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Abstract As the 21st century begins we are witnessing a paradigm shift in medical prac-
tice. Whereas the use of polymers in biomedical materials applications - for example, as
prostheses, medical devices, contact lenses, dental materials and pharmaceutical excipi-
ents — is long established, polymer-based medicines have only recently entered routine
clinical practice [1-4]. Importantly, many of the innovative polymer-based therapeu-
tics once dismissed as interesting but impractical scientific curiosities have now shown
that they can satisfy the stringent requirements of industrial development and regula-
tory authority approval. The latter demand on one hand a cost-effective and profitable
medicine or diagnostic, and on the other hand, a safe and efficacious profile that justifies
administration to patients.

The first clinical proof of concept with polymer therapeutics has coincided with the
explosion of interest in the fashionable area called “nanotechnology”. This has resulted
in exponential growth in the field, and an increasing number of polymer chemists are
turning their attention to the “bio-nano” arena. An attempt to define “nanotechnology”
is beyond the scope of this review, but suffice it to say there is widespread agreement
that application of nanotechnology to medicine, either via minijaturisation or synthetic
polymer and supramolecular chemistry to construct nano-sized assemblies [5, 6], offers
a unique opportunity to design improved diagnostics, preventative medicines, and more
efficacious treatments of life-threatening and debilitating diseases. It is thus timely for this
volume of Advances in Polymer Science to review the field that has been named “polymer
therapeutics” (Fig. 1).

The term “polymer therapeutics” [1] has been adopted to encompass several fami-
lies of constructs all using water-soluble polymers as components for design; polymeric
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Fig.1 Schematic showing the families of polymer constructs called“polymer therapeu-
tics”

drugs [3, 7], polymer-drug conjugates [1, 8], polymer-protein conjugates [2, 9], polymeric
micelles to which a drug is covalently bound [10], and those multi-component polyplexes
being developed as non-viral vectors [11]. From an industrial standpoint, these nanosized
medicines are more like new chemical entities than conventional “drug-delivery systems
or formulations” which simply entrap, solubilise or control drug release without resorting
to chemical conjugation. In this issue of Advances in Polymer Science, the current status
of those technologies in preclinical and clinical development is reviewed, together with
presentation of an emerging area of novel synthetic chemistry - the new field of polymer
genomics — and also a description of some of the sophisticated analytical methods being
developed to characterise complex polymer constructs.

1
Historical Perspective

The use of polymers in medicine is not new. Undoubtedly, natural poly-
mers have been used as components of herbal remedies for several millen-
nia. Modern pharmacognosy is currently more carefully identifying specific
natural-product macromolecular drugs and beginning to more rigorously
define the molecular basis of their mechanisms of action. The notion of syn-
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thetic, water-soluble polymers as macromolecular drugs or components of
injectible drug delivery systems has, in contrast, a relatively short history -
not surprising given the infancy of polymer science itself. The efforts of Her-
mann Staudinger and his contemporaries led to the birth of polymer science
in the 1920s - less than a hundred years ago [12-14]. Moreover, it wasn’t un-
til 1953 that Staudinger was honoured with the first “polymer” Nobel Prize
“for his discoveries in the field of macromolecular chemistry”. Coincidentally,
this is the same year that Watson and Crick published their Nature articles on
the structure of DNA [15]. Around this time we saw the beginning of water-
soluble synthetic polymers as healthcare aids for parenteral administration.
During the Second World War synthetic polymeric plasma expanders were
widely adopted (e.g. poly(vinylpyrolidone)). Before long the first polymer-
drug conjugates appeared (e.g. mescaline-N-vinylpyrolidine conjugates with
drug attached via non-degradable or enzymatically degradable (gly-leu) side
chains [16]). Biologically active polymeric drugs also started to gain popu-
larity [17], and divinylether-maleic anhydride copolymer (pyran copolymer)
was tested clinically as an anticancer agent in the 1960s. It failed in early clin-
ical trials due to its severe toxicity, and later it was discovered that deleterious
effects were related to subtle changes in polymer molecular weight and ad-
ministration via the intravenous route [18]. Building on the lessons learnt
in these early studies, modified polysaccharides, synthetic polypeptides and
synthetic polymers have since all been successfully transferred into the mar-
ket as polymeric drugs. In fact, it was pioneering work that began to emerge
in the 1970s that began to lay the foundations for a clearly defined chemical
and biological rationale for the design of polymeric drugs, polymer-protein
conjugates [9] and polymer-drug conjugates [8, 19, 20].

2
Current Status

Efforts in the 1970s and 1980s allowed rational design (bearing in mind the
proposed use and pathophysiology of the disease target) of the first polymer
therapeutic candidates that later entered clinical testing. Translation to the
clinic solved for the first time many important challenges relating to specific
product development of polymertherapeutics: industrial-scale manufacture;
development of “validated” analytical techniques required to confirm iden-
tity and batch-to-batch reproducibility of these often heterogeneous, hybrid
macromolecular constructs; and the development of pharmaceutical formula-
tions able to ensure shelf-life stability and rapid solubilisation of particle-free
solutions for safe injection. Definition of preclinical toxicological protocols
able to ensure the degree of safety was also needed to justify clinical trials and
the optimisation of clinical protocols (dose and frequency of dosing) is still
ongoing for many products.
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The first poly(ethyleneglycol) (PEG)ylated proteins were approved by reg-
ulatory authorities for routine clinical use in the early 1990s (reviewed in this
volume by Pasut and Veronese: “Pegylation of Proteins as Tailored Chem-
istry for Optimized Bioconjugates”): PEG-adenosine deaminase used to treat
acute immunodeficiency syndrome and PEG-L-asparaginase to treat acute
lymphoblastic leukaemia. At the same time in Japan, a stryene-co-maleic an-
hydride conjugate of the anticancer protein neocarzinstatin called SMANCS,
developed by Maeda and colleagues, was successfully used as a treatment
of patients with primary liver cancer (a very difficult disease to treat) and
this led to market approval for the treatment of this disease. In this case
the aim of polymer conjugation was to hydrophobise the protein, thus al-
lowing dispersion in a phase contrast agent Lipiodol that is used for patient
imaging. The formulation is administered locally via the hepatic artery. Dur-
ing his research, Maeda also discovered the passive tumour-targeting phe-
nomenon called the “enhanced permeability and retention effect” (EPR ef-
fect). This phenomenon is attributed to two factors: the disorganised pathol-
ogy of angiogenic tumour vasculature with its discontinuous endothelium
leading to hyperpermeability towards circulating macromolecules, and the
lack of effective tumour lymphatic drainage, which leads to subsequent
macromolecular accumulation. It is now well established that long circulating
macromolecules including polymer conjugates, and even polymer-coated li-
posomes, accumulate passively in solid tumour tissue by the EPR effect after
intravenous administration and can increase tumour concentration many-
fold (reviewed in this volume by Maeda et al.: “The EPR Effect and Polymeric
Drugs: A Paradigm Shift in Cancer Chemotherapy”).

Throughout the 1990s a steady stream of polymeric drugs began to emerge
(reviewed in this volume by Dhal et al.: “Polymers as Drugs”). These include
a number of products including a synthetic random copolymer of L-alanine,
L-lysine, L-glutamic acid and L-tyrosine (M,, = 5000-11 000 g/mol) given sub-
cutaneously to treat multiple sclerosis patients and also those poly(allylamine)s
developed clinically as polymeric sequestrants for oral administration. In
addition, a growing number of compounds have entered clinical trials. They
include dextrin-2-sulfate (M, = 25000 g/mol) given intraperitoneally to treat
HIV-1 in patients, and most recently, the first dendrimer-based drug tested
clinically, which is also a vaginal anti HIV virucide.

The first synthetic polymer anticancer drug conjugate entered clinical trials
in 1994. This was an N-(2-hydroxypropyl)methacrylamide (HPMA) copoly-
mer conjugate of doxorubicin [21, 22]. Since then, five more HPMA copolymer
conjugates have progressed into the clinic, and the first conjugate bearing an-
tiangiogenic therapy is now being tested in vivo [23]. Anticancer conjugates
based on other polymeric carriers including poly(glutamic acid), PEG and
polysaccharides are also now in clinical trials, and it is anticipated that the first
product in this class will appear very soon (reviewed here in Satchi-Fainaro
et al.: “Polymer Therapeutics as Anticancer Treatments: Current Status and Fu-
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ture Challenges”). An alternative approach for targeted delivery of anticancer
agents utilises block copolymer micelles within which the anticancer drug can
be simply entrapped or covalently bound. Of this type there are currently three
systems in early clinical trials (reviewed in Nishiyama and Kataoka, “Nano-
structured Devices Based on Block Copolymer Assemblies for Drug Delivery:
Structural Design for Enhancing Drug Function”).

With growing appreciation of the molecular basis of disease in the late
1980s, the hope of “gene therapy” began to gain momentum. While the vi-
ral vectors are still preferred for gene delivery, there has been a continuing
hope that polymeric non-viral vectors can become a feasible alternative -
i.e. biomimetics delivering DNA safely without the threat of toxicity. Pioneer-
ing early research used simple polycationic vectors such as poly(L-lysine)
and poly(ethyleneimine). Since then a wide variety of complex multicompo-
nent, polymer-based vectors have been designed as gene delivery systems -
see Wagner and Kloeckner, “Gene Delivery Using Polymer Therapeutics” and
also elsewhere [24]. With still some distance to the first polymeric viral vec-
tors as marketed products, there is still much to do.

3
Future Opportunities and Challenges

It should not be forgotten that it was only the turn of the last century when
Paul Ehrlich proposed the first synthetic small molecules as chemotherapy.
Introduction of the first biotechnology and polymer-based products over
the last two decades has been greeted with the same suspicion that Ehrlich
encountered when introducing modern chemotherapy in his day. Neverthe-
less, at the present time, the core business of the pharmaceutical industry
is obviously low-molecular-weight drugs (both natural product extracts and
synthetic drugs) and prodrugs, particularly those that are amenable to oral
administration providing convenience for the patient.

