and R. A. Weiss. Hyaluronic acid fillers: A

comprehensive review. Facial Plast. Surg. 2009;25(2):86�94.

73. Edwards, P. C. and J. E. Fantasia. Review of long-term adverse effects associated

with the use of chemically-modified animal and nonanimal source hyaluronic acid

dermal fillers. Clin. Interv. Aging 2007;2(4):509�519.

74. Waddell, D. D. Viscosupplementation with hyaluronans for osteoarthritis of the

knee: Clinical efficacy and economic implications.Drugs Aging 2007;24(8):629�642.

75. Conrozier, T. and X. Chevalier. Long-term experience with hylan GF-20 in the

treatment of knee osteoarthritis. Expert Opin. Pharmacother. 2008;9

(10):1797�1804.

76. Bellamy, N., J. Campbell, V. Robinson, T. Gee, R. Bourne, and G. Wells.

Viscosupplementation for the treatment of osteoarthritis of the knee. Cochrane

Database Syst. Rev. 2006;(2), CD005321.

77. Magilavy, D., R. Polisson, and C. Murray. Acute local reaction to intra-articular

Hylan G-F 20 (Synvisc): Part I. J. Bone Joint Surg. Am. 2003;85-A,(8):1618�1619;

author reply 1619�1620.

REFERENCES 659

ch017 14 April 2011; 12:33:31



78. Chung, C. and J. A. Burdick. Influence of three-dimensional hyaluronic acid

microenvironments on mesenchymal stem cell chondrogenesis. Tissue Eng. Part A

2009;15(2):243�254.

79. Park, Y. D., N. Tirelli, and J. A. Hubbell. Photopolymerized hyaluronic acid-based

hydrogels and interpenetrating networks. Biomaterials 2003;24(6):893�900.

80. O’Leary, M. A. and G. A. Grillone. Injection laryngoplasty. Otolaryngol. Clin.

North Am. 2006;39(1):43�54.

81. Pan, L., Y. Ren, F. Cui, and Q. Xu. Viability and differentiation of neural

precursors on hyaluronic acid hydrogel scaffold. J. Neurosci. Res. 2009;87(14)

3207�3220.

82. Wang, W., M. Fan, L. Zhang, S. H. Liu, L. Sun, and C. Y. Wang. Compatibility of

hyaluronic acid hydrogel and skeletal muscle myoblasts. Biomed. Mater. 2009;4

(2):25011.

83. Wallace, D. G. and J. Rosenblatt. Collagen gel systems for sustained delivery and

tissue engineering. Adv. Drug Deliv. Rev. 2003;55(12):1631�1649.

84. Franchi, M., A. Trire, M. Quaranta, E. Orsini, and V. Ottani. Collagen structure of

tendon relates to function. Scienti. World. J. 2007;7:404�420.

85. Cen, L., W. Liu, L. Cui, W. Zhang, and Y. Cao. Collagen tissue engineering:

Development of novel biomaterials and applications. Pediatr. Res. 2008;63

(5):492�496.

86. Cockerham, K. and V. J. Hsu. Collagen-based dermal fillers: past, present, future.

Facial Plast. Surg. 2009;25(2):106�113.

87. Bauman, L. CosmoDerm/CosmoPlast (human bioengineered collagen) for the

aging face. Facial Plast. Surg. 2004;20(2):125�128.

88. Narins, R. S., F. S. Brandt, Z. P. Lorenc, C. S. Maas, G. D. Monheit, and

S. R. Smith. Twelve-month persistency of a novel ribose-cross-linked collagen

dermal filler. Dermatol. Surg. 2008;34(Suppl 1):S31�39.

89. Hilinski, J. M. and S. R. Cohen. Soft tissue augmentation with ArteFill. Facial

Plast. Surg. 2009;25(2):114�119.

90. Courey, M. S. Injection laryngoplasty. Otolaryngol. Clin. North Am. 2004;37

(1):121�138.

91. Remacle, M. and G. Lawson. Results with collagen injection into the vocal

folds for medialization. Curr. Opin. Otolaryngol. Head Neck Surg. 2007;15(3):

148�152.

92. Ohya, S. and T. Matsuda. Poly(N-isopropylacrylamide) (PNIPAM)-grafted gelatin

as thermoresponsive three-dimensional artificial extracellular matrix: molecular and

formulation parameters vs. cell proliferation potential. J. Biomater. Sci. Polym. Ed.

2005;16(7):809�827.

93. Funayama, A., Y. Niki, H. Matsumoto, S. Maeno, T. Yatabe, H. Morioka,

S. Yanagimoto, T. Taguchi, J. Tanaka, and Y. Toyama. Repair of full-

thickness articular cartilage defects using injectable type II collagen gel

embedded with cultured chondrocytes in a rabbit model. J. Orthop. Sci. 2008;

13(3):225�232.

94. Hoshikawa, A., Y. Nakayama, T. Matsuda, H. Oda, K. Nakamura, and

K. Mabuchi. Encapsulation of chondrocytes in photopolymerizable styrenated

gelatin for cartilage tissue engineering. Tissue Eng. 2006;12(8):2333�2341.

660 INJECTABLE POLYMERS

ch017 14 April 2011; 12:33:31



95. Dong, C. M., X. Wu, J. Caves, S. S. Rele, B. S. Thomas, and E. L. Chaikof.

Photomediated crosslinking of C6-cinnamate derivatized type I collagen. Bioma-

terials 2005;26(18):4041�4049.

96. Gamez, E., K. Ikezaki, M. Fukui, and T. Matsuda. Photoconstructs of nerve

guidance prosthesis using photoreactive gelatin as a scaffold. Cell Transplant.

2003;12(5):481�490.

97. Malavaki, C., S. Mizumoto, N. Karamanos, and K. Sugahara. Recent advances in

the structural study of functional chondroitin sulfate and dermatan sulfate in

health and disease. Connect. Tissue. Res. 2008;49(3):133�139.

98. Nandini, C. D., and K. Sugahara. Role of the sulfation pattern of chondroitin

sulfate in its biological activities and in the binding of growth factors. Adv.

Pharmacol. 2006;53:253�279.

99. Varghese, S., N. S. Hwang, A. C. Canver, P. Theprungsirikul, D. W. Lin, and

J. Elisseeff. Chondroitin sulfate based niches for chondrogenic differentiation of

mesenchymal stem cells. Matrix Biol. 2008;27(1):12�21.

100. Zimmermann, H., S. G. Shirley, and U. Zimmermann. Alginate-based encapsula-

tion of cells: Past, present, and future. Curr. Diab. Rep. 2007;7(4):314�320.

101. Balakrishnan, B., and A. Jayakrishnan. Self-cross-linking biopolymers as inject-

able in situ forming biodegradable scaffolds. Biomaterials 2005;26(18):3941�3951.

102. Park, D. J., B. H. Choi, S. J. Zhu, J. Y. Huh, B. Y. Kim, and S. H. Lee. Injectable

bone using chitosan-alginate gel/mesenchymal stem cells/BMP-2 composites. J.

Craniomaxillofac. Surg. 2005;33(1):50�54.

103. Tonnesen, H. H., and J. Karlsen. Alginate in drug delivery systems. Drug Dev. Ind.

Pharm. 2002;28(6):621�630.

104. Prabaharan, M., and J. F. Mano. Stimuli-responsive hydrogels based on poly-

saccharides incorporated with thermo-responsive polymers as novel biomaterials.

Macromol. Biosci. 2006;6(12):991�1008.

105. Ren, D., H. Yi, W. Wang, and X. Ma. The enzymatic degradation and swelling

properties of chitosan matrices with different degrees of N-acetylation. Carbohydr.

Res. 2005;340(15):2403�2410.

106. d’Ayala, G. G., M. Malinconico, and P. Laurienzo. Marine derived polysacchar-

ides for biomedical applications: chemical modification approaches. Molecules

2008;13(9):2069�2106.

107. Suzuki, K., M. Shinya, and M. Kitagawa. Basic study of healing of injuries to

the myometrium and amniotic membrane using photocrosslinkable chitosan.

J. Obstet. Gynaecol. Res. 2006;32(2):140�147.

108. Ono, K., M. Ishihara, Y. Ozeki, H. Deguchi, M. Sato, Y. Saito, H. Yura, M. Sato,

M. Kikuchi, A. Kurita, and T. Maehara. Experimental evaluation of photocros-

slinkable chitosan as a biologic adhesive with surgical applications. Surgery

2001;130(5):844�850.

109. Cho, J., M. C. Heuzey, A. Begin, and P. J. Carreau. Physical gelation of chitosan in

the presence of beta-glycerophosphate: The effect of temperature. Biomacromole-

cules 2005;6(6):3267�3275.

110. Lee, J. W., M. C. Jung, H. D. Park, K. D. Park, and G. H. Ryu. Synthesis

and characterization of thermosensitive chitosan copolymer as a novel biomaterial.

J. Biomater. Sci. Polym. Ed. 2004;15(8):1065�1079.

REFERENCES 661

ch017 14 April 2011; 12:33:31



111. Ganguly, S. and A. K. Dash. A novel in situ gel for sustained drug delivery and

targeting. Int. J. Pharm. 2004;276(1�2):83�92.

112. Kim, I. Y., S. J. Seo, H. S. Moon, M. K. Yoo, I. Y. Park, B. C. Kim, and

C. S. Cho. Chitosan and its derivatives for tissue engineering applications.

Biotechnol. Adv. 2008;26(1):1�21.

113. Shi, C., Y. Zhu, X. Ran, M. Wang, Y. Su, and T. Cheng. Therapeutic potential of

chitosan and its derivatives in regenerative medicine. J. Surg. Res. 2006;133

(2):185�192.

114. Ta, H. T., C. R. Dass, and D. E. Dunstan. Injectable chitosan hydrogels for

localised cancer therapy. J. Control. Release 2008;126(3):205�216.

115. Lai, W. F., and M. C. Lin. Nucleic acid delivery with chitosan and its derivatives.

J. Control. Release 2009;134(3):158�168.

116. Paolicelli, P., M. de la Fuente, A. Sanchez, B. Seijo, and M. J. Alonso. Chitosan

nanoparticles for drug delivery to the eye. Expert Opin. Drug Deliv. 2009;6

(3):239�253.

117. Chasan, P. E. The history of injectable silicone fluids for soft-tissue augmentation.

Plast. Reconstr. Surg. 2007;120(7):2034�2040; discussion 2041�2043.

118. Narins, R. S., and K. Beer. Liquid injectable silicone: A review of its history,

immunology, technical considerations, complications, and potential. Plast. Reconstr.

Surg. 2006;118(3 Suppl):77S�84S.

119. ter Meulen, P. H., L. C. Berghmans, and P. E. van Kerrebroeck. Systematic review:

Efficacy of silicone microimplants (Macroplastique) therapy for stress urinary

incontinence in adult women. Eur. Urol. 2003;44(5):573�582.

120. Ersek, R. A., S. R. Gregory, and A. V. Salisbury. Bioplastique at 6 years: Clinical

outcome studies. Plast. Reconstr. Surg. 1997;100(6):1570�1574.

121. Zimmermann, U. S., and T. J. Clerici. The histological aspects of fillers complica-

tions. Semin. Cutan. Med. Surg. 2004;23(4):241�250.

122. Pastor, J. C., J. M. Zarco, M. J. Del Nozal, A. Pampliega, and P. Marinero.

Clinical consequences of the use of highly purified silicone oil. Comparative study

of highly and less purified silicone oil. Eur. J. Ophthalmol. 1998;8(3):179�183.

123. Shen, Y. D. and C. M. Yang. Extended silicone oil tamponade in primary

vitrectomy for complex retinal detachment in proliferative diabetic retinopathy:

A long-term follow-up study. Eur. J. Ophthalmol. 2007;17(6):954�960.

124. Choi, W. C., S. K. Choi, and J. H. Lee. Silicone oil keratopathy. Korean

J. Ophthalmol. 1993;7(2):65�69.

125. Sodergard, A. and M. Stolt. Properties of lactic acid based polymers and their

correlation with composition. Prog. Polym. Sci. 2002;27:1123�1163.

126. Mohamed, F. and C. F. van der Walle. Engineering biodegradable polyester

particles with specific drug targeting and drug release properties. J. Pharm. Sci.

2008;97(1):71�87.

127. Wischke, C. and S. P. Schwendeman. Principles of encapsulating hydrophobic

drugs in PLA/PLGA microparticles. Int. J. Pharm. 2008;364(2):298�327.

128. Lacombe, V. Sculptra: A stimulatory filler. Facial Plast. Surg. 2009;25(2):95�99.

129. Johnson, B. A. Naltrexone long-acting formulation in the treatment of alcohol

dependence. Ther. Clin. Risk Manag. 2007;3(5):741�749.

662 INJECTABLE POLYMERS

ch017 14 April 2011; 12:33:31



130. Sinha, V. R. and A. Trehan. Biodegradable microspheres for parenteral delivery.

Crit. Rev. Ther. Drug Carrier Syst. 2005;22(6):535�602.

131. Rabin, C., Y. Liang, R. S. Ehrlichman, A. Budhian, K. L. Metzger, C. Majewski-

Tiedeken, K. I. Winey, and S. J. Siegel. In vitro and in vivo demonstration of

risperidone implants in mice. Schizophr. Res. 2008;98(1�3):66�78.

132. Yasukawa, K., D. Sawamura, H. Sugawara, and N. Kato. Leuprorelin acetate

granulomas: case reports and review of the literature. Br. J. Dermatol. 2005;152

(5):1045�1047.

133. Sartor, O. Eligard: Leuprolide acetate in a novel sustained-release delivery system.

Urology 2003;61(2 Suppl 1):25�31.

134. Perez-Marrero, R. and R. C. Tyler. A subcutaneous delivery system for the

extended release of leuprolide acetate for the treatment of prostate cancer. Expert

Opin. Pharmacother. 2004;5(2):447�457.

135. Gombotz, W. R., G. H. Wang, T. A. Horbett, and A. S. Hoffman. Protein

adsorption to poly(ethylene oxide) surfaces. J. Biomed. Mater. Res. 1991;25

(12):1547�1562.

136. Lin, C. C. and K. S. Anseth. PEG hydrogels for the controlled release of

biomolecules in regenerative medicine. Pharm. Res. 2009;26(3):631�643.

137. Pol, B. J., P. B. van Wachem, L. van der Does, and A. Bantjes. In vivo testing of

crosslinked polyethers. II. Weight loss, IR analysis, and swelling behavior after

implantation. J. Biomed. Mater. Res. 1996;32(3):321�331.

138. Xin, A. X., C. Gaydos, and J. J. Mao. In vitro degradation behavior of

photopolymerized PEG hydrogels as tissue engineering scaffold. Conf. Proc.

IEEE Eng. Med. Biol. Soc. 2006;1:2091�2093.

139. Christenson, E. M., J. M. Anderson, and A. Hiltner. Oxidative mechanisms of poly

(carbonate urethane) and poly(ether urethane) biodegradation: In vivo and in vitro

correlations. J. Biomed. Mater. Res. A 2004;70(2):245�255.

140. Torchiana, D. F. Polyethylene glycol based synthetic sealants: Potential uses in

cardiac surgery. J. Card. Surg. 2003;18(6):504�506.

141. Ferguson, R. E. and B. Rinker. The use of a hydrogel sealant on flexor tendon

repairs to prevent adhesion formation. Ann. Plast. Surg. 2006;56(1):54�58.

142. Wallace, D. G., G. M. Cruise, W. M. Rhee, J. A. Schroeder, J. J. Prior, J. Ju,

M. Maroney, J. Duronio, M. H. Ngo, T. Estridge, and G. C. Coker. A tissue

sealant based on reactive multifunctional polyethylene glycol. J. Biomed. Mater.

Res. 2001;58(5):545�555.

143. Hoffmann, N. E., S. A. Siddiqui, S. Agarwal, S. H. McKellar, H. J. Kurtz,

M. T. Gettman, M. H. Ereth. Choice of hemostatic agent influences adhesion

formation in a rat cecal adhesion model. J. Surg. Res. 2009;155(1):77�81.

144. Napoleone, C. P., G. Oppido, E. Angeli, and G. Gargiulo. Resternotomy in

pediatric cardiac surgery: CoSeal initial experience. Interact. Cardiovasc. Thorac.

Surg. 2007;6(1):21�23.

145. D’Andrilli, A., C. Andreetti, M. Ibrahim, A. M. Ciccone, F. Venuta,

U. Mansmann, and E. A. Rendina. A prospective randomized study to assess

the efficacy of a surgical sealant to treat air leaks in lung surgery. Eur. J.

Cardiothorac. Surg. 2009;35(5):817�820; discussion 820�821.

REFERENCES 663

ch017 14 April 2011; 12:33:31



146. Saunders, M. M., Z. C. Baxter, A. Abou-Elella, A. R. Kunselman, and

J. C. Trussell. BioGlue and Dermabond save time, leak less, and are not

mechanically inferior to two-layer and modified one-layer vasovasostomy. Fertil.

Steril. 2009;91(2):560�565.

147. Qiao, M., D. Chen, X. Ma, and Y. Liu. Injectable biodegradable temperature-

responsive PLGA-PEG-PLGA copolymers: Synthesis and effect of copolymer

composition on the drug release from the copolymer-based hydrogels. Int. J.

Pharm. 2005;294(1�2):103�112.

148. Elstad, N. L. and K. D. Fowers. OncoGel (ReGel/paclitaxel)—Clinical applica-

tions for a novel paclitaxel delivery system. Adv. Drug. Deliv. Rev. 2009;61

(10):785�794.

149. Kim, H. K., W. S. Shim, S. E. Kim, K. H. Lee, E. Kang, J. H. Kim, K. Kim,

I. C. Kwon, and D. S. Lee. Injectable in situ-forming pH/thermo-sensitive

hydrogel for bone tissue engineering. Tissue Eng. Part. A 2009;15(4):923�933.

150. Garagorri, N., S. Fermanian, T. Thibault, W. M. Ambrose, O. D. Schein,

S. Chakravarti, and J. Elisseeff. Keratocyte behavior in three-dimensional photo-

polymerizable poly(ethylene glycol) hydrogels. Acta Biomater. 2008;4

(5):1139�1147.

151. Hwang, N. S., S. Varghese, H. J. Lee, P. Theprungsirikul, A. Canver, B. Sharma,

and J. Elisseeff. Response of zonal chondrocytes to extracellular matrix-hydrogels.

FEBS Lett. 2007;581(22):4172�4178.

152. Vernengo, J., G. W. Fussell, N. G. Smith, and A. M. Lowman. Evaluation of novel

injectable hydrogels for nucleus pulposus replacement. J. Biomed. Mater. Res. B

Appl. Biomater. 2008;84(1):64�69.

153. Underhill, G. H., A. A. Chen, D. R. Albrecht, and S. N. Bhatia. Assessment of

hepatocellular function within PEG hydrogels. Biomaterials 2007;28(2):256�270.

154. Mahoney, M. J., and K. S. Anseth. Three-dimensional growth and function of

neural tissue in degradable polyethylene glycol hydrogels. Biomaterials 2006;27

(10):2265�2274.

155. Lee, H. J., C. Yu, T. Chansakul, N. S. Hwang, S. Varghese, S. M. Yu, and

J. H. Elisseeff. Enhanced chondrogenesis of mesenchymal stem cells in collagen

mimetic peptide-mediated microenvironment. Tissue Eng. Part A 2008;14

(11):1843�1851.

156. Tessmar, J. K. and A. M. Gopferich. Customized PEG-derived copolymers for

tissue-engineering applications. Macromol. Biosci. 2007;7(1):23�39.

157. Hwang, N. S., S. Varghese, Z. Zhang, and J. Elisseeff. Chondrogenic differentia-

tion of human embryonic stem cell-derived cells in arginine-glycine-aspartate-

modified hydrogels. Tissue Eng. 2006;12(9):2695�2706.

158. Nie, T., R. E. Akins, Jr. and K. L. Kiick. Production of heparin-containing

hydrogels for modulating cell responses. Acta Biomater. 2009;5(3):865�875.

159. Wang, D. A., S. Varghese, B. Sharma, I. Strehin, S. Fermanian, J. Gorham,

D. H. Fairbrother, B. Cascio, and J. H. Elisseeff. Multifunctional chondroitin

sulphate for cartilage tissue-biomaterial integration. Nat. Mater. 2007;6(5):

385�392.

160. Cartilix, Inc., 353 Vintage Park Dr., Suite E, Foster City, CA 94404, by

permission.

664 INJECTABLE POLYMERS

ch017 14 April 2011; 12:33:31



PART VIII

IPR ASPECTS OF BIODEGRADABLE
POLYMERS

CH018 14 April 2011; 12:35:20



CHAPTER 18

GLOBAL PATENT AND
TECHNOLOGICAL STATUS OF
BIODEGRADABLE POLYMERS IN
DRUG DELIVERY AND TISSUE
ENGINEERING

PARIKSHIT BANSAL,1 SHALINI VERMA,2 WAHID KHAN,2 and
NEERAJ KUMAR2

1 Intellectual Property Right (IPR) Cell, Department of Pharmaceutical Management,
National Institute of Pharmaceutical Education and Research (NIPER), S.A.S.
Nagar, Punjab, India
2Department of Pharmaceutics, National Institute of Pharmaceutical Education and
Research (NIPER), S.A.S. Nagar, Punjab, India

CONTENTS

18.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 668

18.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 670

18.3 Review of Patents Relating to Polymers in Drug Delivery and Tissue
Engineering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 673

18.4 Natural Polymers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 686

18.4.1 Collagen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 686

18.4.2 Gelatin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 688

18.4.3 Fibrin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 690

18.4.4 Silk Fibroin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 690

18.4.5 Alginates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 691

18.4.6 Dextran . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 692

18.4.7 Chitosan. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 693

Biodegradable Polymers in Clinical Use and Clinical Development, First Edition. Edited by
Abraham J. Domb, Neeraj Kumar, and Aviva Ezra
r 2011 John Wiley & Sons, Inc. Published 2011 by John Wiley & Sons, Inc.

CH018 14 April 2011; 12:35:20

667



18.4.8 Polyhydroxyalkanoates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 694

18.4.9 Arabinogalactan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 695

18.5 Synthetic Polymers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 696

18.5.1 Polyesters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 696

18.5.2 Poly(Ortho ester)s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 700

18.5.3 Polyanhydrides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 701

18.5.4 Polyurethanes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 705

18.5.5 PEG-Based Polymers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 707

18.5.6 Poly(Amino Acids). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 710

18.5.7 Polyfumarates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 711

18.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 713

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 714

18.1 INTRODUCTION

Intellectual property rights (IPRs) are legal rights granted to innovators for
creations of the mind or intellect having commercial value. Since creations of the
mind are very different, for example, a song, a movie, a book, or an invention
related to a novel drug for cancer, it is not possible to have one mechanism for
protecting different creations of the mind. Accordingly, there are eight different
mechanisms for protecting creations of the mind and these represent the different
forms of intellectual property. These are patents (for inventions), copyrights (for
literary/artistic creations), trademarks (formarks used in trade), industrial designs
(for external features), registrations of geographical indications (for goods
originating from a specific geographical area), layout designs of integrated circuits
(for innovative electronic circuits), registration of plant varieties, (for improved/
new plant varieties), and trade secrets (for undisclosed information) [1].

In this context, patents are the form of IPRs that are most important for
researchers. They represent a very useful “tool” for researchers as they help to
avoid duplication of work, prevent infringements, ensure access to highly
technical information usually not available in journals, and also help in identi-
fication of “hot” areas of research. Another very useful aspect of patents is that
they create “ownership” over research, enabling the research to be licensed out to
industry, thus ensuring its practical conversion to products that benefit society.

Patents ensure rights over the invention in return for public disclosure. This
ensures that the knowledge generated by an inventor is freely available for
further technological developments and advancement of science. At the same
time the researcher who put in original labor, time, and money is also rewarded
by granting him or her exclusive rights over the work for a period of 20 years. In
the absence of reward of ownership, inventors will hesitate to disclose their
innovations and technical details and some will die with them, leading to loss of
precious knowledge. Patents help to prevent this by bringing out the knowledge
into the public domain without compromising the commercial interests of
researchers who have put in the original effort.
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Patents represent a vast, untapped resource of technical knowledge and
innovation that can be very useful in research but about which not many
researchers are aware. One of the difficulties in using patent databases in the
past was the lack of digital access. One had to physically go to a patent office
and check the patents. However, the Internet has radically transformed the
access to patent databases. Databases comprising of millions of patents from
several countries are now available in free databases that can be accessed with
the click of a mouse. Some of the free patent databases are the European
Patents Database representing a collection of patents of more than 80 countries
and accessible at http://ep.espacenet.com and the United States of America
Patent Database, which can be accessed through google at the website
www.google.com/patents. Other useful databases are SciFinder and Delphion,
but these are fee-based databases. It is pertinent to mention here that patent
databases include both “filed patents,” which disclose the technical information
and inform about the latest advancements, and those that have not been
granted yet. Patent applications are published 18 months after filing, whereas
grant of patents takes around 3�4 years.

Thus, the present lack of use of patent databases by researchers is mainly due
to lack of awareness and not difficulty in accessing information. Even today
most of the researchers confine their research to the literature, with the result
that a vast chunk of information documented in patents gets left out. This has
serious consequences for researchers: It can lead to duplication of work since
quite often an industry may just go ahead and file a patent about a cutting-edge
technology without going in for publication. A second consequence of research
based on the literature only is that it can lead to infringements upon patented
technologies, affecting licensing of the research work.

The present book reviews the status of biodegradable polymers over a
broad spectrum spanning drug delivery as well as tissue engineering. Both are
applied areas in which ownership over technologies is critically important as it
affects industrial linkages and investments in product development. It was felt
that inclusion of patent database search would be useful to researchers in
giving an overview of the technological developments and innovations that
have taken place on a global level. Particularly, this review helps researchers
by giving answers to a few basic questions with regard to biodegradable
polymers in drug delivery and tissue engineering, namely which universities/
labs contribute to the innovation process? Which industries are leaders in the
area? Which countries are contributing most toward developments in this
niche area? What are the problems that have been already solved? What still
remain? And so on.

Global technology status regarding biodegradable polymers in drug delivery
and tissue engineering was determined by searching patent databases of more
than 80 countries using the official search engine of the European Patent Office
(http://ep.espacenet.com). Both published patent applications as well as
granted patents are reviewed. One can access the “Help Index” on the website
before starting the search to enhance the reliability and completeness of the
retrieved data.
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18.2 METHODS

There are various modes of patent search of the European Patent Database
(Fig. 18.1). In the present case, search was performed using the major keywords
and terms pertaining to respective polymers as reviewed in this book. It was
confined to words in the abstract and titles only to enable search of patents
having greater relevance. Only theOfficial EuropeanDatabasewas searched as it
is the single official source of easily searchable patent database covering more
than 80 countries. Latest patents from the year 2000 onward have been reviewed.
The patents prior to this aremostly included in the review in the form of prior art,
wherever the patents had particular importance or were “classic patents” on
which technical advancement took place in subsequent patents.

Limitations of the Search. The status of patents changes every week as
publication of new patents takes place on a weekly basis. Hence, the present
review or status is confined to the information obtained on a particular date
only. Additionally, the patents reviewed are those based on “specific keywords”
confined only to the title and abstract. Accordingly, patents that may be
relevant but that do not include these keywords in the title or abstract are not
reviewed. This was based on practical considerations as the number of patents
in a general search not confined to title or abstract yielded a very large number
of patents, making their review difficult owing to sheer numbers! Additionally,
it was found in some of the cases that the patents that did not include the
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FIGURE 18.1 Search modes in European Patent Database.
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respective keywords in their title or abstract were not as relevant and important
as compared to those that did.

Status of patents filed in the area of natural and synthetic polymers in the
field of drug delivery and tissue engineering (Date of search: 10 March 2010) is
given in Table 18.1. Results obtained revealed that globally some of the major
contributions in the area of polymer research were being made by industry as
well as academia.

TABLE 18.1 Status of Patents Filed in the Area of Natural and Synthetic Polymers

in the Field of Drug Delivery and Tissue Engineeringa

Sr. No. Keywords Used

No. of Patents

(Filed/Granted)

Natural Polymers

1 Collagen Collagen 15,496

Collagen and drug delivery 128

Collagen and tissue engineering 175

2 Gelatin Gelatin 21,372

Gelatin and drug delivery 91

Gelatin and tissue engineering 28

3 Fibrin Fibrin 3,444

Fibrin and drug delivery 16

Fibrin and tissue engineering 30

4 Silk fibroin Silk fibroin 673

Silk fibroin and drug delivery 3

Silk fibroin and tissue engineering 13

5 Alginate Alginate 7818

Alginate and drug delivery 60

Alginate and tissue engineering 20

6 Dextran Dextran 3950

Dextran and drug delivery 40

Dextran and tissue engineering 3

7 Chitosan Chitosan 9,836

Chitosan and drug delivery 160

Chitosan and tissue engineering 80

8 Polyhydroxyalkanoate Polyhydroxyalkanoate 449

Polyhydroxyalkanoate and drug

delivery

4

Polyhydroxyalkanoate and delivery 7

Polyhydroxyalkanoate and tissue

engineering

0

9 Arabinogalactan Arabinogalactan 322

Arabinogalactan and drug 7

Arabinogalactan and tissue 11

(Continued)
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Selection of Keywords for Search. Selection of appropriate keywords for
search is critical to the success of the search in helping to locate the right
information. An illustrative and very interesting example is that when authors

TABLE 18.1 (Continued)

Sr. No. Keywords Used

No. of Patents

(Filed/Granted)

Synthetic Polymers

10 Polyester Polyester 100,000

Polyester and drug delivery 103

Polyester and tissue engineering 57

11 Polyorthoester Polyorthoester 106

Polyorthoester and drug delivery 02

Polyorthoester and delivery 18

Polyorthoester and tissue

engineering

02

Polyorthoester and tissue 08

12 Polyanhydride Polyanhydride 463

Polyanhydride and drug delivery 36

Polyanhydride and tissue

engineering

05

13 Polyurethane Polyurethane 100,000

Polyurethane and drug delivery 68

Polyurethane and tissue engineering 23

14 PEG-based polymer Poly(ethylene glycol) 24,601

PEG and drug delivery 157

PEG and tissue engineering 10

15 Polyaminoacid Polyaminoacid 84

Polyaminoacid and delivery 6

Polyaminoacid and tissue

engineering

0

Polyaminoacid and tissue 1

16 Polyfumarate Polyfumarate 22

Polyfumarate and delivery 0

Polyfumarate and tissue engineering 0

Fumarate and drug delivery 6

Fumarate and delivery 11

Fumarate and tissue engineering 0

Fumarate and tissue 16

aPeriod of search- 2000 to 2010, Date of search: 10 March 2010. Database searched is the Official

European Patent Database (Worldwide), which covers patent databases of nearly 80 countries

including the United States Patent Database (http://ep.espacenet.com).

Patents are published by respective patent offices of each country on a weekly basis. Hence, the

results (numbers) obtained are not permanent but will vary with time as new patents/patent

applications get published subsequent to the date of search.
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used the keyword “formulations” in the search of title and abstract, a few
results were obtained. However, when the keyword “formulation” was used in
the search of title and abstract, several patents were obtained. Thus, the choice
of keywords drastically affects the outcome of data obtained. Recognizing the
sensitivity of the results to the keywords, the authors devised a simple and
practical strategy in which a “search map” was prepared (Table 18.1). Different
permutations and combinations of words were selected and agreed upon by
various team members of the group, based on their expertise. Once the list of
words that were relevant technically and also their possible synonyms, plurals,
and the like were decided, the search was performed. Accordingly, for the
readers it is advised that they should make various permutations and combina-
tions of keywords, inventors, and so forth before embarking on a search to
make sure that no relevant patent is missed.