The fact that macromolecular drugs, such as proteins, polymer therapeu-
tics and genes, are not orally bioavailable, coupled with their chemical com-
plexity and the perceived difficulties in realising them in practice made them
unattractive development candidates for many large pharmaceutical compa-
nies until the end of the 20th century. Observation that the FDA approved
more macromolecular drugs and drug-delivery systems than small molecules
as new medicines in 2002/2003 suggests that the tide has now turned.

Now that we are in the 21st century, the time is ripe to build on the lessons
learnt over the last few decades, and the increased efforts of polymer chemists
working in multidisciplinary teams will surely lead to the design of improved
second-generation polymer therapeutics. The polymer community’s interest
in synthetic and supramolecular chemistry applied to biomedical applica-
tions has never been greater. This has in part been due to the rise in interest
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in using dendrimers and nanotubes for applications in drug delivery (re-
viewed in this volume by Amir and Shabat:“Domino Dendrimers” and [21])
and not least the need for bioresponsive polymers that can be designed as
(3-D) scaffolds for tissue engineering. Innovative polymer synthesis is leading
to many new materials, but while they provide exciting opportunities, they
also present challenges for careful characterisation of biological and physico-
chemical characterisation. These two important areas are reviewed in this
volume.

For clinical use, it is essential to identify biocompatible synthetic poly-
mers that will not be harmful in relation to their route, dose and frequency
of administration. For many years, the general cytotoxicity, haematotoxic-
ity and immunogenicity (cellular and humoral) of water-soluble polymers
has been widely studied. Before clinical studies, rigorous preclinical toxicity
testing of the candidate has also been mandatory. However, it is becoming ev-
ident that synthetic polymers can display many subtle and selective effects
on cells affecting a diverse range of biochemical processes. These effects may
be relatively weak so they do not result in major toxicity. Studies have re-
cently commenced that assess the pharmacogenomic effects of polymers, and
this important, emerging field is reviewed here by Kabanov et al. (“Polymer
Genomics”). Development of analytical techniques able to accurately charac-
terise polymer therapeutics in terms of identity, strength, stability and struc-
ture in real time (to allow correlation with biological properties) has proved
a real challenge in itself. However, atomic-force microscopy has already be-
gun to demonstrate the ability to provide structural and physicochemical
information for a wide range of synthetic and bio-polymers. The latest devel-
opments in the latter area are described here by Davies “Characterisation of
polymer constructs by Real Time Molecular AFM investigations”.

This volume highlights some of the key areas of research and development
relating to synthesis, characterisation and use of polymer therapeutics. For
those new to the field, the text should be read in parallel with the histori-
cal milestone publications (see the bibliography), including papers published
in Advances in Polymer Science (for example [25,26]) and elsewhere [8, 19].
There are also several recent reviews that are essential reading for the expert
and newcomer alike [27, 28].
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Abstract Polymeric drugs are defined as polymers that are active pharmaceutical in-
gredients, i.e., they are neither drug carriers nor prodrugs. In general, the underlying
concept behind these therapeutic agents is the utilization of high molecular weight and
functional characteristics of polymers to selectively recognize, sequester, and remove low
molecular weight and macromolecular disease causing species in the intestinal fluid. The
high molecular weight nature of these therapeutically relevant polymers makes them
systemically non-absorbed, thus providing a number of advantages including long-term
safety profiles over traditional small molecule drug products. Furthermore, multiple
functional groups in the polymers incorporate polyvalent binding interactions that can
result in pharmaceutical properties not found in small molecule drugs. This article sum-
marizes some of the most recent efforts for the discovery and development of polymeric
drugs that have proceeded from discovery phase to market place. Examples include se-
questration of low molecular weight species such as bile acids, phosphate, and iron
ions as well as polyvalent interactions to bind toxins, viruses, and bacteria as well as
polymeric enzyme inhibitors and fat binders as anti-obesity agents. Furthermore, use
of functional polymers to treat autoimmune disease and sickle cell anemia has been
reviewed.

Keywords Bioactive polymers - Drugs - Non-absorbed - Polyvalent - Sequestrants

Abbreviations

GI gastrointestinal

SAR structure-activity relationship

LDLc low-density lipoprotein cholesterol
HMG-CoA 3-hydroxy-3-methyl glutaryl coenzyme A
BAS bile acid sequestrant

C. difficile Clostridium difficile

PA protective antigen

EF edema factor

LF lethal factor

Tyr tyrosine

Trp tryptophan

VAP viral attachment proteins

HA hemagglutinin

SA sialic acids

Kd dissociation constant

M molar

mM milli molar

pM pico molar

HIV human immune virus

MRSA methicillin-resistant Staphylococcus aureus
C. parvus Cryptosporadium parvum

VRE vancomycin-resistant Enterococi

ROMP ring opening metathesis polymerization
S. aureus Staphylococcus aureus

RA rheumatoid arthritis

MS multiple sclerosis

TNF-« tumor necrosis factor alpha

GA glatiramer acetate
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MBP myelin basic protein

CNS central nervous system

FDA Food and Drug Administration

EAE experimental allergic Encephalomyelitis
TAG triacyl glycerides

PEO polyethylene oxide

PPO polypropylene oxide

1

Introduction

During the last three decades the role of polymers in biomedicine has seen
significant growth. The unique physico-chemical properties offered by poly-
meric materials have been exploited in a variety of biomedical applications.
A wide range of functional polymers with novel structural architectures
have been synthesized during this period and have been evaluated in bio-
logical environments [1,2]. The use of polymers materials in drug delivery
and as components in artificial organs, tissue engineering, medical devices,
and dentistry is well known [3]. However, an increasingly important aspect
of the field of biomedical polymers is the recognition of the role of poly-
mers as new and novel chemical entities for therapeutic application. For this
purpose, the polymer may be intrinsically bioactive, or can be utilized as
a carrier for site specific and sustained delivery of chemo- and biotherapeutic
agents [4].

Following the original work of Ringsdorf presenting the concept of site-
targeted polymeric drugs, a large body of scientific literature has appeared,
affirming the role of functional polymers as vehicles for therapeutic agents
against a variety of diseases. These polymer-drug conjugate systems have
enabled the delivery of small molecule drugs and biotherapeutic agents at
a controlled rate, and have achieved the targeted delivery of chemother-
apeutic agents to specific sites (e.g. to minimize dose-dependent toxicity
and enhance selectivity for anti-neoplastic agents) [5-7]. More recently, sev-
eral functional polymers have been evaluated as non-viral vectors for the
delivery of genetic materials for gene therapy applications [8,9]. The re-
search efforts in the area of polymer-based drug delivery systems, including
polymer-drug conjugates, has brought about considerable progress in this
area including clinically approved products. Numerous high-quality research
papers and excellent review articles dealing with this aspect of biomedi-
cal polymers have been published over the last two decades [10-12]. Since
several books and review articles pertaining to polymeric drug delivery sys-
tems and polymer-drug conjugates have been published, this article has been
limited to the review of biomedical polymers that act as active pharmaceuti-
cal ingredients.
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1.1
Pharmaceutically Active Polymers

While functional polymers as carriers for therapeutic agents have been ex-
tensively studied, examples of polymers acting as active pharmaceutical in-
gredients are relatively scant. Early studies pertaining to the use of poly-
mers as therapeutic agents include the use of poly(ethylenesulfonate) as
a topical anticoagulant and as an antitumor agent [13,14]. Although this
polymer had shown anti-tumor activity against a broad selection of tumor
cell lines, it lacked an acceptable therapeutic index. Almost three decades
ago a relatively simple class of polymers, maleic anhydride-divinyl ether
copolymer, was studied for their effect on tumor cell lines. It was demon-
strated that these anionic polymers are able to modulate the immune sys-
tem by stimulating T-cell activity. Although the therapeutic effects of an-
ionic polymers were found to be modest, they certainly foretold the inter-
esting adaptations of polymers to such complicated disease states as can-
cer [15,16]. In spite of these early promises, effective research effort to de-
velop intrinsically bioactive polymers as therapeutic agents is a relatively
recent phenomenon [17,18]. As potential therapeutic agents, the high mo-
lecular weight characteristics of polymers would appear to offer several
advantages over classical small molecule drug candidates. Although poly-
mers do not fit most “drug-like” definitions and inherently violate “Lipin-
ski’s Rules”, a re-evaluation of the attributes of polymers highlights many
possible benefits of polymeric pharmaceuticals that are unattainable with
traditional small molecule drugs. These benefits may include: lower tox-
icity, greater specificity of action, and enhanced activity due to multiple
interactions with disease targets (polyvalency). In spite of these poten-
tial benefits, the concept of polymeric drugs has been a subject of con-
siderable skepticism among drug discovery and development scientists. As
a class of potential pharmacophores for drug development, synthetic poly-
mers have been thought to be uninteresting by medicinal chemists and reg-
ulatory authorities. Some of the underlying concerns attributed to polymers
as new chemical entities for therapeutic applications include the issue of
broad molecular weight distribution (polydispersity) and compositional and
structural (microstructure including stereochemistry) heterogeneity. These
shortcomings were considered to impede drug development and regulatory
approval. Furthermore, the high molecular weight characteristics of poly-
mers would potentially undermine their systemic absorption through oral
administration (oral bioavailability). However, these seemingly detrimen-
tal pharmacological features of polymers can indeed be exploited to design
and develop novel therapeutic agents for disease conditions where low mo-
lecular weight drugs have either failed or exhibited inadequate therapeutic
benefits [19].
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The systemic non-absorption characteristics of high molecular weight
polymers taken through the oral route may offer therapeutic benefits where
it is desirable to minimize (even stop) systemic exposure of drug substances.
For example, by combining this non-systemic bioavailability characteristic
with the ability of macromolecular sorbents to selectively recognize and se-
quester molecular and macromolecular components in gastrointestinal fluids,
it has become possible to develop a powerful new class of therapeutic agents
that can selectively bind and remove detrimental species (attributed to several
disease indications) from the gastrointestinal (GI) tract. As with any pharma-
ceutical agents, sequestration of each target molecule or pathogen requires
a unique strategy and this strategy depends not only on the chemical nature
of the target, but the location, concentration, and quantity of the target to be
removed at a therapeutically acceptable dose.