18.3 REVIEW OF PATENTS RELATING TO POLYMERS IN DRUG
DELIVERY AND TISSUE ENGINEERING

Biodegradable polymers can be broadly classified on the basis of their origin
into two categories, namely natural and synthetic, both of which have been
extensively explored in the field of drug delivery and tissue engineering. Natural
polymers were the first biodegradable biomaterials used clinically. They possess
several inherent advantages such as bioactivity, the ability to present receptor-
binding ligands to cells, susceptibility to cell-triggered proteolytic degradation,
and natural remodeling. However, they have their drawbacks, which include a
strong immunogenic response associated with most of the polymers, the
complexities associated with their purification, and the possibility of disease
transmission. Synthetic biomaterials on the other hand are generally biologi-
cally inert, have batch-to-batch uniformity, and an advantage having tailored
property profiles for specific applications, devoid of many of the disadvantages
of natural polymers. Extensive research has thus gone into custom designing
biodegradable polymer systems with predictable erosion kinetics as drug/gene
delivery vehicles or as scaffolds for tissue engineering.

Table 18.2 and 18.3 show the contribution of industry as well as academia
in the development of polymers for drug delivery and tissue engineering
pertaining to natural and synthetic polymers, respectively. It was found that
both industry and academia are responsible for the growth of this field with
the maximum chunk of intellectual property coming from the People’s
Republic of China and the United States. The patent review for both natural
and synthetic polymers is discussed in Sections 18.4 and 18.5, respectively.
Table 18.4 gives the global landscape of the patents related to the use of
biodegradable polymers in drug delivery and tissue engineering, discussed in
the present review.
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TABLE 18.2 Academic Institutes and Industries Involved in Filing Patents in the Area

of Natural Polymersa

Sr. No. Industry Sr. No. Academia/ Hospital

1 Baio Berude K. K., Japan 1 American National Red Cross,

USA

2 Baxter International Inc., USA 2 Beijing University of Chemical

Technology, People’s Republic

of China

3 Beijing Saier Taihe Biological

Medical Technology Co., Ltd.,

People’s Republic of China

3 California Institute of

Technology, USA

4 Beijing Yiling Bioengineering

Co., Ltd., People’s Republic

of China

4 Children’s Medical Center

Corporation, USA

5 Chondros Inc., USA 5 Clemson University, USA

6 E.I. du Pont de Nemours and

Company, USA

6 Council of Scientific and

Industrial Research, India

7 Enzrel, Inc., USA 7 Dalian University of Technology,

People’s Republic of China

8 Fuji Photo Film B.V.,

Netherland

8 Fourth Military Medical

University, People’s Republic of

China

9 Hadasit Medical Research

Services & Development

Limited, Israel

9 Fujian Normal University,

People’s Republic of China

10 Innocoll Technologies Limited,

Ireland

10 Guangzhou Institute of Traumatic

Surgery, People’s Republic of

China

11 ISP Investments Inc., USA 11 Hadasit Medical Research &

Development Ltd.

12 Medgel Corporation, Japan 12 Industry Foundation of Chonnam

National University, S. Korea

13 Metabolix, Inc., USA 13 Inst Science & Tech Kwangju,

Korea

14 Nuviance, Inc., USA 14 Jinan University People’s

Republic of China

15 NVR Labs, Ltd., Israel 15 Loyola University of Chicago

16 Orquest, Inc., USA 16 Nankai University, People’s

Republic of China

17 Pharmagenesis, Inc., USA 17 Northwest University, People’s

Republic of China

18 Polichem S.A., Luxembourg 18 Purdue Research Foundation,

USA

19 Procter & Gamble, USA 19 Renomedix Institute Inc. Japan

20 SK Chemicals Co. Ltd.,

S. Korea

20 Sun Yat-Sen University, People’s

Republic of China
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TABLE 18.3 Academic Institutes and Industries Involved in Filing Patents in the Area

of Synthetic Polymersa

Sr. No. Industry Sr. No. Academia/Hospital

1 Advanced Cardiovascular

Systems, Inc., USA

1 Aston University

2 Advanced Polymer Systems Inc. 2 Changchun Applied Chemistry,

People’s Republic of China

3 Aesculap AG & Co KG, DE 3 Chinese Academy of Sciences,

People’s Republic of China

4 Commonwealth Scientific and

Industrial Research

Organisation, Australia

4 Alcon Manufacturing Ltd., USA 5 Council of Scientific and

Industrial Research, India

5 Alza Corp., USA 6 Fudan University, People’s

Republic of China

6 Amorepacific Corp., Korea 7 Guangdong Provincial People’s

Hospital, People’s Republic of

China

7 AP Pharma, Inc., USA 8 Industrial Technology Research

Institute, Taiwan

(Continued)

Sr. No. Industry Sr. No. Academia/ Hospital

21 Sofradim Production, France 21 State University of New York,

USA

22 Tepha, Inc., USA 22 The Children’s Mercy Hospital,

USA

23 V.I. Technologies, Inc., USA 23 The University of Texas System,

USA

24 Xiros PLC, UK 24 Tianjin Medical University,

People’s Republic of China

25 Yissum Research Development

Company, Israel

25 Tianjin University, People’s

Republic of China

26 Tufts College, USA

27 University of California, USA

28 University of Michigan, USA

29 Zhejiang University, People’s

Republic of China

30 Zhongshan Ophthalmic Center,

People’s Republic of China

aDate of patent database search: 10 March 2010.
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TABLE 18.3 (Continued)

Sr. No. Industry Sr. No. Academia/Hospital

8 Atrix Laboratories, USA 9 Korea Advanced Institute of

Science and Technology, Korea

9 Bausch & Lomb Incorporated,

USA

10 Korea Institute of Science and

Technology, S. Korea

10 Biomedlab Corporation), Japan 11 Korea Research Institute of

Chemical Technology, S. Korea

11 Bonwrx Inc, USA 12 Liverpool John Moores

University, UK

12 Canada Natural Resources, CA 13 Massachusetts Institute of

Technology, USA

13 Cellology Ltd, IE 14 Mayo Foundation for Medical

Education and Research, USA

14 Cheil Jedang Corp, Korea 15 Mogam Biotechnology Research

Institute, S. Korea

15 Chemical & Medical Res Co Ltd,

Korea

16 Nat Science Council, Taiwan

16 Chiron Corporation, USA 17 National Cardiovascular Centre,

Japan

17 Curexo USA, Inc., USA 18 National Institute of

Pharmaceutical Education and

Research (NIPER), India

18 Cygnus Therapeutic Systems,

USA

19 National Science Council, Taiwan

19 Dong Sung Chemical Ind Co Ltd,

Korea

20 Commonwealth Scientific and

Industrial Research

Organisation, Australia

20 Dow Chemical Co, USA 21 Penn State Res Found, USA

21 Edwards Life Sciences Corp,

USA

22 Philadelphia Children Hospital,

USA

22 ELLA-CS, Czech Republic 23 Polynovo Biomaterials Limited,

Australia

23 Ethicon Inc., USA 24 Qingdao University of Science and

Technology, Peop. Rep. China

24 Expression Genetics Inc., USA 25 Regents of the University of

California, USA

25 Flamel Technologies, France 26 Rice University, USA

26 Gensia Pharma USA 27 Shanghai Institute of Ceramics,

China

27 Guilford Pharm Inc USA 28 Sichuan University, People’s

Republic of China

28 Hande Biolog Tech Co Ltd

Yunan, People’s Republic of

China

29 Sungkyunkwan University,

Foundation for Corporate

Collaboration, S. Korea

29 Hydrophilix Corp, USA 30 The Governors of the University

of Alberta, Canada
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Sr. No. Industry Sr. No. Academia/Hospital

30 Indevus Pharmaceuticals, Inc.,

USA

31 The Penn State Research

Foundation, USA

31 Insite Vision Inc., USA 32 The State University of New

Jersey, USA

32 Integra Lifesciences I Ltd, USA 33 The University of Nottingham,

UK

33 Isis Biopolymer LLC, USA 34 Università Degli Studi di Palermo,

Italy

34 Isotis N.V., Neth. 35 University of British Columbia

35 Macromed, Inc., USA 36 University of California, USA

36 Mastcell Pharmaceuticals Inc.,

USA

37 University of Fudan, People’s

Republic of China

37 Medtronic Inc., USA 38 University of Gent, BE

38 Meta Dental Co., S. Korea 39 University of Huazhong Science

Tech, People’s Republic of

China

39 Nipro and Co., Ltd., Japan 40 University of Johns Hopkins,

USA

40 Nova Pharmaceutical Corp., USA 41 University of Minas Gerais, BR

41 Ono Pharmaceutical Co, Japan 42 University of Ningbo, People’s

Republic of China

42 Oreal, France 43 University of Qingdao Science &

Tech, People’s Republic of

China

43 Organogenesis, Inc., USA 44 University of Sichuan, People’s

Republic of China

44 Pacific Corp., S. Korea 45 University of South Carolina,

USA

45 Polymaterials AG, Germany 46 University of Southern California,

USA

46 Poly-Med, Inc., USA 47 University of Sungkyunkwan

Foundation, Korea

47 Polynovo Biomaterials Limited,

Australia

48 Procter & Gamble, USA 48 University of Texas, USA

49 Salviac Ltd, USA 49 University of Tongji, People’s

Republic of China

50 Samyang Corporation, S. Korea 50 University of Vanderbilt

51 Shearwater Corporation, USA 51 University of Virginia, USA

52 Solco Biomedical Co., Ltd. 52 University of Wuhan Tech,

People’s Republic of China

53 Spherics, Inc., USA 53 University of Xi An Jiaotong,

People’s Republic of China

54 Squibb Bristol Myers Co USA 54 University of Yonsei Seoul, Korea

(Continued)
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TABLE 18.3 (Continued)

Sr. No. Industry Sr. No. Academia/Hospital

55 Telomolecular Corporation,

USA

55 Universidade Federal de Minas

Gerais, Brazil

56 The Dow Chemical Company,

USA

56 Università degli Studi di Palermo,

Italy

57 Tyndale Plains-Hunter Ltd.,

USA

57 Universiteit Gent, Belgium

58 Umd Inc. 58 University of Michigan, USA

59 Valera Pharmaceuticals, Inc.,

USA

59 University of South Carolina,

USA

60 Vitaphore Corp USA 60 William Marsh Rice University,

USA

61 Zhejiang Jiayuan Pharmaceutical

Industry Co., Ltd., People’s

Republic of China;

61 Wuhan University of Technology,

People’s Republic of China

62 Zhejiang Puluo Pharmaceutical,

People’s Republic of China

Date of patent database search: 10 March 2010.

TABLE 18.4 Global Patent Landscape of Biodegradable Polymers for Use in Drug

Delivery and Tissue Engineering Applications

Polymer Patent Number Innovation/Application Reference

Natural Polymers

Collagen US2008241245 Prolong delivery of analgesics

and anesthetics

182

WO2006068232 Drug delivered specifically to

astrocytes

4

WO2007103555 Transdermal delivery

compositions to promote

collagen biosynthesis

5

JP2008125916 Crosslinked material as an

anchor for tissue regeneration

or a carrier for a drug delivery

6

WO2002017713 Porous bilayer matrices for tissue

regeneration and drug delivery

7

WO2009152384 Solutions and methods of

preparing a decellularized

tissue

8

WO2009140573 Conjugates of collagen peptides

and metal binding agents

9

CN101549171 Collagen sponge bracket for

regenerating cartilages

10
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Polymer Patent Number Innovation/Application Reference

CN101584884 Preparation of artificial bone

material

11

CN101554490 Method for preparing new blood

vessel middle layer scaffold

12

WO2009016519 Bioresorbable wall reinforcement

implants

13

WO2009007531 Materials and methods for

improving the biological

properties of collagen scaffolds

14

CN101066471 Cell-removing cornea substrate

for corneal transplantation

15

CN1887359 Skin wound repairing agar/

collagen dressing

16

US2005020506 Chemically crosslinked collagen

and demineralized bone matrix

as an implant for tissue

engineering

17

Gelatin WO2006085653 Water-based medical hydrogel as

a drug delivery vehicle

18

WO2004089291 Nanoparticles or microparticles

of gelatin for targeting drugs

to tumors

183

CN1868553 Dermal tissue-engineered stent 19

WO2004085473 Scaffold comprising RGD-

enriched gelatin

20

WO2008107126 Novel biodegradable fiber fabric 21

CN1799647 Novel nanocomposite 22

CN1720876 Novel uterine neck tissue

engineering scaffold

23

CN1546182 Novel nerve damage renovation

material

24

CN1608684 Preparation process and

applications of the epidermal

transplant

25

Fibrin WO2002089868 Novel bioerodible fibrin material 26

WO9420133 Methods of production and use

of a novel tissue sealant

27

WO9915637 Novel microbeads of a fibrin 28

CN101002964 Novel composite skin material 29

CN1569259 Novel tissue-engineered auto

corneal epithelium

30

WO9843686 Novel biocompatible material 31

Silk fibroin WO2005123114 Novel sustained-release delivery

system

32

(Continued)
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TABLE 18.4 (Continued)

Polymer Patent Number Innovation/Application Reference

WO2002081793 Novel process for preparing

extruded fibers

33

Alginates WO9812228 Novel alginate chains modified

by covalent bonding to a drug

molecule

34

CN101549158 Liver-targeted nanometer drug

delivery system

35

WO2008033497 Novel thermoreversible gel 36

WO2002076429 Novel sustained-release drug

delivery composition

37

WO2004082594 Novel alginate sponge 38

WO9618424 Methods and compositions for

reconstruction of breast tissue

39

Dextran WO2009064977 Novel tissue adhesive 40

KR2009058420 Preparation method for dextran

acetate nanoparticles

41

US6303585 New dextran-based carrier 42

WO2000069473 Novel macromolecular carriers 43

WO2004029095 Novel cohesive biopolymer gels 44

WO2001079315 Copolymer of polylactic acid

with dextran

45

Chitosan EP1958613 Novel liquid compositions 46

WO2009091992 Novel polymer-surfaced

microcolloid

47

WO2009036022 Novel compositions 48

WO2007083984 Novel conjugate for

transmucosal delivery of active

agents

49

CN101209241 Preparation method for

controlled-release nanoparticle

50

CA2537724 Novel emulsions and creams 51

WO2006062506 Novel pharmaceutical

compositions

52

CN101280467 Preparation method and

application of nanofibers

53

CN101225123 Preparation method and

application of chitosan

derivative

54

CN101148520 Novel temperature-sensitive

chitosan hydrogel

55

CN101491702 Method for preparing a porous

tissue engineering frame

material

56

CN101502673 Method for preparing injectable

hydrogel

57
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Polymer Patent Number Innovation/Application Reference

Polyhydroxyalkanoate WO2001019422 Novel liquid compositions or

microdispersions

58

WO2001015671 Methods for fabricating

flushable drug delivery systems

59

WO2000056376 New devices of with controlled

degradation rates

60

WO9851812 Novel chemically modified

polymer

61

Arabinogalactan WO2002002607 Novel acid-modified

composition

62

WO2007034495 Novel modified polymer

conjugate

63

US2002012705 Novel applications of polymer 64

Syntheic Polymers

Polyesters US2008113027 Novel pharmaceutical

composition consisting of a

water insoluble polymer

matrix, for controlled release

of an active moiety to a target

site

66

WO9959548 A sustained controlled-release

system where drug is

covalently conjugated to

polymer

67

WO2008025111 Production of a monolithic

intraocular pharmaceutical

formulation

68

WO2004096178 A nano- or microparticle drug

delivery system comprising a

linear aliphatic polyester, with

at least one aliphatic polyol

residue

69

US6365173 Stereocomplexes for drug

delivery

70

US7628977 Method for sustained pulmonary

delivery

71

US2007190103 An implantable medical device

with surface eroding

characteristics

72

US6565874 Flowable controlled-release

implant for leuprolide acetate

delivery

73

(Continued)
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TABLE 18.4 (Continued)