Some of the most recent efforts in the area of discovery and development
of polymers as therapeutic agents are reviewed in the present article. The case
studies presented in this article concentrate on the development of polymeric
drugs for the sequestration of low molecular weight species such as bile acids,
phosphate, and iron as well as polyvalent interactions to bind toxins, viruses,
and bacteria. Furthermore, the use of polymers as immunomodulating agents
to treat autoimmune diseases by inhibiting specific biological antigen binding
events is highlighted. Recent developments in these areas of polymeric drugs
including examples of approved and marketed pharmaceutical products are
presented.

2
Polymers for Molecular Sequestration

A number of potentially detrimental substances implicated for various dis-
ease states, are present or circulate in the GI tract. These species can either
enter the body with food, or from the environment (exogenic), or they may be
produced in the human body as a result of metabolism (endogenic). Effective
removal of these detrimental species from the GI tract in a selective manner
offers a promising approach to treat a number of diseases. Thus, biologically
appropriate and non-toxic polymeric sorbents represent an ideal class of ther-
apeutic agents for this purpose. The non-absorption of these polymeric resins
through the intestinal wall would deter systemic exposure and should result
in minimal toxicity. By incorporating appropriate functional groups and by
modulating the physicochemical characteristics of polymers, a wide range
of possibilities to tailor-make polymers with high selectivity and capacity
for targeted species are conceivable. In the following sections we provide an
overview of a number of polymeric sequestrants that have been discovered
and developed during the last few years as therapeutic agents to treat human
diseases.
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2.1
Polymeric Drugs for the Sequestration of Inorganic lons

The process of electrolyte homeostasis is the key to critical physiological
functions such as myocardial and neurological functions, fluid balance, oxy-
gen delivery, and acid-base balance. Perturbation of this delicate electrolyte
balance by either excessive ingestion or impairment of the elimination pro-
cess due to dysfunctional metabolism can bring about detrimental patholog-
ical consequences. Although certain non-renal tissues like muscle and liver
contribute to maintaining the electrolyte balance, the kidney is the primary
organ responsible for maintaining electrolyte homeostasis [20]. As a result,
impairment of renal function is the main factor responsible for electrolyte
imbalance and can result in life-threatening metabolic disorders. Thus, the
use of non-absorbed polymeric sequestrants to bind these excessive ions (im-
plicated in various pathologic conditions) selectively in the GI tract is, in
principle, a novel approach to treat or prevent disease conditions associated
with electrolyte imbalance.

2,11
Polymeric Sequestrants for Potassium lons: A Treatment for Hyperkalemia

Potassium ions play a critical role in regulating the transmembrane potential
for cellular functions. Therefore, maintenance of the critical ratio of potas-
sium ions between intra- and extracellular fluids is important to all living
cells [21]. Hyperkalemia (elevated level of serum potassium, usually greater
than 5.0 mEq/L) can result from burn and crush muscle injuries, acidosis,
or through the use of anti-hypertension drugs like angiotensin-converting
enzyme inhibitors. A rise in serum potassium can manifest moderate to se-
rious health problems such as paresthesias, areflexia, respiratory failure, and
bradycardia [22]. Since the kidney is the primary route to remove excessive
body potassium, patients with impaired renal function are incapable of main-
taining potassium homeostasis. Traditional approaches to treat hyperkalemia
include the use of insulin, glucose, sodium bicarbonate, and calcium chlo-
ride. However, these treatments have their own shortcomings. For example,
excess intake of calcium leads to hypercalcemia, which in turn leads to other
complications like myocardial infarction and kidney stones.

Use of an insoluble anionically charged polymer resin to sequester ex-
cess potassium ions in the GI tract and their subsequent elimination in the
feces is a simple approach that is being used to treat this disease. This ap-
proach enables patients to remove excess potassium from their bodies in
spite of impaired kidney function. A number of low molecular weight lig-
ands that complex potassium ions are known in the literature [23]. Utilizing
this principle of potassium ion binding by organic ligands, a cation-exchange
resin based on sodium polystyrene sulfonate (Scheme 1) was developed to
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SO5 Na*

Scheme 1

sequester potassium ion in the GI tract. This polymer, marketed under the
brand name Kayexalate has been approved in the United States for the treat-
ment of hyperkalemia since 1975 [24]. However, a potential problem asso-
ciated with the use of Kayexalate is induction of hypernatremia (elevated
serum sodium), since the polymer resin exchanges 1.0 equivalent of potas-
sium for 1.5 equivalents of sodium. Furthermore, cases of intestinal necrosis
have been attributed to Kayexalate [25]. The adverse effects associated with
this polymeric potassium sequestrant provide an opportunity to develop new
generations of potassium sequestering polymers. Unfortunately, no new ef-
forts have been made to develop second generation sequestration therapies to
treat hyperkalemia.

2.1.2
Sequestration of Phosphate lons: Polymeric Drugs for Chronic Renal Failure

The management and control of elevated levels of serum phosphate (hyper-
phosphatemia) is a critical health concern for patients suffering from chronic
and end-stage renal disease [26,27]. Consequences of inadequate control of
serum phosphate level can manifest a number of pathologies of clinical sig-
nificance. These include soft tissue calcification (leading to cardiac calcifica-
tion and cardiac-related complication), renal bone disease leading to reduced
bone density, and secondary hyperparathyroidism. These detrimental factors
make hyperphosphatemia a major risk factor for mortality among patients
suffering from end-stage renal disease (e.g., dialysis patients).

The kidney is the primary route for the excretion of phosphate from
a healthy human body. Therefore, patients with impaired renal function accu-
mulate phosphate as a result of an imbalance between ingestion and excretion
of dietary phosphate. Phosphate binder therapy has been the mainstay for
the treatment of hyperphosphatemia. The traditional phosphate binders have
been calcium- and aluminum-based agents. These inorganic cations remove
phosphate through the formation of corresponding insoluble phosphate salts
in the GI tract [28,29]. Since aluminum and calcium salts have the propen-
sity for systemic absorption through the intestinal mucosal layer, prolonged
treatment involving these agents carry the liability of bringing about undesir-
able toxic and metabolic side effects (such as neurological disorders, cardiac
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calcifications, etc.) in renal-compromised patients. These shortcomings of
calcium- and aluminum-based binders limit their long-term use as phosphate
sequestrants.

Non-absorbed cationic polymers as sequestrants for phosphate ions offer
an effective and safe approach to treat hyperphosphatemia in renal failure
patients. The binding of phosphate ions by polycationic species is a well-
studied phenomenon in molecular recognition and supramolecular chem-
istry research [30]. Towards this end, a great deal of research efforts have
been made over the past several years to design and synthesize novel com-
pounds such as oligomeric/macrocyclic amines, ammonium salts, and guani-
dinium compounds (e.g., Schemes 2-4) as synthetic receptors for phosphate
and related anionic guests (viz. phosphate, pyrophosphate, and phosphonate
anions) [31-33]. Electrostatic interaction is the primary driving force for
complexation of phosphate-based anions with these organic cationic hosts.
Hydrogen bonding is considered to lend additional binding strength [34].
The underlying principle of the physical organic chemistry of this anion
recognition process was recruited to discover non-absorbed, cationic, poly-
meric hydrogels (such as polymeric amines and guanidinium compounds)
that show affinity towards phosphate ions derived from dietary sources. Be-
ing non-absorbed, these polymeric sequestrants are confined to the GI tract.
Therefore, they act as effective therapeutic agents (free from the side effects
associated with calcium and related metal salt-based phosphate binders) to
treat hyperphosphatemia.

HN

HN

HN

Scheme 2

\—NH o] HN—)
/7
NH O HN
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Scheme 3
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Binding of phosphate ions to guanidinium groups of arginine residues of
proteins (involving two electrostatic bonds and two stereochemically favor-
able hydrogen bonds, structure Scheme 5) is a well-known and important
phenomenon in biological systems [35]. This biological principle of phos-
phate recognition was utilized by Hider and Rodriguez in designing and
synthesizing a series of insoluble polymers containing guanidinium groups
as sequestrants for phosphate anions [36]. The synthetic procedure employed
to prepare these guanidinium-functionalized polymer resins is illustrated
in Fig. 1. Phosphate binding studies involving these polymeric guanidinium
salts under in vitro conditions has shown that these polymers bind phosphate
selectively in the presence of other competing biologically important anions
such as chloride, bicarbonate, etc.

A series of amine containing, polymeric phosphate sequestrants were dis-
covered and systematically investigated in our laboratories. This work finally
led to a marketed drug for the treatment of hyperphosphatemia (vide in-
fra). Using the knowledge of phosphate binding properties of macrocyclic
polyamines and related compounds as anion receptors (described above),
we synthesized a series of amine containing functional polymers. These
amine-functionalized polymeric hydrogels were prepared either by post-
polymerization crosslinking of polymeric amines, or by the crosslinking
copolymerization of appropriate amine containing vinyl monomers [37-39].
By these processes a variety of polymer structures bearing primary, sec-
ondary, tertiary amine groups, as well as quaternary ammonium groups were
obtained. A general procedure for the preparation of polymeric amine-based
hydrogels by the crosslinking of soluble polymers is illustrated in Fig. 2. The
main structural repeat units of a selection of representative polymeric amines
used in our investigation are summarized in Table 1. The in vitro phosphate
binding properties of some of these polymeric amine-based hydrogels are
given in Table 2. A systematic structure-activity relationship (SAR) study en-
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Fig.1 Synthesis of polymeric guanidinium salts through chemical modification of
poly(acrylonitrile) resin
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Fig.2 The general synthetic procedure to prepare amine-functionalized hydrogels by a
post-polymerization crosslinking reaction

abled us to identify epichlorohydrin crosslinked polyallylamine (Scheme 6) as
the lead, which was advanced to preclinical and clinical development. These
polymers are believed to bind phosphate ions through electrostatic and pos-
sibly through hydrogen bonding interactions (See Fig. 3).

Like low molecular weight phosphate receptors, the binding strengths and
capacities of these polymeric phosphate sequestrants for phosphate ions have
been found to depend on the pH of the medium. Since the complexation
process involves electrostatic interaction between the polymer-bound am-
monium groups and phosphate anions, the optimum level of protonation of
amine groups along the polymer chain is key to achieving maximum bind-
ing capacity. Due to higher local concentrations of amine groups in polymeric
systems, and the divalent (and possibly trivalent) nature of phosphate an-
ions, polymeric amines also exhibit stronger affinity towards phosphate com-
pared to their corresponding small molecule receptor analogs. This enhanced
binding affinity of polymers towards phosphate anions can be attributed to
a chelating effect. This phenomenon, however, has not been examined in
detail. A carefully study of the pH effect may shed further light on the phos-
phate binding phenomenon in these polymeric systems. Furthermore, since
the degree of protonation of polymeric amines is dependent on polymer ar-
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Table 1 Structural repeat units of representative polymeric amine precursors used to pre-
pare phosphate sequestrants

NV\SVJ/\}VV\%

H,N

(H3C)N

CH,

Table 2 In vitro equilibrium phosphate-binding properties of amine-functional hydrogels
at 5 mM Phosphate

Nature of Polymeric amine Phosphate bound
to polymer (meqv/g)

Polyallylamine/epichlorohydrin 3

Polyethyleneimine/acryloyl chloride 1.2
Diethylenetriamine/epichlorohydrin 1.5
Poly(dimethylaminoethylacrylamide) 0.8
Poly(4-trimethylammoniummethyl)styrene chloride 0.7

chitectures (due to the charge-charge repulsion effect that is prevalent in
polyelectrolyte systems), incorporation of appropriate spacing between the
amine groups along the polymer chain is another important factor to max-
imize the concentration of cationic groups, which would in turn influence
the phosphate binding capacities and strengths of these polymeric seques-
trants [40]. Finally, polymers containing primary amine groups were found to
be better phosphate sequestrants than polymers bearing secondary and ter-
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Scheme 6
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Fig.3 Binding interactions between polymeric amine hydrochloride gels and phosphate
anions
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tiary amines, while polymers containing quaternary amines were found to be
the poorest sequestrants of phosphate anions.

As mentioned above, SAR studies revealed that crosslinked polyallylamine
gels are very potent phosphate-binding polymers and possess properties
suitable for pharmaceutical applications. This class of polymers exhibited max-
imum phosphate binding in the pH range encountered in the milieu of the GI
tract. The polymer gels have been found to be non-toxic and are essentially non-
absorbed. These polymer gels were very well tolerated in multiple clinical trials
with end-stage renal failure patients undergoing hemodialysis [41, 42].

After successful multiphase clinical trials as the first metal-free phosphate
sequestrant for the treatment of hyperphosphatemia, polymer Scheme 6 was
approved in the United States by the FDA in 1998 under the generic name of
sevelamer hydrochloride. It has been marketed since under the brand name
Renagel by Genzyme Corporation.

In subsequent years, sevelamer hydrochloride has been approved in Europe,
Japan, and a number of other countries. Since its regulatory approval, Renagel
has demonstrated effective, long-term control of serum phosphate levels and
has shown several clinical benefits over and above traditional inorganic binders
for the management of hyperphosphatemia in renal failure patients [43-45].
The ability for improved control of serum phosphate without increasing the
exposure to toxic metal ions like aluminum and eliminating the intake of ad-
ditional calcium offers a number of clinically relevant benefits. For example,
without increasing the calcium load or promoting arterial calcification, Re-
nagel may help prevent cardio-vascular complications in patients suffering
from end-stage renal disease. Furthermore, Renagel has been found to reduce
serum parathyroid hormone and also reduce total and low-density lipoprotein
cholesterol (LDLc) in hemodialysis patients. Since cardiovascular events are the
most common causes of mortality among dialysis patients, Renagel thus offers
avery effective treatment in the management of renal failure [46]. Renagel, rep-
resents one of the first tailor-made, polymeric drugs that exhibits prophylactic
and therapeutic properties through the selective sequestration and removal of
unwanted dietary components in the GI tract without presenting any systemic
side effects. These clinically proven benefits of Renagel provide an opportunity
to impact patient survival and morbidity as well as to reduce overall health care
costs associated with the treatment of end-stage renal disease.

213
Sequestration of Iron:
Polymeric Drugs for the Treatment of Iron Overload Disorders

Iron is an important metal ion in biological systems. While it is essential for
the proper functioning of all living mammalian cells, the presence of excess
iron in the body leads to toxic effects [47]. Through the well-known Fenton
reaction (Fig. 4) excess iron catalyzes the transformation of molecular oxygen
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Fig.4 Production of reactive oxygen species through an iron-catalyzed Fenton reaction

to oxygen-derived free radicals such as hydroxyl radicals. These oxygen-
derived radicals in turn cause damage to many vital biological molecules.
This peroxidative tissue or organ damage forms the basis for several patho-
logical conditions including neurodegenerative diseases [48, 49]. Under nor-
mal physiological conditions, iron metabolism is tightly conserved with the
majority of the iron being recycled within the body. Normal physiology does
not provide a mechanism for iron loss, i.e., iron is not normally excreted in
urine, feces, or bile. Some loss of iron from the body occurs only through
bleeding or normal sloughing of epithelial cells. Certain genetic disorders
can, however, lead to increased absorption of dietary iron (as in the case of
hemochromatosis) or transfusion-induced iron over load (as in the case of
B-thalassaemia and sickle cell anemia) [50, 51].

In the case of hemochromatosis, excess iron can be removed from pa-
tients’ bodies by venesection. On the other hand, removal of iron using an
iron chelator is the only effective way to relieve iron overload in patients with
B-thalasemia or sickle cell anemia [52, 53]. Neither of these therapies are op-
timum for the treatment of these diseases. The current standard of care for
iron chelation therapy is desferrioxamine (Scheme 7), which is the only ap-
proved iron chelator for the treatment of iron overload conditions in the USA.
Desferrioxamine has reportedly been associated with several drawbacks. It has
a narrow therapeutic window and due to lack of oral bioavailability, it requires
administration for 8-12 h per day by parenteral infusions [54]. Thus, there is
a clear need for the discovery and development of a new generation of orally
active iron-chelating agents for the treatment of iron overload conditions.

Non-absorbed polymeric ligands that selectively sequester and remove
dietary iron from the GI tract would offer an attractive method for the
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Scheme 7
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treatment of certain iron overload conditions. Clinically useful polymeric
iron chelators require several features. Because of the importance of other
metal ions for normal human physiology, the polymeric ligand must pos-
sess high affinity, capacity, and selectivity towards iron. Furthermore, the
chelator should be biocompatible, and should not be absorbed from the GI
tract. This is particularly important for hemochromatosis. However, binding
dietary iron in the GI tract alone may not be sufficient to treat transfusion-
related iron overload such as beta thalassemia. For clinical applications, the
important properties of chelators include metal ion selectivity and high sta-
bility constant for the ligand-metal complex. Since iron exists in two oxida-
tion states [Ferrous (+2) and Ferric (+3)], chelators could be designed to
sequester both forms of iron. Thus, the design of pharmaceutically relevant
polymeric iron chelators has been based on the knowledge of low molecular
weight chelators.

For Fe(Il), soft donor atoms (e.g., nitrogen-containing ligands such as
bipyridine, Scheme 8 and phenanthroline, Scheme 9) can be employed. Al-
though these ligands are selective for Fe (II), they also possess affinity towards
other biologically important divalent metal ions such as Zn(II) and Cu(II). On
the other hand, oxyanions like hydroxamates and catecholates are selective
towards Fe(III) and these ligands in general show higher selectivity towards
trivalent metal ions over divalent metal ions. Nature offers a precedent: natu-
ral iron chelators like siderophores such as desferrioxamine (Scheme 7) and
enterobactin (Scheme 10) contain hydroxamate and catechol groups respec-
tively, and they exhibit selectivity towards Fe(III) [55, 56].

On the basis of the above criteria, crosslinked polymeric hydrogels con-
taining hydroxamic acid and catechol moieties (Schemes 11 and 12) as well
as crosslinked polymeric amines were prepared and were evaluated as iron
chelators [57]. Under in vitro conditions, all of these polymers sequester iron
at high pH. At lower pH, the polymers containing hydroxamic acids main-
tained their iron binding properties, while other polymers showed poor iron
binding properties. The iron binding isotherms for a hydroxamic acid con-
taining hydrogel at different pH values are shown in Fig. 5. In vivo studies

Scheme 8

Scheme 9
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Scheme 10
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Fig.5 Iron-binding isotherms of polymeric hydroxamic acid resins at pH: (a) 7.0; (b) 3.5
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using rodents have shown that the use of a hydroxamic acid-based hydro-
gel has arrested intestinal absorption of dietary iron [58]. The polymers were
well tolerated by the test animals, indicating their overall biocompatibility.

2.2
Bile Acid Sequestrants: Polymeric Cholesterol-Lowering Drugs

Increased plasma total cholesterol and low-density lipoprotein cholesterol
(LDLc) are established risk factors for atherosclerosis, which is the underly-
ing cause of coronary heart disease and most strokes [59]. The reduction of
elevated LDLc is one of the most common therapeutic approaches to treat
this disease. The majority of individuals at risk of cardiovascular disease re-
quire only a modest (20 to 30%) reduction in LDLc level to minimize this
serious and often life threatening health risk [60]. HMG-CoA reductase in-
hibitors (more commonly known as statins) are the most widely used drugs
for reducing plasma LDLc and have been shown to significantly reduce the
risk of coronary events and strokes. These findings have led to recent guide-
lines for expanding the use of cholesterol lowering drug therapies to more
patients at risk of cardiovascular disease [61]. An estimated 36 million peo-
ple in the United States alone are candidates for cholesterol lowering drug
therapy.