Polymer Patent Number Innovation/Application Reference

WO2009036083 An interpenetrating polymer

network for controlled drug

delivery

74

US2009157158 Self-expanding biodegradable

stent

75

WO2004096190 Novel composition containing

magnetic nanoparticles for

targeted drug delivery

76

US2009149800 Novel iontophoretic drug

delivery system

77

US2003009004 Self-assembling amphiphilic

block copolymers

78

US6410057 Micellar delivery system as

particulate gene carrier

79

US2004161464 Novel formulations for drug

delivery

80

WO2002060508 Method for the preparation of a

porous scaffold/implant

81

US2007275034 Swellable fiber- and microfiber-

forming polyether-esters

82

WO2010025176 Electroprocessed drug delivery

devices

83

CN101530631 An inventive liver tissue

engineering scaffold and its

preparation method

84

CN101474428 Preparation method of a

composite stent material

85

US6207749 Novel comb polymer for

modulating cell surface

interactions

86

US2002025340 Tissue volume replacement

compositions and their

preparation methods

87

WO2009044403 Injectable compositions for

tissue augmentation

88

JP2007268239 Fabrication of an artificial,

polymer-based blood vessel

89

KR2001011083 Scaffold for treatment of

periodontitis

90

JP2000245450 Skin replacement graft for acute

and chronic wounds

91

JP2003126236 Porous scaffold for ocular tissue

regeneration

92
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Polymer Patent Number Innovation/Application Reference

US2009035349 Composite scaffold for complex

tissue grafts

93, 94

Polyorthoesters US2007264338 A stabilized, semisolid as a

topical or injectable delivery

system

98

US2009142408 Nanoparticulate delivery system

for human telomerase

99

WO9414416 Novel controlled drug delivery

system

100

WO2002026209 Microparticles with adsorbent

surfaces for polypeptide/

nucleic acid delivery

101

US2004043135 Surface modification of porous

scaffolds by graft

polymerization and low-

temperature plasma discharge

technique

102

KR2004101787 Method of preparation of porous

scaffolds without organic

solvent

103

US7329413 Novel method for coating

implantable medical device

104

Polyanhydride US6486214 Novel polyanhydride linkers 109

WO2002009767 Polyanhydride linkers for drug

delivery

110

US4916204 Novel method for synthesizing

polyanhydrides in solution

111

WO 0244232 Polyanhydrides with aliphatic

hydrocarbon terminals

112

EP260415 Novel synthesis procedure 113

US4888176 Controlled drug release devices 114

WO9009783 Controlled delivery of water-

soluble compounds

115

WO, 9603984 Localized delivery to solid

tumors

116

WO9213567 Novel polymeric blends for drug

delivery

117

US5179189 Novel polymers with fatty-acid

modified end groups

118

US2003105067 Localized drug delivery systems 119

US4891225 Novel polymers for controlled

drug delivery

120

US2003199449 New therapeutic method for

cancer treatment

121

(Continued)
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TABLE 18.4 (Continued)

Polymer Patent Number Innovation/Application Reference

IN589/DEL/

2007

Novel injectable drug delivery

system

122

WO2005056708 Novel bioadhesive polymers 123

WO9912990 Novel polymers 124

WO8901006 Novel polymers 125

CN101357239 Novel application 126

CN101402737 Novel electricity-conducting

biomedical polymer

127

JP2002020523 Porous scaffold 128

KR2003097156 Porous scaffold 129

Polyurethanes CN101503501 Novel synthesis procedure 133

WO2005013936 Fabrication procedure for a

long-term drug delivery device

134

US2009208540 Drug delivery device 135

US4743673 Synthesis procedure for

hydrophilic carboxy

polyurethanes

136

US5387419 Controlled, site-specific delivery

system for antiarrhythmic

agents

137

WO9421237 Controlled, site-specific delivery

system for antiarrhythmic

agents

138

WO2006068950 Ocular drug delivery device 139

WO2000059483 Drug reservoir for transdermal

drug delivery systems

140

WO9709970 High-capacity drug reservoir for

transdermal drug delivery

systems

141

US5567488 Impermeable multilayer barrier

film

142

EP272918 Diffusion matrix for transdermal

drug delivery

143

WO2006032501 Fabrication of open-pore foam-

based scaffold

144

US6579322 CBD-RGD peptide modified

biomaterial for vascular tissue

engineering

145

CN101157748 Preparation and use of a

degradable mesh

146

US2003149406 Medicated multilayered foam

dressing

147

WO2009043099 High modulus compositions for

biomedical applications

148
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Polymer Patent Number Innovation/Application Reference

WO2004009227 Preparation and use of flowable,

injectable compositions for in

situ generation of tissue

engineering scaffolds

149

PEG-based polymers US6214966 Novel derivatives for controlled

delivery of bound molecules

150

CN1995099 Stable, chemical crosslinking gel

for drug delivery and tissue

engineering

151

US2010076209 Novel PEG-lipid conjugates 152

US5939453 Novel polymers forming micellar

systems

153

WO2000018821 Novel thermosensitive polymers 154

KR838809 Thermo/pH-sensitive block

copolymers

155

US2005019303 Novel micellar systems for drug/

cosmetic delivery applications

156

WO2008071009 Novel micellar systems for

targeted drug delivery

157

IN751/DEL/

2009

Novel polymer for polymersome

fabrication

158

IN922/DEL/

2010

Novel vesicular delivery system

(polymersome) for

amphotericin B

159

IN913/DEL/

2010

Novel vesicular delivery system

(polymersome) for

doxorubicin

160

US2009247666 Thermosensitive block

copolymer

161

WO2002016557 Scaffolds modified with matrix-

enhancing molecules

162

Polyaminoacids WO2008152669 Novel protein/peptide delivery

systems

164

EP734720 Particulate drug delivery systems 165

WO2002028521 Particulate drug delivery systems 166

WO9958151 Novel nucleic acid delivery

system

167

WO9823226 Fabrication and use of a tissue

transplant

168

Polyfumarates WO2005099667 Ocular drug delivery

composition

174

WO2007008927 Composition for skeletal tissue

reconstruction

175

US2004023028 Polymeric microspheres for

controlled drug delivery

176

(Continued)
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18.4 NATURAL POLYMERS

Natural polymers have the advantage of having an intrinsic property of
environmental responsiveness via degradation, bioactivity, ability to present
receptor-binding ligand to cells, and remodeling by cell-secreted enzymes. They
are also generally nontoxic, even at high concentrations and, therefore, can be
readily fabricated into a desired form as tissue engineering scaffold or used as
growth factor delivery systems. However, they suffer from some drawbacks
such as immunogenic response, batch-to-batch variation, restrictions with the
versatility of designing devices with specific biomechanical properties, variable
rate of in vivo degradation, and the possibility of disease transmission [2].
These limitations may be overcome in the case of synthetic polymers that are
readily synthesized in large quantities and can also be “tailor-made” to suit
specific requirements and also by making suitable modifications in the natural
polymers as per one’s needs.

18.4.1 Collagen

Collagen is the most abundant protein in the animal kingdom and is the major
component of the extracellular matrix and connective tissues rendering strength
and flexibility to connective tissues such as tendons, bones, cartilage, blood
vessels, skin, and other musculoskeletal tissues. Collagen has been extensively
explored for an array of tissue engineering and biomedical applications owing
to its mechanical, hemostatic, and cell-binding properties. Integra Dermal
Regeneration Template, Orcel and Apligraf are a few of the products of
collagen approved by the U.S. Food and Drug Administration (FDA)

Use of Collagen in Drug Delivery. Collagen has a vast array of applications
in drug delivery, for example, prolonged delivery of various agents such as
analgesics and anesthetics and for transdermal and ophthalmic drug delivery of

TABLE 18.4 (Continued)

Polymer Patent Number Innovation/Application Reference

EP325866 Compositions for biomedical

applications

177

WO2006102530 Hydrogels for cell/drug delivery 178

WO2006055940 Novel photocrosslinkable and

self-crosslinkable block

copolymers

179

WO2008008288 Hydrogels for nerve growth 180

WO2008063878 Novel device for nerve

regeneration

181
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various other agents. A new method for fibrillar collagen matrix and drug
substance amino amide anesthetics, amino ester anesthetics, and mixtures has
been reported [3]. In this matrix, drug substance is present in an amount
sufficient to provide a sufficient duration of local analgesia, local anesthesia, or
nerve blockade, which lasts for one day after administration. Another applica-
tion describes astrocyte-specific drug carrier containing a retinoid derivative
and/or a vitamin A analog as a constituent and a therapeutic method with the
use of the drug. By binding a drug carrier to a retinoid derivative such as
vitamin A or a vitamin A analog or encapsulating the same in the drug carrier,
a drug for therapeutic use can be delivered specifically to astrocytes. As a result,
an astrocyte-related disease can be efficiently and effectively inhibited or
prevented while minimizing side effects. Thus, the secretion of type I to type
IV collagens can be inhibited and fibrosis can be effectively avoided [4].
Another application describes transdermal delivery compositions and topical
compositions that promote collagen biosynthesis and delivery of chemical agents
such as antifungal agents, anesthetics, and nonsteroidal anti-inflammatory drugs
[5]. Another application describes a crosslinked protein material (collagen,
gelatin, and albumin) as an anchor for tissue regeneration or a carrier for a
drug delivery system, which has low toxicity and in vivo stability for a relatively
long period of time, can control solubility and decomposability, and holds cell
proliferation ability [6]. For tissue regeneration on orthopedic implants and drug
delivery, another patent describes porous bilayer matrices of collagen and
polysaccharides such as hyaluronic acid [7].

Use of Collagen in Tissue Engineering. For tissue engineering applications,
solutions and methods of preparing a decellularized tissue for recellularization
has been provided [8]. The solutions provide collagen conditioning to restore
the collagen triple helix structure, strengthening of the collagen structure of the
tissue, and biologically preparing the decellularized tissue by placing it in an
environment that promotes recellularization. Another application describes
conjugates of collagen peptides and metal binding agents. Resulting composi-
tions are useful in various tissue engineering and regeneration applications such
as cell culture, cell adhesion, cosmetic surgery, construction of artificial skin
substitutes, management of severe burns and burn surgery, reconstruction of
bone, and a wide variety of dental, orthopedic, and surgical purposes, and as a
drug delivery vehicle [9]. Another use belongs to biomedicine field, relating to a
type II collagen sponge bracket for regenerating cartilages in tissue engineering.
This possesses uniform communication aperture suitable for cell growth and
preferable mechanical intensity and three-dimensional stability of apertures
structure. This can be used as tissue engineering implant, bracketmaterials of cell
culture, or drug delivery for the application of preventing and treating of
renovating cartilage densification [10]. Another patent discloses a method for
preparing biomimetic artificial bonematerials containing collagen, chitosan, and
hydroxyapatite for biodegradable tissue engineering. This artificial bone materi-
als prepared by this method are excellent in bone inducing activity and immune
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compatibility, thereby thoroughly putting an end to the inevitable viral hidden
trouble of animal collagen scaffold materials and greatly improving safety [11].

A new method for preparing blood vessel middle-layer scaffold material used
for tissue engineering has been described [12]. The prepared scaffold material
greatly improves the safety and efficacy owing to its excellent mechanical
capacity, biocompatibility, blood and immunity compatibility, as well as lower
immunity rejection reaction and virus transmission. Another application
discloses bioresorbable wall reinforcement implants consisting of a bioresorb-
able porous matrix based on a collagen sponge that defines first pores, a
bioresorbable porous three-dimensional knit that defines second pores, with the
matrix filling the knit, and all the first and second pores being partially
interconnected with one another [13]. Another application relates the materials
and methods for improving the biological properties and electromechanical
performance of collagen scaffolds used for cell transplantation, by fixation of
biocompatible reagents, and adhesion molecules that control cell adhesion,
apoptosis, survival, and/or differentiation simultaneously. The grafting of
adhesion molecules to collagen matrices renders them suitable for use in
vascular and cardiothoracic surgery/medicine, as well as in cell therapy for
the heart and in artificial heart muscle engineering [14]. Another application in
corneal transplantation describes cell-removing cornea substrate that is con-
structed of hundreds of mutually parallel collagen fiberboards, between which
there are interspaces formed due to cell removing. The cell-removing cornea
substrate is used for repairing surface tissue trauma of the eyes, rebuilding and
shaping the surface tissue of the eyes, curing ocular surface tissue disease,
and constructing the carrier of tissue engineering biology cornea. The cell-
removing cornea substrate can retain for a long time or decompose gradually,
showing low immunogenicity and good tissue compatibility after transplanta-
tion [15]. Further, the preparation process and applications of an agar-collagen
dressing, is described for skin wound repair [16]. Agar and collagen or gelatin
are mixed, and the mixture is subjected to freeze-drying to obtain porous
compound rack or compound film for promoting the repair of skin wound, and
the rack may be also used in other soft tissue engineering applications. Another
application of collagen in the form of a porous matrix or scaffold describes a
composition comprising of a collagen and demineralized bone matrix chemi-
cally crosslinked with a carbodiimide in the presence ofN- hydroxysuccinimide.
The composition can be used as an implant for tissue (e.g., soft tissue or bone)
engineering [17].

18.4.2 Gelatin

Gelatin is derived by denaturing collagen and is hence free of any antigenicity
property associated with collagen. Due to its promising properties such as
biodegradability and biocompatibity, gelatin has been used in drug delivery,
mainly in the form of microspheres. It has also been used for tissue engineering
applications. Gelfoam is an absorbable gelatin sponge available in powder form.
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Use of Gelatin in Drug Delivery. For application in drug delivery, water-
basedmedical hydrogel obtained by crosslinking of gelatin has been reported [18].
This medical hydrogel posseses appropriate properties for continuous drug
delivery. Another application describes a composition including fast-release and
slow-release formulation for tumor targeting (nanoparticles or microparticles).
This invention also uses drug-loaded gelatin and poly(lactide-co-glycolide)
nanoparticles and microparticles for targeting drugs to tumors in the peritoneal
cavity, bladder tissues, and kidneys [19]. Another application describes a dermal
tissue-engineered stent for cervix uteri composed of a circular disk-type
base, a semispherical or projected cylindrical head, and a neck with a central
through hole. It is a single-layer or double-layer structure. It is prepared bymixing
gelatin, chitosan, chitosan-derivative iodine polymer, glycerine, and hyaluronic
acid, stirring, laying aside for at least 6 h , loading in mold, and then freeze-
drying [19].

Use of Gelatin in Tissue Engineering. A new application concerns a cell
support comprising (Arg-Gly-Asp) RGD-enriched gelatin that has a more even
distribution of the minimum level of RGD sequences than naturally occurring
gelatin. The invention also relates to RGD-enriched gelatins that are used for
attachment to integrins. In particular the RGD-enriched gelatins of the invention
can be used for coating a cell culture support for growing anchor-dependant cell
types. Furthermore, the RGD-enriched gelatins of the invention may find use
in medical applications, in particular, as a coating on implant or transplant
material or as a component of drug delivery systems [20]. Another application
provides a nonwoven fiber fabric in the form of a flat material that can be used
as a biodegradable material in medicine, in particular, as an implant or carrier
material for living cells (tissue engineering) but can also be used in food
technology in a variety of applications [21]. Another patent discloses a nanohy-
droxyapatite/chitosan/gelatin composite composed of a porous bone tissue
engineering cradle material. The porous cradle material comprises chitosan and
gelatin with their mass ratio being 3 : 7�7 : 3 and the nanohydroxyapatite of
40�80 nm deposited on it. Thematerial prepared in this invention possesses good
mechanical property and biocompatibility [22]. Another application provides a
uterine neck skin tissue engineering scaffold and its preparation method, wherein
the scaffold mainly comprises a disk-shaped bottom, a hemispherical head, and a
choked neck connected at the center with a central axial through hole; the scaffold
is combined by an inner and an outer layer [23]. Another patent describes a
complex type of tissue engineering nerve damage renovation material, which
comprises type I collagen, heparitin sulfate, type IV collagen, and gelatin. The
material has simple adjusting inner diameter and uniform single orientation axial
bore. It is easy to be made into different external forms, for example, cylinder or
rectangle [24]. Another application describes epiderm transplant based on
chitosan and gelatin. Present invention also provides the preparation process
and applications of the epiderm transplant with excellent mechanical perfor-
mance, simple operation, short preparation period, and fast wound healing [25].
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18.4.3 Fibrin

Fibrin is a biopolymer that is derived from fibrinogen and is one of the earliest
biopolymers used as a biomaterial due to the excellent biocompatibility,
biodegradability, and injectability. Tisseel, Evicel, Crosseal, and Bioseed are
a few of the fibrin-based products available that are duly patented.