Despite the clinical success of statins, there is still a need for alternative
therapies to reduce blood LDLc. For example, statins are not recommended
for pregnant women. They are also not recommended for pediatric use or
for patients suffering from liver disease. Furthermore, some patients do not
achieve the LDLc goal with statin therapy alone. There are also long-term
potential safety issues associated with statins such as liver dysfunction and
musculoskeletal symptoms. Since cholesterol lowering therapies are generally
life-long, these safety factors are significant for such an extended treatment.
This has been evident from the recent withdrawal of a statin, cerevastatin
(Baycol), from the market as a result of several cases of rhabdomyolysis lead-
ing to death [62, 63].

The molecular regulation of cellular cholesterol metabolism has been elu-
cidated by Brown and Goldstein [64]. Cholesterol is synthesized in the liver
by the enzyme HMG-CoA reductase. Subsequently, it is transformed into bile
acid in the liver and secreted to the gall bladder. The statins inhibit HMG-CoA
reductase, which is a key rate-limiting enzyme in cholesterol biosynthesis.
The effective removal of the bile acid from the bile pool is another viable ap-
proach to reduce plasma LDLc. Removal of bile acid from the body results
in upregulation of bile acid biosynthesis, which subsequently leads to a cor-
responding overall drop in plasma cholesterol levels [65]. The biochemical
process of cholesterol metabolism is schematically illustrated in Fig. 6.

Bile acid sequestrants (BAS) are crosslinked polymeric cationic gels that
bind anionic bile acids in the GI tract and subsequently eliminate them from
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the body along with the feces [66]. The use of these polymeric gels for seques-
tering bile acids is indeed an established approach for treating patients with
elevated plasma cholesterol [67]. Being non-absorbed, these polymeric drugs
do not exhibit the systemic side effects that are associated with statins, and
the BAS have over 30 years of clinical experience with a good safety record.
Until recently, two cationic polymers, namely cholestyramine (Scheme 13)
and colestipol (Scheme 14) have been the only approved bile acid seques-
trants on the market. Despite the appeal of their safety profiles, these two first
generation bile acid sequestrants have seen decreased use since their intro-
duction to the market. While these two BAS exhibit high in vitro capacity,
they have shown low clinical potency. For example, the doses required for
a 20% cholesterol reduction with cholestyramine and colestipol are typically
16 to 24 g/day [68]. The requirement of this high daily dose led to reduced
patient compliance and hence limited use of these first generation BAS in
clinical settings.
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The low in vivo efficacy of BAS has been ascribed to competing forces of
the active bile acid transporter system of the GI tract, which the BAS has
to encounter to strongly hold on to the bile acid from systemic reabsorp-
tion [69]. It appears that, for a polymer to be a potent BAS, it must have high
binding capacity, strong binding strength, and selectivity towards bile acids
(over other anionic and amphiphilic species in the GI tract) in the presence of
competing desorbing forces of the GI tract. Therefore, a potent BAS needs to
exhibit slow off-rates of bound bile acids from the polymer resin to effectively
overcome the active transport of bile acids from the GI tract. The design rules
for making potent BAS need to take into consideration the physicochemical
features of bile acids associated with their structures (Scheme 15). A typi-
cal bile acid possesses an anionic group and a hydrophobic core, which are
responsible for their biological detergent properties. Therefore, while electro-
static interaction is the primary force required for bile acids to complex with
cationic polymers, a second attractive force that needs to be considered is the
hydrophobic interaction between the sequestrant and the bile acid. Moreover,
favorable swelling characteristics of these cationic hydrogels in physiologi-
cal environments are required for attaining high capacity (that would make
use of maximum binding sites in the polymers). Thus, a balanced combina-
tion of hydrophilicity (high capacity) and hydrophobicity (to slow down the
rate of desorption), along with an optimum density of cationic groups would
constitute key features of potent BAS [70].
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Careful consideration of these desired features has led to the discovery of
a number of new generation bile acid sequestrants over the last decade from
our laboratories as well as from other groups. Thus, a large body of literature
(that has been published over the years) is now available [71-75]. Structural
features of some of the representative new bile acid sequestrants are summa-
rized in Table 3. In general, the common features of these cationic hydrogels
are the presence of amine/ammonium groups containing a whole range of
substituents around the nitrogen atom. Additional structural features of these
polymers include the presence of hydrophobic chains. Different kinds of poly-
mer backbones including vinyl and allyl amine polymers, (meth)acrylates,
(meth)acrylamide, styrene, carbohydrates, polyethers, and other condensa-
tion polymers have been considered [76-78]. The effect of polymer chain
architectures (such as block copolymer) on bile acid sequestration has also
been evaluated [79]. While a large number of polymers have been synthesized

Table 3 Chemical structures of some representative bile acid sequestrants
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and tested in preliminary in vitro and in vivo studies, very few of these poly-
mers have entered preclinical development and subsequent human clinical
trials. Some promising BAS that have entered the clinical trial include: DMP-
504 (Scheme 16), colestimide (Scheme 17), SK & F 97426-A (Scheme 18), and
colesevelam hydrochloride (Scheme 19). The key structural features of these
polymers are an optimum combination of charge density, hydrophobic tails,
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and water swelling properties [80, 81]. From this new generation of bile acid
sequestrants only two compounds have been approved by the regulatory
agency for marketing. Colestimide has been approved for marketing in Japan
and is sold under the trade name Cholebine [82]. Colesevelam hydrochloride
has been approved for marketing in the United States and is being sold under
the trade name WelChol [83]. Both polymers exhibit lower rates of side ef-
fects and are better tolerated than previously marketed BAS. These BAS have
been recommended for use as monotherapy or in combination therapy by
co-administration with other cholesterol lowering drugs, such as statins.

3
Polyvalent Interactions and Anti-Infective Polymeric Drugs

Polyvalent interactions are characterized by the simultaneous binding inter-
action between multiple ligands on one molecular entity and multiple recep-
tors on another (cells, viruses, proteins, etc). These phenomena are frequently
encountered in biological systems. Due to a multitude of chelating effects,
polyvalent interactions can be significantly stronger than the corresponding
monovalent interactions. Polyvalent interactions form the initiation steps for
a large variety of key biological processes such as cell-surface or receptor-
ligand recognition events. They can provide the basis for mechanisms of both
agonizing and antagonizing biological interactions that are fundamentally
different from those available in monovalent systems. A schematic illustration
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of the principle of polyvalency is presented in Fig. 7. An elaborate descrip-
tion of the underlying theory of polyvalency and its importance in biological
processes has been described by Whitesides and coworkers in a recent review
article [84].

Recognition of this important interaction in biological systems is the ba-
sis of a new paradigm for the design and discovery of human therapeu-
tics [85]. This approach is particularly relevant when the interaction between
a monovalent ligand and a polyvalent receptor is weak, since polyvalency
can significantly enhance the binding strength leading to highly potent drug
candidates. Thus, a polyvalent agent bearing two or more chemically bound
ligands can interact at two or more receptor sites on a target pathogen lead-
ing to increased binding strengths resulting in effective inhibition and/or
sequestration of the target pathogen of interest. Polymeric systems, wherein
a collection of similar or different ligands can be covalently linked together on
a single polymer chain provide a unique scaffold to elaborate this concept. In
principle, the inherently polyvalent nature of polymeric materials can trans-
late into longer-lasting and more potent therapeutics. Utilization of this new
concept of polyvalent ligand-substrate interaction has led in recent years to
the discovery of a number of therapeutically relevant polymeric species that
have been found to sequester/inhibit pathogenic toxins, viruses, and bacte-
ria. Some of these polymeric drugs have advanced into human clinical trials,
further supporting the validity of this novel concept in drug discovery (vide
infra).
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Fig.7 Schematic illustration of monovalent, divalent, and polyvalent receptors, ligands,
and formation of their complexes
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3.1
Polymeric Sequestrants of Toxins

Toxins are produced by pathogenic microorganisms in the host body. They
are classified into two categories: exotoxins and endotoxins [86,87]. Exo-
toxins are generally proteinous materials released by these microorganisms.
Endotoxins are lipopolysaccharides and consist of polysaccharide segments
and glycolipid segments that constitute the outer cell membranes of all Gram-
negative bacteria.

Upon secretion from microorganisms, these toxins can travel within host
organism and can cause damage in organs far from the initial site of infection.
The pathogenic effects of bacterial toxins can include diarrhea, hemolysis, de-
struction of leucocytes, paralysis, diarrhea, and septic shock. The outcomes
of these events can be life threatening [88]. Some of the microorganisms
that release life-threatening toxins in the GI tract include food poisoning
organisms like Staphylococcus aureus, Clostridium perfringens, and Bacillus
cereus, and the intestinal pathogens like Vibrio cholerae, Escherichia coli, and
Salmonella enteritidis. Furthermore, anthrax toxin is produced by Bacillus
anthracis. In most cases, the causative agents responsible for major symp-
toms of diseases associated with these pathogens are their associated exotox-
ins [89, 90].

3.1.1
Sequestration of Clostridium Difficile Toxin

Clostridium difficile (C. difficile) is responsible for large numbers of episodes
of diarrhea that arise from anti-bacterial treatment in nosocomial set-
tings [91]. Since normal colonic flora inhibit the growth of C. difficile, the
outbreak of this disease has been attributed to the disruption of normal
colonic flora by antibiotic treatment, as is prevalent in hospital settings. C. dif-
ficile releases two high molecular weight proteins (toxins A and B), which are
the primary causes of diarrhea in patients with C. difficile infection [92, 93].
The traditional approach to treat C. difficile-associated diarrhea has been the
use of one of two antibiotics: metronidazole or vancomycin. Although the use
of antibiotics is often effective in eliminating C. difficile infection initially,
each repeated use sterilizes the gut, thereby increasing the chance for further
infection by C. difficile. In many cases, repeated cycles of antibiotic treatment,
followed by re-infection by C. difficile leads to long hospital stays and patient
morbidity. Furthermore, there has been an increasing body of documentation
pointing to growing resistance of C. difficile to antibiotics [94].

Since disease symptoms are attributed to the toxins released by C. diffi-
cile, and re-colonization of C. difficile is attributed to the inhibition of normal
microbial flora growth by antibiotic treatment, selective sequestration and
neutralization of these toxins appears to be an attractive and safe antibiotic-
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free therapy to treat this disease. The proposed approach would treat the
infection without disrupting normal bacterial growth in the GI tract. Be-
ing proteinaceous substances, bacterial toxins possess multiple binding sites
(derived from amino acid side chains). The binding sites can be used as an-
choring sites to effectively interact with multifunctional polymers (carrying
complementary binding sites) through polyvalent interactions. Some of the
early studies to use polymeric ligands to sequester C. difficile toxins utilized
anion exchange resins like cholestryramine and colestipol (the bile acid se-
questrants described above). However, the effectiveness of these polymeric
ion-exchangers as sequestrants to bind and remove C. difficile toxins was
found to be modest at best [95].

Systematic investigations in our laboratories have led to the discovery of
polymeric multivalent ligands that effectively bind and neutralize C. diffi-
cile toxins. From the various polymers evaluated, a series of high molecular
weight, water-soluble anionic polymers (Schemes 20-22) have been found to
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be the class of polyvalent ligands that are particularly effective in sequester-
ing and neutralizing C. difficile toxins [96, 97]. Two important characteristics
of these polymers are the presence of sulfonic acid groups and high molecular
weight. Careful in vitro studies using pulsed ultrafiltration binding experi-
ments and fluorescence polarization spectroscopy revealed that the binding
constants of complexes between one of these polymers and toxins A and B
were 133 nM and 8.7 uM, respectively [98]. The ability to bind these toxins is
not a general feature of all anionic polymers. For example, while the sodium
salt of poly(styrene sulfonic acid) (Scheme 20) effectively binds both tox-
ins, poly(sodium 2-acrylamido-2-methyl-1-propanesulfonate) (Scheme 22),
a high molecular weight polyanion of similar charge density does not bind
either of the toxins to any measurable extent. This implies that the chemical
characteristics of monomer units that make up these polyvalent ligands influ-
ence the toxin-binding properties of the polymer. Furthermore, the binding
strength was found to be dependent on molecular weight, with lower mo-
lecular weight polymers exhibiting very low binding strength. From these
observations it is evident that sequestration of C. difficile toxins by polyan-
ions is not purely electrostatic in origin. On the other hand, it appears that the
sodium salt of poly(styrene sulfonic acid) and related anionic polymers inter-
act with toxins A and B through a multitude of weak interactions. Amplifica-
tion of these individual interactions, as a result of polyvalency, translates into
a substrate-binding event of very high binding strength. From fluorescence
polarization data, it was estimated that one molecule of toxin A interacts
with ~ 800 monomer units present in a polymer chain. Thus, a single poly-
mer chain of molecular mass of 300 kDa can wrap around a toxin molecule
~ 3-4 times [98]. This suggests that for effective toxin binding of therapeu-
tic relevance, large polyvalent interactions between the polymer and protein
surface is needed [99]. A schematic presentation of the process of multiple
contacts between the polymer and toxin molecule is illustrated in Fig. 8. The

Fig.8 Schematic representation of the sequestration of C. difficile toxin by the polyvalent
ligand
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in vitro binding activity of these high molecular weight polyanions correlate
well with the in vivo biological activities. Thus, the lead polymer prevented
the mortality of 80% of hamsters suffering from severe C. difficile colitis [100].
These polymers are non-antimicrobial and do not interfere with the activities
of standard antibiotics.

High molecular weight sodium salt of poly(styrene sulfonic acid) deriva-
tive was selected as the clinical candidate for treating C. difficile infection.
This compound, under the generic name of Tolevamer, has been successful in
both phase I and phase IT human clinical trials.

Besides the above anionic polymer, another class of polymers bearing
pendant oligosaccharide groups has also been investigated as possible se-
questrants for C. difficile toxins that have progressed to human clinical tri-
als [101, 102]. The underlying principle behind this polymeric sugar agent for
the treatment of C. difficile infection is that toxin A has shown a lectin-like ac-
tivity, which allows it to bind to an oligosaccharide receptor on epithelial cells.
Furthermore, toxin B has been found to bind erythrocytes. These findings
suggest that the cell invasion/binding of C. difficile may be mediated by inter-
actions with cell surface carbohydrate receptors. Therefore, polymers bearing
pendant sugar residues may compete with human cells towards C. difficile
toxin. After identifying oligosaccharide sequences, appropriate oligosccha-
ride molecules that are specific for both toxins were conjugated to different
polymer backbone (Scheme 23). Lengths of tethering arms linking the poly-
mer backbones with oligosaccharide moieties were appropriately optimized
to maximize the binding strengths between polymeric ligands and toxins.
The oligosaccharide sequences that were found to improve toxin binding in-
clude maltose, cellobiose, isomaltotriose, and chitobiose. Polymer carriers
examined in this study include substituted polystyrene and other polyolefin
backbones. Inorganic carriers such as biogenic silica and kaolinite were also
used. These polymeric toxin binders (under the trade name of SYNSORB)
were found to be effective in neutralizing C. difficile toxins and in controlling
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diarrhea in animal models. One of these polymeric carbohydrate agents had
also entered human trials. However, due to lack of therapeutic efficacy, it was
withdrawn after a phase II clinical trial.

3.1.2
Sequestration of Anthrax Toxin

Anthrax toxin is produced by the Gram-positive bacteria Bacillus anthracis
and is the primary cause for the major symptoms of the disease [103]. In gen-
eral, the occurrence of anthrax in clinical settings is rare. However, growing
concern over bioterrorism and biological warfare involving B. anthracis in re-
cent years has put the effort to discover and develop anti-anthrax agents on
a high-priority list. Although vaccines against anthrax exist, several factors
make mass vaccination difficult. While treatment with antibiotics could erad-
icate bacteria from the host, the continuing action of the toxin in inducing
damage after symptoms have become evident makes antibiotic treatment of
limited clinical benefit. Therefore, development of agents that can sequester
anthrax toxin (thereby inhibiting its action) is an attractive adjunct to antibi-
otic therapy for treating anthrax infection.

Like most intracellularly acting toxins (such as ricin and botulinum neuro-
toxin), anthrax toxin consists of two subunits: an activating region (subunit
A) and a promoter region (subunit B). The subunit B interacts with the cell
surface receptor that is specific for the toxin. However, the bacterium secretes
three separate proteins: a single receptor-binding moiety termed protective
antigen (PA), and two enzymatic moieties, termed edema factor (EF) and
lethal factor (LF). Upon release from bacteria as non-toxic monomers, these
three proteins combine and undergo a cascade of processes through the for-
mation of a cell bound heptameric fragment called PA63, which finally attacks
the macrophages [104]. The heptameric PA63 moiety binds to host cells via
a polyvalent interaction of very high binding constant (K4 ~ 1 nM).

The biological pathway leading to anthrax infection (as described above)
suggest that development of a polyvalent ligand that would compete with
PA63 could be a potential agent to inhibit binding of anthrax toxin to the sur-
face of the host cell. While the overall structural requirements for binding of
PA63 heptamer are yet to be investigated, some structural studies have shown
the importance of hydrophobic interactions involving Tyr and Trp residues
as well as H-bond donor/acceptor sites [105]. By utilizing phage-display li-
brary screening, a dodecameric peptide sequence (P1) was identified that
binds to PA63 and thus interferes with its interaction with host cells. In a cell
culture assay, this peptide exhibited modest potency (ICsp ~ 150 uM). By at-
taching multiple copies of this peptide P1 to a polyacrylamide-based polymer
backbone, the corresponding polyvalent ligand was obtained. This polymeric
ligand contained, on average 22 P1 units and ~ 900 acrylamide units. The
ICsp value of this polymer in inhibiting the binding of PA63 to host cells was
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found to be 20 nM. This value corresponds to a nearly 7500-fold increase in
potency on a per-peptide basis relative to the free P1 [106]. Optimization
of this class of polyvalent ligands by increasing the P1 concentration in the
polymer backbone and incorporation of additional hydrophobic groups and
H-bond donor/acceptor sites are reportedly under investigation to further
enhance the potency of this class of polymers to treat anthrax infection [107].
One of these polymeric agents was evaluated in vivo in Fisher 344 rat models
that were intoxicated with anthrax lethal toxin. The polymer, when dosed in-
travenously, delayed the symptoms and eliminated the toxicity at a dose of
12 nmol equivalent of peptide. No obvious toxicity associated with iv. ad-
ministration of the polymer was observed in the test animals during the
week-long treatment [106]. The efficacy of this polyvalent ligand in blocking
the action of anthrax toxin in vivo suggests that this approach could be useful
in developing therapeutically relevant agents to combat possible future risks
of bioterrorism involving anthrax toxin.

3.2
Polyvalent Ligands as Antiviral Agents

Viral infection is initiated by the attachment of viruses to specific cellular
receptors. This virus-cell receptor attachment process is mediated by viral
attachment proteins (VAPs) [108]. It has been postulated that the presence
of synthetic analogs of cellular receptors would compete with VAPs towards
forming the receptor-binding epitopes of VAPs. It has been calculated that
in general, attachment of viruses to cell surfaces involves the interaction of
a virus species with at least 10 monomeric cellular receptor units organized
into polymeric cellular receptor units [109]. The characteristic feature of such
polyvalent cooperative binding is the amplification of multiple low affinity in-
dividual contacts to a binding event of very high association constant. This
suggests that by presenting polymeric ligands bearing multiple copies of the
cellular receptor analogs, competitive inhibitors for viruses can be developed.
This design principle has been utilized to develop prototype antiviral agents
against viruses such as influenza and rotavirus.