Use of Fibrin in Drug Delivery. The mechanical behavior and high retention
properties for therapeutic agents causes the fibrin material to be ideally suited for
use as a drug delivery device, capable of delivering biomolecules (proteins,
hormones, enzymes) and chemotherapeutic agents (antibiotics, antineoplastic
agents). A new drug delivery application based on bioerodible fibrin material
obtained by mixing fibrinogen and thrombin has been reported. It has a tight
structure with thin fibers and small pores suitable for use as an antiadhesion
barrier [26]. Another application provides methods of production and use of
supplemented and unsupplemented tissue sealants such as fibrin glue. This sealant
does not interferewith skinwoundhealing andcanbeused for localizeddelivery of
a growth factors and/or drugs such as 5-fluorouracil or free-base tetracycline [27].

Use of Fibrin in Tissue Engineering. A new application describes microbe-
ads of a fibrin (including a fibrinogen) that are biologically active and extensively
crosslinked and consist of cells bonded to these microbeads. A method for
culturing, separating, and transplanting a cell and methods for engineering a
tissue using the fibrin microbeads have also been provided [28]. Another applica-
tion describes a composite skin material composed of the hypodermal cell layer
and epithelial cell layer attached on fibrin scaffold. Preparation process includes
steps such as isolating fibroblasts and epithelial stem cells from patient itself/
foreign person, dispersing them in fibrinogen liquid, preparing serozyme solution,
mixing them together, and coating the mixture on the surface of the wound [29].
Another application describes tissue-engineered autocorneal epithelium that
consists of fibrin biostent and the patient’s autocorneal epithelium stem cells
and corneal epithelium cells anchored on it. The preparation process involves
amplifying and differentiating a patient’s autocorneal epithelium stem cells,
inoculating to the fibrin biostent, and culturing, constructing tissue-engineered
autocorneal epithelium in vitro. The tissue-engineered corneal epithelium can be
applied as biomaterial for corneal transplantation [30]. Another application of
fibrin includes a biocompatible material suitable for promoting cell growth,
wound healing, and tissue regeneration. Applications of this technology include
use on implantable devices and tissue and cell scaffolding. Other applications
include use in surgical adhesive or sealant, as well as in peripheral nerve
regeneration and angiogenesis [31].

18.4.4 Silk Fibroin

Silk represents protein polymer spun into fibers by silkworms, spiders,
scorpions, mites, and flies. Degradable silk is a mechanically robust biomaterial
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that offers a wide range of mechanical and functional properties for biomedical
applications including drug delivery.

A novel sustained release silk-based delivery system and its preparation
method has been reported. In this, silk fibroin solution is combined with a
therapeutic agent to form a silk fibroin article, which was thereafter used [32].
Another application relates to a novel process for preparing a solution of silk or
silk-like protein from various sources, and spinning it to produce a reformed silk
fiber for biomedical and other applications. The process comprises dissolving
silk, waste silk or silklike material in an organic solvent to form a silk fibroin
solution, filtering the solution, and spinning the filtered solution into a coagula-
tion bath to form extruded fibers. The silk fibers are useful for implantable
devices such as absorbable artificial ligaments and engineering matrices, drug
delivery implants, and for many other uses [33].

18.4.5 Alginates

Alginates are naturally derived polysaccharides. Alginates undergo reversible
gelation in aqueous solution under mild conditions through interaction with
divalent cations such as Ca21. This has led to their wide use as cell transplanta-
tion vehicles to grow new tissues, as wound dressings, and also in three-
dimensional culture of chondrocytes. Several alginate-based commercially
available products include Nu-Derm, Curasorb, and AlgiSite.

Use of Alginates in Drug Delivery. A new application discusses materials
that contain alginate or modified alginate chains that are advantageously
modified by covalent bonding to a drug molecule for cell adhesion or other
cellular interaction, particularly for cell transplantation and tissue engineering
applications [34]. Another application describes a sodium alginate liver-targeted
nanometer drug delivery system as carrier material and uses glycyrrhetic acid as
liver-targeted compound. The sodium alginate liver-targeted nanometer drug
delivery system of the invention has the advantages of sustained release, reduced
drug dosage, reduced drug taking times, reduced toxic side effects, increased
drug effect, simple and practical preparing method, and excellent application
prospect [35]. Another application describes a thermoreversible gel containing
submicron-size particles containing a therapeutic molecule and alginate poly-
electrolyte complex and a chitosan polyelectrolyte complex or mixtures. The
therapeutic molecule used in the thermoreversible gel is lidocaine [36]. Another
application describes a pH-dependent sustained-release drug delivery composi-
tion based on alginate, capable of being formed into tablets or pellets. This
composition was comprised of sodium alginate, propylene glycol, and a
pharmaceutical medicament [37].

Use of alginates in Tissue Engineering. A novel polymer based on
alginates for cellular transplantation and its application for tissue engineering
has been reported. These polymers are advantageously modified by covalent
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bonding of a biologically active molecule for cell adhesion or other cellular
interactions. Processes for preparation of these alginate materials and methods
for using them, particularly as polymeric matrices, for example, for cell
transplantation and tissue engineering applications have been described [34].
Another application describes an alginate sponge and its preparation method.
This alginate sponge possesses significantly improved flexibility, structural
integrity, water absorptivity, and processability to be used for medical and
tissue engineering purposes with a simple preparation method [38]. Another
application relates to methods and compositions for reconstruction or augmen-
tation of breast tissue. Dissociated cells, preferably muscle cells, are implanted in
combination with a suitable biodegradable polymeric matrix to generate new
tissue. There are two forms of matrices that can be used: a polymeric hydrogel
formed of a material such as alginate having cells suspended therein and a
fibrous matrix having an interstitial spacing between about 100 and 300 μm.
Other materials, such as bioactive molecules that enhance vascularization of the
implanted tissue and/or that inhibit growth of fibrotic tissue, can be implanted
with the matrix to enhance development of normal tissues [39].

18.4.6 Dextran

Dextrans are polysaccharides available in a wide range of molecular weights.
They contain a high density of hydroxyl groups that make the polymers highly
hydrophilic and capable of being further functionalized chemically. They are
also used as the hydrophilic part of amphiphilic block copolymers.

Use of Dextran in Drug Delivery. A novel application discusses tissue
adhesive formed by reacting primary amino groups of aminodextran with
aldehyde groups of an oxidized dextran. The dextran-based polymer tissue
adhesive is particularly useful in medical applications where low swell and slow
degradation are needed, for example, sealing the dura, ophthalmic procedures,
tissue repair, antiadhesive applications, drug delivery, and as a plug to seal a
fistula or the punctum [40]. Another application describes a preparation
method for dextran acetate nanoparticles. These nanoparticles have excellent
delivery property for hydrophobic drug and radio-labeled material, with
excellent biodegradation property. A preparation method of dextran acetate
drug delivery media comprises mixing of dextran acetate nanoparticles with
organic solvent and dialyzing the mixed solution followed by freeze-drying [41].
Another drug delivery application describes a dextran-based carrier and its
preparation method. The preparation method involves reaction of polysac-
charide with an oxidizing agent to open sugar rings on the polysaccharide and
to form reactive aldehyde groups. The formed aldehyde groups are reacted with
a second polysaccharide to form dimer via formation of oxime linkage [42].
Macromolecular carriers based on dextran for drugs and diagnostic agents
make use of the chemical attachment of new leashes to oligomeric backbone
structures. The synthesis of these leashes and their facile creation, reaction, and
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conjugation with chelators and ligands makes them ideal candidates for use in
medicine and in diagnostics [43].

Use of Dextran in Tissue Engineering. A novel application concerns
cohesive biopolymer gels comprising coprecipitates of sulfated polysaccharides
(e.g., dextran sulfate) and fibrillar proteins (e.g., gelatin) useful for clinical
applications. The cohesive biopolymer gels may be used clinically as a scaffold
for a cell-bearing implant, as a depot for sustained release of bioactive agents,
or for research and biotechnology [44]. Another application describes prepara-
tion of biocompatible, biodegradable, copolymer by crosslinking a polylactic
acid with a polysaccharide such as dextran. The resulting copolymer is a
biodegradable hydrogel or solid having both hydrophobic and hydrophilic
properties. The biologically active agents may be covalently bonded to the
dextran prior to incorporation of the dextran into a copolymer, and release
occurs as the copolymer degrades [45].

18.4.7 Chitosan

Chitin is a linear polymer found in the shells of crabs, lobsters, shrimp, and
insects. Chitosan is the fully or partially deacetylated form of chitin and has
attracted much attention in the tissue engineering with a wide variety of
applications ranging from skin, bone, cartilage, and vascular grafts. It has been
found to enhance blood coagulation accelerating wound healing, thus it can act
as an ideal wound dressing. It also exhibits a positive charge, film-forming
capacity, mild gelation characteristics, and a strong tissue adhesive property.
HemCon is a commercially available chitosan-based bandage.

Use of Chitosan in Drug Delivery. A novel application describes liquid
compositions containing chitosan or a chitosan derivative. The composition forms
a dermal film after application onto the skin, useful for delivery of active agents
onto the skin surface and in the stratum corneum [46]. Another application
describes chitosan or silica-based nontoxic polymer-surfaced microcolloid that
reduces acrolein-mediated cell death/cytotoxicity following neural insult. The
cytoprotective mechanism may be (a) chitosan acts as a membrane fusogen to
restore cell function, and (b) a polymer-surfaced microcolloid preferential target
that damaged nerve tissues to restore conduction of nerve impulses, to seal/restore
nerve fiber membranes, and to reduce baseline efflux of a large intracellular
enzyme. These polymer-surfacedmicrocolloids are further used as a drug delivery
vehicle for acrolein scavengers including hydralazine [47]. Another application
describes compositions for enhanced delivery of therapeutic agents such as nucleic
acids and anionic-modified polysaccharides (e.g., chitosan). The compositions
maybeuseful in transfectionof a therapeutic nucleic acid [48].Another application
describes a conjugate including an active agent covalently bound to chitosan or its
derivative and amethod for transmucosal delivery of active agents. The conjugate
exhibits excellent absorption rate and biocompatibility, biodegradability, and
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superior bioavailability even with oral administration [49]. Another patent
discloses a preparationmethod for drug targeting controlled-release nanoparticles
via eye drops. These can significantly prolong the eye surface-acting time of the
drug and release the drug continuously and constantly up to 6 h [50]. Another
application relates to novel chitosan�sorbitan ester emulsions and creams,
particularly, chitosan sorbitan monolaurate, monooleate, and triolate emulsions,
of use in the food, cosmetic, and drug delivery fields [51]. Another application
comprises chitosan�based pharmaceutical compositions for administering nutra-
ceuticals. Particularly provided are proliposomal compositions that are advanta-
geously used to deliver nutraceuticals, including polycyclic, aromatic antioxidant,
or anti-inflammatory compounds to the gastrointestinal tract after oral adminis-
tration [52].Another applicationdescribes the preparationmethodand application
of chitosan-based nanofibers. These prepared nanofibers are biodegradable and
have the imitated extracellular matrix structure, by which the controlled release of
bioactivator can be achieved. By adding collagen or gelatin, the cellular compat-
ibility of nanofibers or the control of the release speed of the bioactivator can be
improved [53]. Another application describes water-soluble chitosan derivative
and the preparationmethod and application of the same. The preparationmethod
enjoys the advantages of mild conditions, simple operation, natural and nontoxic
prepared chitosan derivatives, biodegradation and biocompatibility, and the
ability to be used as injectable hydrogel support and cartilage repair materials
for tissue engineering scaffold material after further polymerization [54].

Use of Chitosan in Tissue Engineering. A novel application discusses one
kind of temperature-sensitive chitosan hydrogel that is liquid at lower tempera-
tures and becomes a gel at body temperature and may be applied as the injection-
implanted material. The preparation process is ecofriendly and requires mild
conditions. The prepared hydrogel has high temperature sensitivity, highmechan-
ical strength, andwide applications in tissue engineering [55]. Another application
described in Section 18.3.1., chitosan has been used for the preparation of
biomimetic artificial bone materials for tissue engineering [11]. Another applica-
tion relates to a method for preparing a porous (80�88% porosity, pore size
100�800 μm) carbapatite/chitosan-poly (lactic acid) bony tissue engineering
frame material [56]. Another application describes a method for preparing an
injectable chitosan/sodium glycero-phosphate/collagen hydrogel, as a technology
for preparing temperature-sensitive injectable material. The invention has the
beneficial effects that the chitosan/sodium glycero-phosphate/collagen hydrogel
can be maintained in the liquid state at low temperature when the pH value is
within physiological range (pH value ranges from 7.0 to 7.2), whereas the mixture
turns into gel when the temperature is raised to body temperature (37�C) [57].

18.4.8 Polyhydroxyalkanoates

Polyhydroxyalkanoates (PHA) are biological polyesters produced by microor-
ganisms under unbalanced growth conditions.For tissue engineering applications,
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mainly PHA including poly-3-hydroxybutyrate (PHB), copolymers of 3-hydro-
xybutyrate and 3-hydroxyvalerate (PHBV), poly-4-hydroxybutyrate (P4HB),
copolymers of 3-hydroxybutyrate and 3-hydroxyhexanoate (PHBHHx), and
poly-3-hydroxyoctanoate (PHO) are available.

Use of Polyhydroxyalkanoate in Drug Delivery. A novel application
describes PHA materials in the form of liquid PHA polymer compositions or
PHA microdispersions suitable for repair of soft tissue and for augmentation
and viscosupplements in animals and humans [58]. Another application
describes materials suitable for preparing components of flushable drug delivery
systems. Methods for fabricating these devices, including transdermal drug
delivery patches, are described. These components include drug-impermeable
and drug-permeable materials, including materials that can be used to control
the rate of release of drugs from the device and pressure-sensitive adhesive
compositions that are drug compatible [59].

Use of Polyhydroxyalkanoates in Tissue Engineering. A novel applica-
tion describes devices of biocompatible PHA with controlled degradation rates.
These devices include sutures, suture fasteners, meniscus repair devices, rivets,
tacks, staples, screws, bone plates and bone plating systems, surgical mesh,
repair patches, slings, cardiovascular patches, orthopedic pins, adhesion bar-
riers, stents, guided tissue repair/regeneration devices, articular cartilage repair
devices, nerve guides, tendon repair devices, atrial septal defect repair devices,
pericardial patches, bulking and filling agents, vein valves, bone marrow
scaffolds, meniscus regeneration devices, ligament and tendon grafts, ocular
cell implants, spinal fusion cages, skin substitutes, dural substitutes, bone graft
substitutes, bone dowels, wound dressings, and hemostats. The PHA composi-
tions provide favorable mechanical properties, biocompatibility, and degrada-
tion times within desirable time frames under physiological conditions [60].
Another application describes PHA from which pyrogen has been removed that
are provided for use in numerous biomedical applications. PHA have been
chemically modified to enhance physical and/or chemical properties, for target-
ing, or tomodify biodegradability or clearance by the reticuloendothelial system.
PHA provided are suitable for in vivo applications such as in tissue coatings,
stents, sutures, tubing, bone and other prostheses, bone or tissue cements, tissue
regeneration devices, wound dressings, drug delivery, and for diagnostic and
prophylactic uses [61].