3.2.1
Inhibition of Influenza Virus

Influenza virus A is the primary causative agent responsible for serious cases
of human influenza. The influenza infection is initiated by attachment of
the virus to the mammalian cell membrane through a process known as
hemagglutination. The hemagglutination process is a multivalent interaction
between trimers of hemagglutinin (a carbohydrate binding protein present
on the viral surface) with multiple sialic acid groups present on the sur-
face of the mammalian epithelial cell. These sialic acid residues are parts of
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cell-surface glycoproteins [110]. This biological process of viral invasion of
mammalian host cells is schematically shown in Fig. 9. One of the potential
strategies to treat influenza virus infection is to block the binding of the virus
to mammalian cells by presenting polymers bearing several sialic acid groups
as competitors for cell surface ligands [111]. Although individual viral surface
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Fig.9 Schematic illustration of the biological process involving viral invasion of mam-
malian host cells

Table 4 Representative examples of polyvalent ligands as influenza virus inhibitors

HO




Polymers as Drugs 39

hemagglutinin (HA) binds individual cell-surface sialic acids (SA) weakly, the
virus attaches to the cellular surface through multiple interactions between
clusters of HA and SA residues. While an individual HA-SA interaction has
a Kq of ~ 2.5 x 107 M, the interaction between the virus and an erythrocyte
has a Kg of ~ 1072 M. In other words, the polyvalent interaction of the lat-
ter system is about a billion-fold stronger than the corresponding individual
monovalent interaction. In principle, appropriately designed polymeric SA
derivatives containing multiple copies of SA may be able to compete with and
disrupt the strong virus-cell binding. The research groups of Whitesides et al.,
Bovin et al., and Roy et al. investigated this phenomenon quite systematically
by designing and synthesizing an array of polymers containing side chain SA
groups [112-115]. Some of these polymers have shown very impressive affin-
ity enhancement towards influenza virus. The chemical structures of some
of the representative polymers are summarized in Table 4. The most effective
inhibitor among these polymers is a linear polyacrylamide derivative contain-
ing, on a side chain, the C-glycoside of SA (Scheme 24). This polymeric ligand
prevents hemagglutination at a concentration of 35 pM, while the corres-
ponding monomeric «-methylsialoside is a very weak inhibitor that inhibits
the hemagglutination process at a concentration greater than 2 mM [116].

Scheme 24
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This is probably the highest increase in potency for any polyvalent system
to inhibit virus-erythrocyte binding. A systematic investigation to elucidate
the mechanism of this polyvalent interaction between influenza virus and
polymeric ligands has shown that a balanced combination of several factors
including high affinity multiple ligand density, steric stabilization, and en-
tropically driven enhanced binding contribute to the overall effectiveness of
these polymeric inhibitors to prevent cell surface attachment of viruses [117].

Although a great deal of in vitro studies have been carried out, in vivo as-
says exhibiting the success of these polyvalent ligands in protecting animals
against influenza infection have yet to be demonstrated. The success of this
approach to develop antiviral agents for influenza would also depend on their
favorable toxicity as well as biological activity profiles.

3.2.2
Anionic Polymers as Anti-HIV Agents

The antiviral properties of anionic polymers have recently received a lot of
attention as agents to protect against infection with sexually transmitted dis-
eases. Due to the cationic nature of most viruses, several anionic polymers
are known to bind viruses. As early as the 1960s, researchers had studied the
anti-viral properties of a variety of synthetic polymers [118]. However, not all
anionic polymers inactivate viruses. Several classes of anionic polymers have
been studied for their ability to inactivate the HIV virus. These polymers in-
clude poly(styrene-4-sulfonate), 2-naphthalenesulfonate-formaldehyde poly-
mer, and acrylic acid-based polymers. Certain chemically modified natural
polymers (i.e., semisynthetic) such as dextrin/dextran sulfates, cellulose sul-
fate, carrageenan sulfate, and cellulose acetate phthalate have also been in-
vestigated for this purpose. Of a number of such anionic polymers that have
shown in-vitro and in vivo anti-HIV activity, a couple of polymeric drug
candidates have proceeded to early stage human clinical trials for the evalu-
ation of safety/tolerability [119]. While most of these have shown the desired
tolerability and safety, further clinical trials are necessary to discern the ther-
apeutic benefit and see if anionic polymers will be applicable as anti-HIV
therapies.

33
Polyvalent Antimicrobial Agents

The emergence of microbial pathogens that are resistant to multiple classes of
available antimicrobial agents is becoming a major worldwide public health
concern. These multidrug resistant bacteria are ubiquitous in both hospital
and community settings [120]. The majority of these strains have been found
to carry multiple drug resistance factors. At present, the only effective treat-
ment for multiply resistant bacterial infections is vancomycin. Unfortunately,
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vancomycin resistance itself is becoming a growing problem. For example,
methicillin-resistant Staphylococcus aureus (MRSA) strains, vancomycin-
resistant enterococci, and amikacin- and B-lactam-resistant Kleisiella pneu-
moniae are some of the bacterial species that are resistant to vancomycin [121,
122]. This rapid emergence of multidrug resistant bacterial strains and the
potential threat they pose to human life means that there is a pressing need
to discover and develop novel antibacterial agents to overcome the challenges
posed by multidrug resistant pathogens.

The polyvalent ligands as antibacterial agents have been considered to
exhibit several potential advantages over monomeric antimicrobial agents.
Cluster effects from polyvalent ligands would lead to amplification of weak
non-covalent bonding interactions between the bacterial surface receptors
and the polymeric ligands. Aggregation and precipitation of bacteria by poly-
valent ligands is potentially another favorable feature. Finally, polyvalent lig-
ands utilizing multi-point attachments could enhance lysis of the bacterial
cell membrane/wall.

Similar to viral infection, most bacterial infections are initiated by adhe-
sion of microorganisms to the mucosal surfaces of the host, mediated in part
by bacterial protein adhesins [123]. These adhesins interact with carbohy-
drate determinants of host cell glycolipids or glycoproteins. This underly-
ing mechanism for bacterial infection suggests that appropriate polyvalent
sugar derivatives could competitively block the attachment of microbial ad-
hesin to the host mucosal surface resulting in protection against infection.
This concept has been explored through the synthesis of a number of poly-
mers bearing acid-functionalized glycoside moieties. Olefinic monomers con-
taining glycoside moieties and acid functional groups such as O-sulfo and
O-carboxymethyl groups were prepared and converted to various copoly-
mers. These polymers were found to be effective in vitro against a number of
bacterial targets [124].

A second approach to design polyvalent ligands as antimicrobial agents
based on cationic polymers has also been systematically explored in our
laboratories. The mechanism of the antimicrobial action of these polymers
has been attributed to their enhanced ability for cell lysis. These polymers
were designed as mimetics of certain cationic amphiphilic peptides contain-
ing multiple arginine and lysine residues. These cationic peptides, which are
known as antimicrobial peptides (or defensins) cause cell lysis. The cell ly-
sis is mediated by the interaction of the positive charges of the peptides with
negative phosphate head groups of cell membrane phospholipids [125]. A se-
ries of amphiphilic cationic polymers were prepared bearing amine and qua-
ternary ammonium groups as well as hydrophobic tails as defensin analogs.
These polymers were found to exhibit antimicrobial activity against a num-
ber of microbes [126]. In particular, some of these polymers (Schemes 25-27)
were found to be very effective against Cyptosporadium parvum (C. parvum).
Until the advent of therapeutic HIV protease inhibitors, C. parvum was a pri-
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mary target for drug discovery to treat GI tract infections in individuals with
HIV infection [127]. In an in vivo study, some lead polymers from this se-
ries of polycations were found to be superior to the commonly prescribed
antibiotic, paromomycin [126].

Synthesis of a multivalent vancomycin derivative exhibiting significantly
enhanced antibacterial activity against vancomycin-resistant enterococi
(VRE) has been recently reported [128, 129]. This work was built upon the
finding that dimeric vancomycin showed enhanced affinity towards the L-
lysyl-p-alanyl-p-alanline peptidoglycan precursor that is responsible for the
growth of the bacterial cell wall [130]. A polymeric vancomycin derivative
was obtained by ring opening metathesis polymerization (ROMP) of a func-
tional cyclic olefin monomer containing the vancomycin moiety (Fig. 10).
The antimicrobial property of the monomer (Fig. 10 top) was similar to na-
tive vancomycin. Upon incorporation into the polymer backbone, the activity
of the corresponding polymeric vancomycin derivative (Fig. 10 bottom) was
found to have increased by nearly 60 fold, when tested against S. aureus and
enterococci [128]. Although no in vivo data is available to date, this promis-
ing in vitro result supports the important role that polyvalency can play in the
discovery of a new generation of antimicrobial agents.

4
Polymeric Drugs for the Treatment of Autoimmune Diseases

In simplest terms, autoimmune diseases arise when the host immune sys-
tem mistakenly attacks itself. Ordinarily the immune system uses a num-
ber of defense mechanisms to prevent the development of these autoim-
mune responses by directing T cells (defense cells) to distinguish for-
eign invaders [131]. Bypassing the protection against autoimmunity leads
to inflammation in various parts of the human body. Multiple sclerosis
and rheumatoid arthritis (RA) are two of the most common autoimmune
diseases [132].

4.1
Polymeric Drugs to Treat Multiple Sclerosis

Multiple sclerosis (MS) is one of the most common inflammatory diseases of
the central nervous system associated with immune activity directed against
central nervous system antigens. As a result, this disease affects the brain
and the spinal cord. Destruction of the regulatory mechanism that guards
against autoimmunity leads to inflammation of the central nervous system.
This disabling disease affects over 2.5 million people worldwide, particu-
larly young adults [133]. The pathophysiology of MS has been attributed
to the infiltration of autoreactive T cells, degradation of myelin basic pro-
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tein (demyelination), production of excessive inflammatory cytokines such
as tumor necrosis factor alpha (TNF-«), etc. Although the knowledge around
the immunopathogenesis of MS has expanded over the years, therapeutic
advances to treat this debilitating disease have been modest [134]. The main-
stays of therapeutic strategies to treat MS include the use of agents that
trigger immunosuppression and immunomodulation such as mitoxantrone,
recombinant interferon-g (e.g., Avonex®, Humira®), and glatiramer acetate,
etc. [135-137].