18.4.9 Arabinogalactan

Arabinogalactan is a highly branched water-soluble natural polysaccharide. It
is extracted from the Larix tree and is available in a 99.9% pure form with
reproducible molecular weight and physicochemical properties. The high water
solubility, biocompatibility, biodegradability, and ease of drug conjugation in
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an aqueous medium make arabinogalactan attractive and a potential drug
carrier.

Use of Arabinogalactan in Drug Delivery. A novel application describes an
acid-modified arabinogalactan protein composition, having an arabinose�
galactose ratio of less than 3.5 : 1 or less than 80% of the arabinose : galactose
ratio of the arabinogalactan protein component of the composition prior to
acid modification. It is capable of reconstitution into an aqueous intravenously
injectable formulation and is useful for stimulating hematopoiesis, inducing the
proliferation or maturation of megakaryocytes, stimulating the production of
interleukin-1β, interleukin-6, tumor necrosis factor-α, interferon-γ, granulocyte
macrophage colony stimulating factor or granulocyte colony stimulating fator,
stimulating the production or action of neutrophils, treating neutropenia,
anemia, or thrombocytopenia, accelerating recovery from exposure (e.g.,
accidental or nontherapeutic exposure, as well as therapeutic exposure) to
cytotoxic agents or radiation, treating cachexia, emesis, or drug withdrawal
symptoms, or modifying biological responses or protecting hepatic cells in
hepatitis B [62]. Another application discloses modified polymer conjugates of a
polymer and a drug having reduced toxicity relative to the unmodified parent
compound while retaining substantially the same degree of therapeutic activity
as of the unmodified parent compound [63].

Use of Arabinogalactan in Tissue Engineering. A novel application
discusses polysaccharide polymers employed in various medical applications.
For example, chitosan-arabinogalactan and polysaccharide amine polymers are
disclosed. The polymers can be used to prevent wound adhesion and to provide
scaffolds for tissue transplantation and carriers for cell culture [64].

18.5 SYNTHETIC POLYMERS

Synthetic polymers provide the flexibility to tailor drug release, mechanical
properties, and degradation kinetics to suit various applications, as discussed
earlier. Furthermore, synthetic polymers can be designed on a need basis and
are available in a wide variety of compositions with readily adjustable proper-
ties [65]. Similar to natural polymers, synthetic polymers are also being utilized
and developed by industry and academia alike. Table 18.3 summarises the
technological capacity overview of synthetic biodegradable polymers.

18.5.1 Polyesters

Poly(α-ester)s are thermoplastic polymers with hydrolytically labile aliphatic
ester linkages in their backbone. This class is the most highly explored polymer
class for drug delivery as well as tissue engineering applications owing to its
immense diversity and synthetic versatility. Polyesters have hydrolytically labile
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aliphatic ester linkages in their backbone and hence are biodegradable. Among
the class of poly(α-ester)s, the most extensively investigated polymers are
the poly(α-hydroxy acid)s, which include poly(glycolic acid) (PGA) and the
stereoisomeric forms of poly(lactic acid) (PLA) and their copolymers poly
(lactic-co-glycolic acid) (PLGA) due to their good biocompatibility and
controllable degradation rates tailored to specific demands of each tissue type.

Use of Polyesters in Drug Delivery. The major application of polyesters in
drug delivery is for development of medical devices (e.g., drug-eluting stents)
and delivery systems, which may range from particulate delivery systems to
various kinds of responsive and targeted drug delivery systems. For instance, a
polyester polymer with a melting point of less than 60�C has been used for
the development of a bioerodible water-insoluble polymer matrix, for con-
trolled release of an active moiety to a target site [66]. Conjugation of molecules
to be released with biodegradable polyester polymers via covalent bond has
been used for the development of molecular sustained controlled-release systems
[67]. Furthermore, an intraocular pharmaceutical formulation, composed of a
monolithic system of drug dispersed in polyester has been described for
treatment of retinal degenerations and diseases such as diabetic retinopathy,
age-related macular degeneration, retinitis by cytomegalovirus, endophthalmi-
tis, and uveitis [68]. Linear aliphatic polyester consisting of a polymer backbone
containing aliphatic dicarboxylate residues and residues of an aliphatic polyol
have been used for development of nano- or microparticle drug delivery systems
for pharmaceutically active agents. The polymer backbone includes at least one
aliphatic polyol residue, containing a moiety capable of interacting with the
pharmaceutically active agent [69]. Polyesters have also been used in the form of
a sterocomplex with the molecules to be delivered incorporated on or within the
complex [70]. Improved porous particles made up of functionalized polyester
graft copolymers consisting of a linear α-hydroxy-acid polyester backbone
having at least one amino acid group incorporated therein and at least one
poly(amino acid) side chain extending from an amino acid group in the polyester
backbone have been used for administration to the respiratory tract to permit
systemic or local delivery of a wide variety of therapeutic agents [71]. These
particles are greater than 5 μm for drug delivery to the pulmonary system
(alveolar region of the lung) and have a mass density less than 0.4 g/cm3.

Various implantable systems have also been prepared using polyesters. An
implantable medical device comprising therapeutic agents coated on the device
using polyesters for the drug reservoir layer that exhibits surface-eroding
characteristics has been developed for treating vascular diseases [72]. The
molecular release rate from the above system can be regulated to be propor-
tional to the chemical degradation rate of the biodegradable polyester poly-
mers, resulting in near zero-order kinetics profile of release without showing a
burst effect. Moreover, the high loading efficiency of hydrophilic drugs can be
achieved in this system. Furthermore, a flowable controlled-release implant
consisting of a biodegradable thermoplastic polyester that is at least
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substantially insoluble in aqueous medium or body fluid has been developed
for delivery of leuprolide acetate [73]. Also, a polymer composition comprising
of an interpenetrating polymer network (IPN) of a branched polyether and
biodegradable aliphatic polyester has been synthesized for use in drug delivery
systems and medical devices such as drug-eluting stents [74]. A self-expanding,
biodegradable compressible, resilient mesh stent was fabricated using poly-
esters that could be compressed during delivery to a biological vessel or channel
but could later be expanded to the contours of the vessel or channel upon
delivery. The stent includes a substantially cylindrical main body portion
composed of polydioxanone monofilament fiber, which is slightly flared, and
has longitudinally opposed first and second open ends [75]. A targeting drug
delivery system comprising of magnetic nanoparticles (500-nm size) has been
prepared by encapsulating magnetic Fe-based magnetic material and drug with
biodegradable synthetic polyester [76]. Polyester-based films have been used for
fabrication of a manually activated iontophoretic drug delivery system that
includes electrodes controlled by a microprocessor controller to drive charged
molecules contained in a drug reservoir through the skin into the tissues of a
patient [77].

Polyesters have also been utilized in the form of block copolymers with
other classes of polymers. For instance, a biodegradable amphiphilic block
copolymer having a polyethylenimine hydrophilic block and a polyester-based
polymer hydrophobic block, which self-assembles in aqueous solution and hence
can be applied for the solubilization of a hardly soluble drug and the drug delivery
system of proteins, genes, and charged drugs, has been described. The polymer
assembly is prepared by dispersing the block copolymer into a solvent and has an
average particle size of 10�1000 nm [78]. An amphiphilic polyester�polycation
copolymer and an amphiphilic polyester�sugar copolymer have been used as
biodegradable carriers for delivery of a selected negatively charged bioactive
molecule such as a nucleic acid into a targeted host cell. The polymer helps to
improve delivery efficiency by providing a particulate gene carrier for which the
particle size and charge density are easily controlled by various means. Various
kinds of ligands and other functional compounds may also be introduced to the
carrier [79]. Poly(ester-anhydrides) or polyesters formed from ricinoleic acid and
natural fatty diacids have been used for delivering bioactive agents including
small drug molecules, peptides and proteins, and DNA (deoxyribonucleic acid)
andDNAcomplexes with cationic lipids or polymers or nano- andmicroparticles
loaded with bioactive agents [80].

Use of Polyesters in Tissue Engineering. Along with the vast array
of applications in drug delivery, polyesters have also been used for a variety of
applications in the field of tissue engineering, mostly for growth factor/gene
delivery or as a scaffold. A number of patents deal with fabrication of polyester-
based porous scaffolds for tissue engineering applications and various polymers
used for the same applications [81, 82]. A polydioxanone-based electroprocessed
drug delivery device, which incorporates monocyte chemotactic protein-1

698 GLOBAL PATENT AND TECHNOLOGICAL STATUS

CH018 14 April 2011; 12:35:25



(MCP-1), has been used to influence macrophage infiltration and adherence
and to allow extended chemokine release [83].

Polyesters along with galactosylated chitosan, galactosylated, or galactose-
modified degradable macromolecular materials have been used for developing a
degradable, liver tissue engineering scaffold, having physiological blood vessel
network structure. The preparation method comprises the following steps:
selecting degradable aliphatic polyester materials to obtain a physiological
blood vessel tree model by molding blood vessel; then preparing degradable
liver tissue engineering scaffold having physiological blood vessel network
structure by a combined method of infiltration forming and lyophilization/
filtering technology. The scaffold can cause the vascular endothelial cell and
liver cell to grow well in pores of tubes in the blood vessel network and porous
sponge body, which is good for forming new blood vessels and the demand of
the cell number in vivo implanted by the scaffold. The liver tissue engineering
scaffold has a good biocompatibility, mechanical strength, and toughness [84].

Recently, polyester-enhanced degradable bioactive porous silicate calcium
composite stent material has been developed. It comprises the following steps:
(1) calcium silicate powder, pore former, and bonding agent are mixed
uniformly to be molded and calcined to obtain a porous calcium silicate
ceramic skeleton; (2) the porous calcium silicate ceramic skeleton is immersed
in a polyester solution or polyester/calcium silicate ceramic mixed suspension
to be infused into the porous calcium silicate ceramic skeleton; and (3) the
immersed and infused porous calcium silicate ceramic skeleton is taken out to
be dried. Pores of the polyester-enhanced degradable bioactive porous silicate
calcium composite stent material prepared by the invention are highly com-
municated. Compared with a pure porous silicate calcium stent, the mechanical
strength is improved by 3�30 times. The polyester-enhanced degradable
bioactive porous silicate calcium composite stent material can be used for the
hard tissue defect repairing or as a bone tissue engineering cell stent [85].
Synthetic polyester-based comb copolymers, which elicit controlled cellular
response, have been used for modifying biomaterial surfaces, in tissue engi-
neering applications, and as drug delivery devices. The comb copolymers are
comprised of hydrophobic polymer backbones and hydrophilic, non-cell-
binding side chains, which can be end capped with cell-signaling ligands that
guide cellular response. By mixing non-cell-binding combs with ligand-bearing
combs, the surface concentration and spatial distribution of one or more types
of ligands, including adhesion peptides and growth factors, can be tuned on a
surface to achieve desired cellular response [86].

Polyesters have also been used as tissue volume replacements, comprising
preferably a solid polymer particle phase and a gel phase and may also
comprise single-phase compositions [87]. Injectable polymers consisting of
liquid or pasty hydroxy fatty-acid-based copolyesters, polyester�anhydrides,
or combinations thereof, which show an increase in viscosity upon contact with
bodily fluids to form a solid or semisolid implant, have been used for soft tissue
repair and/or augmentation. These polymer compositions can also incorporate
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various active agents or additives and are typically administered by injection
[88]. Improved long-term patency of an artificial blood vessel, by having a
coating layer mainly composed of a biodegradable synthetic material, pre-
ferably PLA, on the outside of a tubular body containing collagen. This effect is
observed even when used in an artery in the vicinity of the heart [89].

Another application is to form a regenerated layer of periodontal tissue,
which is biodegraded and does not need to be removed by operation for
treatment of periodontitis. This regenerated layer comprises heat-pressed two
layers consisting of (a) biodegradable polyester-based nonwoven scaffold with
micropores with the mean diameter below 10 μm and (b) a biodegradable
scaffold with around 100�400 μm pore size [90].

Polyesters have been applied in skin tissue engineering applications for
obtaining a subject sheet having an epidermal cell culture layer made up of
collagen, fibrin, hyaluronic acid or gelatin, and a biological absorbent polye-
ster-based mesh, with a corium supplementing layer such as a human fibroblast
between them. This composition is useful for repair of an acute skin defect
wound such as a heat wound, an external wound, or a surgical wound and a
chronic skin defect wound such as a bed sore or a diabetic or arteriosclerotic
ulcer [91]. One or more kind of polyesters have been used for the preparation of
a porous support body (pore diameter: 10�800 μm, porosity: 50�99%) for
regenerating damaged ocular tissues [92].

Polyesters have also been used for the fabrication of a composite scaffold for
engineering a heterogeneous tissue. The composite scaffold includes: (a) a first
scaffold being capable of supporting the formation of a first tissue type
thereupon and (b) a second scaffold being capable of supporting the formation
of a second tissue type thereupon, where the distance between any cell of the
second tissue type and the first tissue type does not exceed 200 μm [93, 94].

18.5.2 Poly(Ortho ester)s

Poly(ortho ester)s are amorphous hydrophobic polymers containing hydro-
lytically labile, acid-sensitive, backbone linkages. These were developed by
ALZA Corporation (Alzamer) as hydrophobic surface-eroding polymers
particularly for drug delivery applications. By using diols with varying levels
of chain flexibility, the rate of degradation for these polymers, pH sensitivity,
and glass transition temperatures can be controlled. Up to now, four different
classes of poly(ortho ester)s have been developed (POE I, II, III, and IV). Few
orthopedic applications of this class of polymers have been explored, but the
major use of POEs has been limited to drug delivery systems [95].

Use of Poly(ortho ester)s in Drug Delivery. Poly(ortho ester)s are particu-
larly useful for controlled-release drug delivery. Devices made of poly(ortho
ester)s can be formulated in such a way that the device undergoes “surface
erosion” and hence tends to release drugs embedded within the polymer at a
constant rate [96, 97]. Due to their ability to provide well-controlled release
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profiles, poly(ortho ester)s have been investigated for controlled drug delivery of
a wide range of pharmaceutical agents, including proteins. A poly(ortho ester)-
based semisolid delivery vehicle in the form of topical, syringable, or injectable
formulation has been developed for local delivery of active agents [98].

Poly(ortho ester)s along with various other synthetic polymers have been
proposed for use as nanoparticulate carriers for the delivery of therapeutic
compounds such as catalytic subunit hTert of human telomerase to cells in a
cell culture or in a living animal. The nanoparticle may incorporate a plasticizer
to facilitate sustained release of telomerase such as L-tartaric acid dimethyl
ester, triethyl citrate, or glyceryl triacetate. A polymer that affects the charge or
lipophilicity or hydrophilicity of the particle, for example, a hydrophilic
polymer such as poly(vinyl alcohol) may also be included [99].

Once-a-day eye drop formulation comprising of a plasticized or unplasticized
bioerodible polymer, such as a poly(ortho ester), suspended as a discontinuous
phase in a hydrophobic liquid such as silicone oil or mineral oil, as a continuous
phase was developed as a controlled-release medicament delivery system.
Medicament is entrapped by the discontinuous phase. For preparation, the
polymer is heated to an elevated temperature for a sufficient time to substantially
reduce its molecular weight, and medicament is added at a temperature above
which there is complete phase separation [100].

Other applications include formulation of microparticles with adsorbent
surfaces using cationic, anionic, or nonionic detergents, for stimulating an
immune response, for immunizing a host animal against a viral, bacterial, or
parasitic infection, and for vaccination. Polymers, such as poly(α-hydroxy
acid), polyhydroxy butyric acid, polycaprolactone (PCL), poly(ortho ester),
polyanhydride, and the like, have been used for the same applications. The
surface of the microparticles efficiently adsorbs polypeptides, such as antigens,
and nucleic acids, such as ELVIS vectors and other vector constructs, contain-
ing heterologous nucleotide sequences encoding biologically active macromo-
lecules, such as polypeptides, antigens, and adjuvants [101].

Use of Poly(ortho ester)s in Tissue Engineering. The major application of
poly(ortho ester)s in tissue engineering is as a biocompatible support or
scaffold for use in various biomedical applications. Poly(ortho ester)s have
been described for the development of biodegradable porous polymer suppor-
ters for tissue engineering, to improve the cell tropism and the growth rate
of tissue by modifying the surface of a supporter [102, 103]. Additionally,
poly(ortho ester)s have been used for fabricating a coating for an implantable
medical device [104].

18.5.3 Polyanhydrides

Polyanhydrides are a class of hydrolytically unstable surface-eroding polymers
that are either aliphatic, aromatic, or a combination of the two. They find
application in both tissue engineering and drug/growth factor delivery. A wide
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variety of drugs and proteins including insulin, bovine growth factors,
angiogenesis inhibitors, enzymes, and anesthetics have been incorporated
into polyanhydride matrices, and their in vitro and in vivo release character-
istics have been evaluated. Polyanhydrides derived from bis-p-(carboxyphe-
noxy propane) and sebacic acid are currently being marketed under the
name Gliadel for the delivery of chemotherapeutic agent and BCNU
(bis-chloroethylnitrosourea) to the brain for the treatment of glioblastoma
multiformae, a universally fatal brain cancer.

To obtain polyanhydrides with high mechanical strength for load-bearing
applications, osteocompatible poly(anhydride-co-imides) have also been de-
signed and shown to support endosteal bone growth [105]. A copolymer of 1 : 1
sebacic acid and erucic acid dimer has been found to be useful as a potential
delivery vehicle for gentamicin (Septacin) in the treatment of osteomyelitis.
Readers may refer to literature reviews for details of hydroxy-fatty-acid-based
polyanhydride and poly(ester-anhydride) drug delivery systems [106�108].

Use of Polyanhydrides in Drug Delivery. Patents are an excellent source of
technical knowhow for the selection, synthesis, and use of any polymer for a
specific application and also a means to successfully protect the same while
ensuring its availability. For example, the method of preparation and
administration of polymeric drug delivery systems prepared via linking low-
molecular-weight drugs containing a carboxylic acid group and an amine, thiol,
alcohol, or phenol group topolyanhydride linkers has been protectedby a number
of patents [109, 110]. Others describe amethod for synthesizing polyanhydrides in
solution using coupling agents such as phosgene, diphosgene, and acid chlorides
and a removable acid acceptor to effect a one-step polymerization of dicarboxylic
acids, for drug delivery applications. The method is also useful in the polymeriza-
tion of dicarboxylic acids including heat liable dipeptides of glutamic or aspartic
acid. Insoluble acid acceptors include insoluble polyamines and crosslinked
polyamines such as polyethyleneimine and polyvinylpyridine and inorganic
bases such as K2CO3, Na2CO3, NaHCO3, and CaCO3. The only by-product
formed is a removable hydrochloric acid�acid acceptor [111]. Polyanhydrides
with aliphatic hydrocarbon terminals having ester or amide bonds have also been
described [112].

Another patent describes synthesis of high-molecular-weight (.20,000)
polyanhydrides or an intrinsic viscosity of greater than 0.3 dL/g, by melt
polycondensation of highly pure isolated prepolymers in an organic solvent
at room temperature, with the help of catalysts used for transterification,
ring-opening polymerization, and related polymerizations for controlled
drug delivery [113]. A bioerodible controlled drug release device prepared by
solvent casting from the aforementioned polymer exhibits zero-order release,
with improved correlation between the rate of release and polymer degrada-
tion, and an induction period between the introduction to the eroding
environment and the initial release of the biologically active substance. It is
stable for extended periods of time, flexible, and durable and is not subject to
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fracture and disintegration [114]. Polyanhydrides have also been reported for
controlled release of water-soluble proteins due to their surface-eroding
characteristics [115] and for localized delivery of chemotherapeutic agents to
solid tumors [116].

Blending polymers may result in the emergence of distinct properties making
them suitable for use as carriers of pharmaceutically active agents. It has
been discovered that the rate of release of the agent from the blends is different
than the rate of release from the individual polyanhydride and polyester
polymer components, being a function of the blend composition. Two or
more polyanhydrides, polyesters, or mixtures of polyanhydrides and polyesters
have been used together so as to provide a means for altering the characteristics
of a polymeric matrix without altering the chemical structure of the component
polymers using solvent mixing or melt mixing procedures [117].

Fatty-acid-terminated polyanhydrides are suitable for use as controlled-
release matrices in biodegradable sustained-release drug delivery systems [118].
These polymers are more hydrophobic, more soluble in organic solvents, and
have a lower melting point than the corresponding non-fatty-acid-terminated
polyanhydrides and combine the properties of thermodynamic and hydrolytic
stability and easy storage. The polymers can be produced with a controlled and
low molecular weight. Biodegradable polymeric wafers composed of a poly-
anhydride copolymer of 1,3-bis(p-carboxyphenoxy)propane and sebacic acid in
a 20 : 80 molar ratio for localized delivery of 1,25 D3, directly to a target area,
thus maximizing the efficacy of this drug while minimizing systemic exposure
and toxicity, for the treatment of intracranial tumors as well as neurodegen-
erative disorders such as Alzheimer’s disease [119]. The polyanhydride-based
hydrophobic polymeric matrix, which is suitable for use after implantation in
vivo, has been investigated for controlled release and delivery of biologically
active substances such as drugs, antibiotics, and steroids and may also be used
outside the body for release of fragrances, pesticides and the like [120].
A new therapeutic method to treat cancer combines radiofrequency (RF)
ablation and local controlled drug delivery of 5-fluorouricil (5-FU) from
polyanhydride implants [121]. Our lab has developed a novel polyanhydride-
based (low-molecular-weight random copolymer of sebacic acid and recinoleic
acid maleate) drug delivery system that is injectable at around 40�C and can
carry a variety of active pharmaceutical agents and deliver them at a controlled
rate for a period of not more than 15 days [122].

Bioadhesive materials composed of a compound containing an aromatic
group (catechol derivative, dihydroxyphenylalanine, DOPA), which contains
one ormore hydroxyl groups grafted onto a polymer (polyanhydride) or coupled
to individual monomers, have been reported for fabricating new drug delivery
or diagnostic systems with increased residence time at tissue surfaces, and
consequently increase the bioavailability of a drug or a diagnostic agent [123].

Use of Polyanhydrides in Tissue Engineering. Aromatic polyanhydrides
composed of a repeating unit with structure 1 (wherein Ar is a substituted or

18.5 SYNTHETIC POLYMERS 703

CH018 14 April 2011; 12:35:25



unsubstituted aromatic ring, and R is a difunctional organic moiety substituted
on each Ar ortho to the anhydride group) have been reported for use as
implantable medical devices such as scaffolding implants for tissue reconstruc-
tion as well as drug delivery systems [124]:

O

–O–C–Ar–R–Ar–C–
O

1

Polyanhydrides have also been used as a bioerodible bone cement where the
polymer is first cast as a solution onto a bone fracture and then crosslinked by
radiation or radical polymerization to yield a strong, adhesive material [125].
Another application is where calcium metaphosphate (CMP) compounded
with polymeric materials such as PLA, PGA, polyhydroxybutyric acid, PCL,
polyurethane, polyanhydride, collagen, chitosan, gelatin, hyaluronic acid, and
fibrin protein gel is used as bone cement. Compared with the prior art, the
invention has the advantages that in the CMP�polymer composite materials,
the polymer materials provide a stable mechanical environment and are easy to
shape; and the CMP promotes cell adhesion and affinity. Before the adsorption
of the CMP composite support materials, cells may be amplified to a sufficient
number to generate sufficient extracellular matrix, thereby enhancing the
adhesion capacity of cells and materials, and enhancing the anticoagulation
and antithrombotic capacity of the tissue engineering supports [126]. Poly-
anhydrides have also been reported for the preparation of degradable
electricity-conducting biomedical polymer material, which can be prepared
into guide pipes, suture threads, membranes, sheet bodies, block bodies, and
materials for frames of tissue engineering [127].

Polyanhydrides have been utilized for the preparation of biodegradable
scaffolds for supporting cellular growth. A biodegradable porous polymer
supporter for tissue engineeringmaybeprepared toobtain the open cell-structured
porous polymer supporter, with an improved degree of pore and to allow the size
of pore to be controlled. The biodegradable porous polymer supporter is prepared
by making a polymer species by using a polymer solution containing a biodegrad-
able polymer and an anisotropicmixture. boiling (foaming) the polymer species in
a boiling medium; and drying it. Preferably, the biodegradable polymer is selected
from the group consisting of PGA, PLA, PLGA, PCL, poly(glutamic acid),
polyanhydride, poly(orthoester), their derivatives, and their mixtures; and has a
molecular weight of 5000�2,000,000. The anisotropic mixture comprises a
carbonate and an organic acid. Preferably the carbonate is selected from the
group consisting of sodium hydrogen carbonate, sodium carbonate, ammonium
hydrogen carbonate, ammonium carbonate, potassium hydrogen carbonate,
potassium carbonate, calcium carbonate, and their mixtures; and the organic
acid is selected from the group consisting of citric acid, succinic acid,
tartaric acid, succinic acid, maleic acid, fumaric acid, malonic acid, malic acid,
gluconic acid, mucic acid, some amino acids, and their mixtures [102, 128].
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Further, biodegradable polymers such as polyanhydride, chitin, chitosan, alginic
acid, PLA, PGA, PLGA, polyhydroxybutyric acid, PCL, and polyalkylcyano
acrylate. may be combined with tissues under the mucous membrane of small
intestine or a bone powder of mammals for the preparation of a porous/
biodegradable carrier so as to incorporate the advantages of biodegradable
synthetic polymer carrier and natural material into the carrier [129].

18.5.4 Polyurethanes

Polyurethanes (PURs) are prepared by the polycondensation reaction of
diisocyanates with alcohols and amines. Conventional polyols are polyethers
or polyesters. The resulting polymers are segmented block copolymers, with the
polyol segment providing a low-glass-transition temperature (i.e., , 25�C), soft
segment, and the diisocyanate component, often combined with a hydrocarbon
chain extender, providing the hard segment. A wide range of physical and
mechanical properties have been realized with commercial polyurethanes.
Biostable polyurethanes have been extensively investigated as materials for
the preparation of long-term medical implants, especially cardiac pacemakers
and vascular grafts due to their excellent biocompatibility, mechanical proper-
ties, and their synthetic versatility [130]. Attempts have also been made to
develop biodegradable polyurethanes. Biodegradable polyurethanes have
recently been investigated as candidate materials for bone regenerative medi-
cine. Poly(α-hydroxy acids), including PLA, PGA, and PCL, have been used
as soft segments for biodegradable polyurethanes [131]. Polyurethanes for
biomedical engineering have been reviewed by Gunatillake and Meijs [132].

Polyurethanes in Drug Delivery. Polyurethanes have been widely explored
for various drug delivery applications. The synthesis of biodegradable, non-
toxic, amphiphilic multiblock polyurethane (MW 5000�100,000), by alternate
copolymerization of soft segments composed of polymer diol and hard
segments composed of diisocyanate and a chain extender, has been described
[133]. The polyurethane material has a unique multiblock structure and
amphiphilicity, can form a stable self-assembly micellar structure in water,
and easily introduces active sites at a main chain, a side chain, and chain ends of
polyurethane for molecular modification. Further, the structure and perfor-
mance of material is controllable, thereby making it suitable for drug delivery.

Polyurethanes have been used for controlled drug delivery in the form of
reservoir devices/systems [134]. Polyurethane-based drug delivery device has
been used to deliver naltrexone and formulations thereof at a constant rate for
an extended period of time [135]. Hydrophilic polyurethane polymers having
carboxy groups in the polymer backbone have been used as drug delivery
systems, as burn and wound dressings, in cosmetic applications, in body
implants, as coatings on cannulae, and a host of other applications [136]. A
biocompatible polyurethane-based patch system has been developed for
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controlled release and site-specific delivery of myocardial agents such as
antiarrhythmic agents [137, 138]. Similarly, a drug delivery device based on
polyurethane�siloxane-containing copolymers crosslinked with hydrophilic
monomers for placement in the eye has been developed [139].

Furthermore, polyurethanes find various applications in transdermal drug
delivery. Polyurethane-based drug reservoirs, which can be processed at
temperatures below those that cause degradation of temperature-sensitive
drugs and/or excipients, have been described as transdermal drug delivery
devices [140]. Hydrogels formulated from polyurethanes crosslinked with
diisocyanate crosslinking agents or cured with radiation in the presence of a
photoinitiator have been used for the preparation of high-capacity reservoirs
(as high as 65�70 wt% or higher) for incorporation into transdermal drug
delivery systems [141]. A few patents also describe the use of polyurethane films
in transdermal delivery devices [142, 143].

Polyurethanes in Tissue Engineering. Polyurethanes have been utilized as
scaffolds for cell growth as well as for specific applications such as bone,
cartilage, and skin graft fabrication. Injectable polyurethane foam scaffolds
.70 vol% porosity with at least 50% interconnected pores and scaffold
density from about 50 to about 250 kg/m3, are useful in the field of tissue
engineering. Preparation of a biocompatible, optionally biodegradable open-
cell polyurethane foam having open pores is also protected [144]. Polyurethane,
coated with (cellulose-binding domain) CBD-RGD peptide made by the genetic
engineering method, has been reported for improving the adhesive and
proliferating ability of tissue cell such as endothelium, fibroblast and cuticular
cell [145]. A novel polyurethane/urea with the degradable mesh structure was
prepared by the reaction of polyether polyol containing a secondary amino
group on a main chain and the fatty diisocyanate, for the preparation of the
stents and for repair of the damaged bone or the cartilage [146].

A medicated multilayered polyurethane foam dressing and drug delivery
device with cooling properties is described for use in body cavities and on
damaged tissues, particularly burns. The dressing has at least one therapeutic
agent dispersed into the polyurethane layers; an optional outer layer of either a
hydrogel formulated from a polyurethane or an adhesive elastomeric material;
an optional drug-free fluid-retaining layer and/or a drug-reservoir layer, each
comprised of hydrophilic polyurethane foam; a nonadherent, drug-loaded
surface-contacting layer of a polyurethane hydrogel; and an optional cover
sheet for surface dressings [147].

Polyurethane or polyurethane/urea compositions have been used in biome-
dical vascular stents, an orthopedic implant, a drug delivery coating, or in tissue
engineering. The composition has a tensile strength greater than 10 MPa, a
modulus of elasticity greater than 400 MPa, an elongation break greater
than 30% at a temperature of between 0 and 60�C, and a relative humidity
of between 0 and 100% [148]. Aforementioned compositions that are capable
of in vivo curing with low heat generation to form materials suitable for use in
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scaffolds in tissue engineering applications such as bone and cartilage repair by
noninvasive surgery. These polymers are desirably flowable and injectable and
can support living biological components to aid in the healing process. Theymay
be cured ex vivo for invasive surgical repair methods or alternatively utilized for
relatively noninvasive surgical repair methods such as by arthroscopy [149].

18.5.5 PEG-Based Polymers

Polyethylene glycol (PEG) is a biocompatible and nontoxic polymer that has
been mainly used to modify other polymers since it is known to reduce protein
adsorption and modify polymer conformation. PEG-based hydrogels have
been widely studied for drug delivery as well as for other biomedical applica-
tions in tissue engineering and delivery of growth factors.

Use of PEG-Based Polymers for Drug Delivery. PEG and related polymer
derivatives having weak, hydrolytically unstable linkages near the reactive end
of the polymer have been reported for conjugation to drugs, including proteins,
enzymes, small molecules, and others. These derivatives provide a sufficient
circulation period for a drug�PEG conjugate, followed by hydrolytic break-
down of the conjugate and release of the bound molecule. In some cases, drugs
that demonstrate reduced activity when permanently coupled to PEG maintain
a therapeutically suitable activity when coupled to degradable PEG in
accordance with the invention. The PEG derivatives of the invention can be
used to impart improved water solubility, increased size, a slower rate of kidney
clearance, and reduced immunogenicity to a conjugate formed by attachment
thereto. Controlled hydrolytic release of the bound molecule into an aqueous
environment can then enhance the drug’s delivery profile by providing a
delivery system that employs such polymers [150].

A decomposable temperature-sensitive chemical crosslinking gel composed of
PEG as the hydrophilic block and decomposable polyester as the hydrophobic
block to form the host of temperature-sensitive amphipathy block copolymers,
which forms a gel under human body temperature (or normal temperature) in
water, using a macromolecular monomer technique to obtain stable chemical
crosslinking gel as drug slow-release carrier or culture rack of tissue engineering
cell [151]. PEG has also been reported for liposomes and drug delivery in the
form of diacylglycerol�polyethylene glycol (DAG�PEG) conjugates [152].

Block copolymers, namely PEG�POE, PEG�POE�PEG, and POE�
PEG�POE, which contain both hydrophilic and hydrophobic blocks, form
micelles in aqueous solution rendering them suitable for encapsulation or
solubilization of hydrophobic and water-insoluble materials for sustained
release of active agents. Structure 2 describes a block copolymer of formula
(I), formula (II), or formula (III) in which m and n are independently an integer
from 5 to 500; p and q are independently an integer from 5 to 500; R1 and R2
are independently C1�C4 alkyl; R3 is H or C1�C4 alkyl; and A is �O�R4�,
�O�R5�, or a mixture thereof; R4 is selected from the structures depicted by
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(IV), where t is an integer from 1 to 12, R6 is C1�C4 alkyl, and R7 is H or
C1�C4 alkyl; R5 is depicted by (V) in which x is an integer from 1 to 10, and
R8 is H or C1�C6 alkyl. [153]:
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Furthermore, PEG has been widely explored as a hydrophilic block in the
preparation of thermosensitive triblock polymers. A water-soluble, biodegrad-
able ABA- or BAB-type triblock polymer made up of a major amount of a
hydrophobic A polymer block made of a biodegradable polyester and a minor
amount of a hydrophilic PEG B polymer block, having an overall average
molecular weight of between about 2000 and 4990, possesses reverse thermal
gelation properties. Effective concentrations of the triblock polymer and a drug
may be uniformly contained in an aqueous phase to form a drug delivery
composition. At temperatures below the gelation temperature of the triblock
polymer the composition is a liquid, and, at temperatures at or above the
gelation temperature, the composition is a gel or semisolid. The composition
may be administered to a warm-blooded animal as a liquid by parenteral, ocular,
topical, inhalation, transdermal, vaginal, transurethral, rectal, nasal, oral,
pulmonary, or aural delivery means and is a gel at body temperature. The
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composition may also be administered as a gel. The drug is released at a
controlled rate from the gel, which biodegrades into nontoxic products. The
release rate of the drug may be adjusted by changing various parameters such as
hydrophobic/hydrophilic component content, polymer concentration, molecu-
lar weight, and polydispersity of the triblock polymer. Because the triblock
polymer is amphiphilic, it functions to increase the solubility and/or stability of
drugs in the composition [154]. A temperature- and pH-sensitive block copoly-
mer having excellent gel strength, including: (a) a PEG-based compound (A) or a
copolymer (B) of the PEG-based compound (A) and a biodegradable polymer
and (b) a polyurethane-based oligomer (C), has also been developed [155].

Another use of PEG involves a biodegradable copolymer with a core block
comprising a bioresorbable hydrophobic polyester segment and from 3 to 10
shell blocks comprising a hydrophilic PEG segment linked by a urethane linkage.
This copolymer forms a micellar system when the concentration of the copoly-
mer in a dispersing medium reaches or exceeds the critical micelle concentration.
The micelles possess good drug and bioactive agent delivery characteristics and
are suitable for use in drug delivery or cosmetic applications [156].

Poly(ethylene oxide)�block-poly(ester) block copolymers having reactive
groups on both the poly(ethylene oxide) block and the poly(ester) block therein
are another group of micelle-forming polymers, whose biodegradability and
biocompatibility with a large number of bioactive agents make them suitable
as carriers for various bioactive agents. The bioactive agent, such as DNA,
RNA (ribonucleic acid), oligonucleotide, protein, peptide, drug, and the like,
can be coupled to the reactive groups on the polyester block of the copolymer.
A variety of targeting moieties can be coupled to the reactive group on the
poly(ethylene oxide) block for targeting the bioactive agent to a particular
tissue [157].

Our lab has developed a branched copolymer having multiple, low-
molecular-weight PEG chains and a hydrophobic biodegradable polymer
(PLA) chain attached via linker for polymersomes formation. Because of
multiple chains of low-molecular-weight PEG, it improves the surface density
of PEG on the polymersomes and hence can extend the plasma circulation time.
The resulting polymersomes have the capability of encapsulating/entrapping
and controlling the release of hydrophilic, hydrophobic, as well as amphoteric
molecules [158]. The same polymer was utilized for development of a novel
vesicular amphotericin B [159] and doxorubicin-loaded formulation [160].

Use of PEG-Based Polymers in Tissue Engineering. PEG-based polymers
have been also used in various tissue engineering applications, especially for
growth factor delivery by encapsulation or conjugation. An amphiphilic diblock
copolymer, composed of a hydrophilic segment made up of an endcapped PEG
or derivatives thereof and a hydrophobic segment made up of random polymer
polymerized of lactone or the cyclic C3�C6 molecule and lactic acid/glycolic
acid, forms a thermosensitive material having a phase transfer temperature of
25�50�C. The said biodegradable copolymer is formed by one-pot ring-opening
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polymerization and can be applied to biological factor delivery, tissue engineer-
ing, cell culture, and as biological glue [161].

Conjugation of matrix-enhancing molecules, such as (transforming growth
factor-β) TGF-β to a tether, such as PEG monoacrylate, on scaffolds is another
approach to increase extracellular matrix production by cells for tissue engineer-
ing, tissue regeneration, and wound-healing applications. The matrix-enhancing
molecule retains activity after attachment to the scaffold and causes cells growing
in or on the scaffold to increase extracellular matrix production, without substan-
tially increasing proliferation of the cells, even when the scaffold additionally
contains cell adhesion ligands. The increased extracellularmatrix produced by the
cells aids inmaintaining the integrity of the scaffold, particularlywhen the scaffold
is degradable, either by hydrolysis or by enzymatic degradation [162].

18.5.6 Poly(Amino Acids)

Since proteins are composed of amino acids, many researchers have tried to
develop synthetic polymers derived from amino acids that is, poly(amino acids)
to serve as models for structural, biological, and immunological studies. Poly
(amino acids) are usually prepared by the ring-opening polymerization
of the corresponding N-carboxy anhydrides that are obtained by reaction of
the amino acid with phosgene.

Poly(amino acids) are advantageous as biomaterials due to their diversity
and the availability of side chains, which offer sites for the attachment of small
peptides, drugs, crosslinking agents, or pendent groups that can be used to
modify the physicomechanical properties of the polymer. Since these polymers
release naturally occurring amino acids as the primary products of polymer
backbone cleavage, their degradation products may be expected to show a low
level of systemic toxicity. Poly (aspartic acid), poly(L-lysine), and poly(L-
glutamic acid) are a few examples of this class. Bourke and Kohn have replaced
the peptide bonds in the backbone of synthetic poly(amino acids) by a variety
of such “nonamide” linkages as ester, iminocarbonate, urethane, and carbonate
bonds [163]. The term pseudo-poly(amino acid) is used to denote this new
family of polymers in which naturally occurring amino acids are linked together
by nonamide bonds. Hydroxyproline-derived polyesters, serine-derived polye-
sters, and tyrosine-derived polyiminocarbonates and polycarbonates represent
specific embodiments of these synthetic concepts.

Poly(amino Acids) in Drug Delivery. Copolymers with a polyaspartamide
(specifically, α, β-poly-hydroxyethyl-aspartamide, or PHEA) backbone deriva-
tized with hydrophobic functionalities, ionizable functionalities, and thiol
functionalities in side chains have been used as delivery systems for the release
of active ingredients, specifically peptides and proteins, by means of their
incorporation in nanoparticles, nanoaggregates, or complexes. Such polymer
systems are proposed to release peptide drugs or proteins, such as insulin,
from oral dosage forms in an effective manner, and in order to increase the
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physicochemicai stability of proteins in liquid or solid pharmaceutical dosage
forms [164]. Low-cost poly(amino acid)-based nano- or microparticles have
been developed as vectors useful for the particularly oral or parenteral delivery
of medicinal or nutritional active principles [165]. Additionally, a suspension of
biocompatible particles based on a double-block, hydrophilic neutral poly(amino
acid)/hydrophobic neutral poly(amino acid) copolymer for sustained/delayed
delivery of active principles. These carrier particles spontaneously form stable
aqueous suspensions even in the absence of surfactants or organic solvents. The
application describes the carrier particles in dry form, the method for preparing
them, and pharmaceutical compositions (in dry form or suspension) comprising
said carrier particles associated with an active principle [166].

Poly(amino acids) have been also explored in nucleic acid delivery. Self-
assembly of a polyelectrolyte complex can be achieved by use of a cationic
polyelectrolyte polymer material including (a) a derivative of an amino acid or a
synthetic amino acid, or a vinyl-type polymer (e.g., polyglutamine or polyaspar-
agine derivative) and (b) bringing the nucleic acid material into association with
said cationic polyelectrolyte polymer material for nucleic acid delivery [167].

Poly(Amino acid) in Tissue Engineering. Poly(amino Acids) have been
used for fabrication of transplants, suitable for tissue or cell transplantation, in
subjects suffering from cell or tissue malfunction or deficiency, for example,
diabetes. Here, a biological tissue transplant coated with a stabilized multilayer
alginate coating is used. Coating has three primary layers of the alginate with a
poly(amino acid) barrier emplaced between a primary and a secondary layer.
The secondary “halo” layer of soft gel is formed by a gel gradient created
between weakly bound crosslinking gelling divalent cations of an alginate used
for the primary layer of the coating and nongelling counter ions of a nonionic
alginate of the secondary layer of the coating. It has been used for growth of
pancreatic islet cells and hepatocytes [168].

18.5.7 Polyfumarates

Polyfumarates are a class of novel, injectable, biodegradable, and biocompa-
tible materials that find applications for the delivery of bioactive molecules/
drugs in various pharmaceutical and biomedical fields. Oligo[poly(ethylene
glycol) fumarate] (OPF) is one such water-soluble, synthetic polyfumarate that
can be injected into a defect site and crosslinked in situ at physiological
conditions, thereby eliminating the need for invasive implantation and retrieval
surgeries [169]. Poly(propylene)fumarate (PPF), another polymer from this
class, is a linear polyester whose repeating units contain two ester bonds
and one unsaturated carbon�carbon double bond. It undergoes bulk erosion
via hydrolysis of its ester bonds and the degradation products formed are
primarily fumaric acid and propylene glycol. The double bonds in PPF allow
the polymer to be crosslinked thermally or by photoinitiator into a solid,
polymeric network. These networks are mechanically strong, biocompatible,
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and biodegradable [170, 171]. Polyfumarates suffer a limitation particularly
with respect to bone tissue engineering, that is, lack of mechanical strength due
to flexible C�O�C region in its backbone. Hence, several strategies have been
devised that include incorporation of ceramics or nanoparticles in them [170,
172]. Other polyfumarate-based polymers, namely poly(caprolactone fumarate)
and poly(ethyleneglycol fumarate) have also been developed into injectable
systems and termed as “self-crosslink,” as no crosslinking agent is required, but
a photoinitiator and accelerator are required [173].

Polyfumarates in Drug Delivery. Compositions based on PPF polymer
deliver a pharmaceutically active agent to the eye, and/or treat an ophthalmic
disorder [174]. Bioresorbable compositions made from a PLA, PGA, or PLGA
polymer having a relatively low molecular weight (less than 10,000, such as
from about 500 to about 5000) have been incorporated with fumarate groups to
provide crosslinking sites. Ethylene oxide groups and ceramic particles may
further be incorporated to vary the properties of the final compositions. These
may contain various therapeutic, beneficial, and pharmaceutical agents that
may be released during degradation of the polymer [175]. PPF, a polymeric
material other than PPF (e.g., PLGA), and a bioactive agent have been used for
fabrication of microspheres as a delivery system. The bioactive agent is selected
depending on the physiological effect desired. For example, in bone regenera-
tion applications, the bioactive agent may be selected from osteoinductive
agents, peptides, growth hormones, osteoconductive agents, cytokines and
mixtures thereof. The bioactive agent is dispersed in the microsphere, the
microsphere has a diameter in the range of 1�300 μm, the PPF and PLGA are
distributed in the microsphere, and the microsphere releases the bioactive agent
in a sustained manner after an initial burst release. The microspheres may be
covalently attached to a PPF scaffold for tissue regeneration applications in
which the bioactive agent is released from the scaffold [176].

Polyfumarates in Tissue Engineering. PPF synthesis with controlled end-
group ratio and a range of molecular weights (average molecular weight between
500 and 3000) with minimal low-molecular-weight and excessively high-mole-
cular-weight fractions has been described for use in biomedical applications such
as in bone cements and tissue implants or glues. One of three methods may be
used: melt polymerization using nonvolatile starting materials; step polymeriza-
tion where in each step the polymer is increased by the addition of two groups to
the polymer ends; or under reaction conditions maintained so that only the
condensation by-product, water, is removed during the reaction, thereby keeping
the ratio between propylene glycol and fumaric acid constant. Variations of the
PPF polymers include polymers with increased sensitivity to hydrolysis through
incorporation of lactic acid groups into the polymer and polymers formed from
maleic acid, maleic anhydride, citraconic acid, or citraconic anhydride [177].

Furthermore, photocrosslinkable, injectable, biodegradable OPF hydrogels
may be prepared by photopolymerization of an OPF macromer with ultraviolet
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(UV) light and a photoinitiator. The biodegradable OPF hydrogels can be
injected as a fluid into a bodily defect of any shape, may incorporate various
therapeutic agents, for example, cells and/or growth factors, and may be
implanted via minimally invasive arthroscopic techniques. Hydrogels with
varying mechanical properties and water content can be made with changes in
macromer and crosslinking agent concentration in a precursor solution [178].
Biocompatible and bioresorbable block copolymer of PPF and PCL have
been reported for injectable and in situ hardening scaffolds for tissue and/or
skeletal reconstruction, which are both self-crosslinkable and photocrosslink-
able [179].

OPF hydrogel has also been used as a scaffold for nerve tissue regeneration,
which can be injected as a fluid into a patient’s body via minimally invasive
arthroscopic techniques. The photocrosslinkable material includes a copolymer
formed by reacting OPF selected from monomers, oligomers, and polymers and
a second charged reactant (e.g., unsaturated quaternary ammonium com-
pounds) selected from charged monomers, charged oligomers, and charged
polymers. Nerve cells are contained within or attracted to the copolymer. It
may further include a bioactive agent such as a nerve growth factor [180]. OPF
hydrogels have also been used as tissue guidance conduits. Devices for use in
regeneration or repair of body tissue (such as nerves) comprise a multilumen
scaffold and, optionally, an outer sheath. The outer sheath is formed of a
stronger material than the scaffold and preferably comprises a region at each
end for suturing the device in place [181].

18.6 CONCLUSION

Natural and synthetic polymers represent a niche area of research in which
both academia and industry are actively involved. Both industries as well as
academia are involved in filing patents in the said field. However, it is the
industrial patents that in most cases represent products that have been actually
commercialized and are available to the end users, that is, the patients. In case
of patents filed by universities and institutes, technology transfer and licensing
are major challenges that affect the commercialization of promising technol-
ogies. In a few cases, joint patents involving industry�academia collaboration
or with medical institutes were also observed. The major countries involved in
research in the area of polymer research pertaining to tissue engineering and
drug delivery are the United States, the People’s Republic of China, Korea, and
Japan, with the United States topping the list of innovations as reflected by
the high number of patents filed. India also represents an emerging country in
the area of polymer research relating to biomedical applications. The present
review can serve as a useful guide and reference chapter for researches as it gives
an overview of the innovations, technological challenges, and also the global
map of the players involved, that is, industry and academia in the field of drug
delivery and tissue engineering.
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