Glatiramer acetate (GA) is an amino acid-derived synthetic copolymer de-
veloped by Sela and cowokers at the Weizman Institute of Science. It acts
as an alternative to interferon-g for the treatment of certain forms of MS.
The discovery of this polymer represented a significant breakthrough in poly-
meric drug discovery [138,139]. GA (Scheme 28) is a random copolymer
composed of four L-amino acids (alanine, lysine, glutamic acid, and tyro-
sine in a molar ratio of 4.2 : 3.4 : 1.4 : 1.0). This copolymer is prepared by the
ring opening random copolymerization of the corresponding N-carboxy-a-
amino acid anhydrides. Systematic in vitro (using murine T-cell lines) and
in vivo (using experimental allergic encephalomyelitis animal models) stud-
ies have indicated the beneficial effects of this polymer in treating MS. The
possible mode of therapeutic action of GA has been attributed to its abil-
ity to compete with immunodominant myelin basic protein (MBP), which is
one of the major autoantigens implicated in the pathogenesis of MS [140].
MBP is known to sensitize autoreactive T-cells. The autoreactive MBP-specific
T-cells migrate into the central nervous system (CNS) and mediate the patho-
genesis of MS. The composition of glatiramer acetate is postulated to re-
semble a portion of MBP (MBP 85-89). This epitope presented by GA com-
petes with MBP for binding with T-cell receptors (through cross-reaction)
leading to antigen specific intervention of the autoimmune process. In hu-
man clinical trials glatiramer acetate demonstrated a significant decrease in
the number of relapses and rate of progression of the disease. Glatiramer
acetate has been approved by FDA and European agencies for the treat-

Scheme 28
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ment of the relapsing-remitting form of MS in the USA and Europe, and
is marketed under the brand name Copaxone by Teva Pharmaceutical In-
dustries [141]. Copaxone is the first synthetic polymeric drug approved for
systemic treatment.

Although widely used for the treatment of MS, Copaxone does not com-
pletely eliminate the frequency of relapse of the disease. Since the mode of
action of GA has been considered to be due to its higher binding strength
compared to MBP, the design of a new generation of copolymers based
on the anchor residues in MBP as well as by tailoring their mode of ar-
rangement (copolymer sequence) along the polymer chain may lead to
more effective immunomodulators. Towards this end, Strominger and co-
workers have recently carried out a systematic study to discover a new
generation of amino acid-derived immuno-modulating copolymers to effec-
tively treat MS [142-144]. In this investigation, a systematic replacement
of tyrosine and glutamic acid with other amino acids were carried out re-
sulting in a series of copolymers with improved binding affinity towards
the binding pockets of T-cell receptors. Amongst the various copolymers
tested, two copolymers, namely poly(valine-tryptophan-alanine-lysine) and
poly(phenylalanine-tyrosine-alanine-lysine) (Schemes 29 and 30) were found
to exhibit better activities than GA in a number of in vitro and in vivo
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assays. This new generation of copolymers reportedly produced protective
anti-inflammatory cytokines that led to the suppression of the histopathologi-
cal evidences in EAE animal models. Further development of these promising
copolymers for human clinical trials has been undertaken by Peptimmune
Corporation [145].

Since GA has been thought to work by antigen-specific intervention
against MS, utility of this class of polymeric drugs can be expanded to treat
other autoimmune diseases. Hareli and coworkers have recently reported that
GA and other related copolymers (containing three amino acids) compete
with type II collagen peptide 261-273, a candidate autoantigen in rheuma-
toid arthritis (RA) for binding to RA associated T-cells [146]. This suggests
the possible utility of this class of immunomodulating polymers as a potential
therapy for the treatment of RA and other autoimmune diseases.

5
Polymeric Anti-Obesity Drugs

5.1
Obesity and Medical Need

Human obesity has been declared to be one of the most significant health
problems in modern times with over 500 million people being overweight.
Obesity is associated with an increased risk of developing several serious
diseases including hypertension, coronary heart disease, type II diabetes,
stroke, osteoarthritis, and cancer. Obesity increases the likelihood of mor-
tality by 20% and recently surpassed smoking as the number one cause of
death [147, 148].

There are few medications available for the treatment of obesity. These few
anti-obesity agents exhibit modest to minimal efficacy and have been associ-
ated with poor side-effect profiles [149, 150]. Thus, there is an urgent need for
the discovery and development of new therapeutic agents for the treatment of
this significant disease. In general, the strategies to treat/prevent obesity are
based on their mechanism of action in maintaining energy balance. When en-
ergy intake exceeds expenditure, a state of positive energy balance exists and
vice versa. As a result, the role of anti-obesity drugs is to induce negative en-
ergy balance until the desired weight loss has been achieved. Besides surgical
procedures, the therapeutic approaches to treat obesity fall into four classes:
(i) appetite suppressants that act on the CNS by stimulating anorexigenic sig-
nals or by blocking orexigenic signals (e.g., sibutramine); (ii) inhibitors of fat
absorption that act by inhibiting metabolizing enzymes responsible for the
digestion of nutrients (e.g., orlistat); (iii) enhancers of energy expenditure
that act by increasing thermogenesis; (iv) stimulators of fat mobilization that
act by decreasing de novo synthesis of triglyceride [151, 152].
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5.2
Inhibition of Lipase to Control Digestion and Absorption of Dietary Fat

Consumption of dietary fat is an important contributor to human obesity.
Dietary fats are present mainly as mixed triacyl glycerides (TAG), which com-
prise one molecule of glycerol and three molecules of fatty acid. The first
step in the transportation of fat to the circulation is hydrolysis of TAG to free
fatty acids catalyzed by gastric and pancreatic lipases [153]. The hydrolysis
process is completed in the small intestine and the hydrolysis products—the
free fatty acid and sn-2-monoacylglycerols—are absorbed along the brush
border membrane of the small intestine (see Fig. 11). Gastric and pancreatic
lipases are the principal lipolytic enzymes in the GI tract that are respon-
sible for the hydrolysis of TAG. Thus, inhibition of lipase enzymes in the
GI tract reduces the amount of fat that can be absorbed [154]. Targeting
this mechanism to develop anti-obesity drugs appears to offer an inher-
ently safe approach as it involves peripheral targets. Orlistat (also known as
tetrahydrolipstatin, Scheme 31) is a potent, specific and irreversible inhibitor
of pancreatic and gastric lipases and works by inhibiting the action of li-
pase enzymes in the stomach and small intestine. The mode of action of
orlistat involves the formation of a covalent linkage between the serine hy-
droxyl group in the catalytic triad and the B-lactone ring of orlistat [155].
In human clinical trials orlistat reduced fat absorption by approximately
30%. The undigested fat is almost exclusively excreted with the feces. At the
recommended dose it produces a weight loss of ~ 10% after one year of
treatment. Orlistat has been approved by regulatory agencies for the treat-
ment of obesity and has been marketed by Roche under the trade name

Intestinal Absorption
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Fig. 11 Lipase-catalyzed hydrolysis of triglyceride and its subsequent intestinal uptake
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Scheme 31

of Xenical [156,157]. However, since orlistat blocks fat hydrolysis and in-
creases fecal fat loss, the drug is associated with gastrointestinal side effects
that are the direct outcome of TAG malabsorption. These side effects in-
clude abdominal pain, steatorrhea, increased flatus, diarrhea, etc. As a re-
sult of these side effects, there is decreased compliance with orlistat over
time [158].

5.3
Polymeric Fat Binder and Dual Acting Polymeric Lipase Inhibitor-Fat Binder

Besides orlistat, a number of other natural and synthetic inhibitors of hu-
man pancreatic and gastric lipases have been identified. Some of these have
progressed to clinical development [159]. However, no lipase inhibitor can
be expected to overcome the above mentioned side effects. This is due to
the fact that as these GI side effects are mechanism related (caused by the
presence of non-hydrolyzed fat), options are limited for further improve-
ment in patient compliance by targeting lipases alone. However, a therapeutic
intervention that could simultaneously inhibit fat hydrolysis and condense
unhydrolyzed fat droplets into a less fluid form may provide a novel ap-
proach for lipase inhibitor therapy without the aforementioned side effects.
Synthetic functional polymers bearing lipase inhibiting groups and also pos-
sessing lipid condensing properties offer a therapeutic opportunity for this
purpose. As the first step towards demonstrating the role of synthetic poly-
mers in eliminating the side effects associated with leakage of unabsorbed
fat from patients undergoing lipase inhibitor therapy, we adopted a strat-
egy to discover fat-binding polymers that can be co-administrated along
with a lipase inhibitor, such as orlistat. Dietary fats are usually present in
an emulsified form and even the bulk fat in human diets is quickly emulsi-
fied in the GI tract. Typically gastric and pancreatic lipases hydrolyze dietary
TG at the oil-water interface of a fine emulsion stabilized by physiological
emulsifiers such as bile acids and phospholipids secreted by the gall blad-
der. After initial hydrolysis of some TG in the stomach, the remaining TG
and fatty acid move into the small intestine. Here the free fatty acid facil-
itates the formation of a fine emulsion with particle sizes in the range of
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one micron. This emulsified lipid phase is efficiently hydrolyzed by pan-
creatic lipase. The resulting fatty acid is subsequently absorbed by the en-
terocytes comprising the intestinal wall [160]. However, in the presence of
a lipase inhibitor, unhydrolyzed fat passes unchanged through the GI tract.
Eventually the emulsifiers and water are absorbed and the triglyceride col-
lects in the lower intestine leading to the oily stool and associated side
effects.

Since the unhydrolzyed fat is emulsified in the presence of anionic emul-
sifiers such as phospholipids, fatty acids, and bile acids, we considered the
possibility that non-absorbed cationic polymers could form polyelectrolyte-
surfactant complexes with these physiological emulsifiers. The resulting
macromolecular network may possess physical properties that could substan-
tially influence the state of the fat emulsion. For example, the polyelectrolyte-
surfactant network could provide a rigid or waxy matrix able to encapsulate
or stabilize the oil droplets, preventing them from coalescing into a bulk oil
phase. In this scenario, the polymeric fat binder could effectively reduce or
eliminate the presence of fluid TG in the lower intestine, thereby minimizing
the side effects observed for patients undergoing lipase inhibitor therapy for
obesity [161]. The proposed rationale for fat binding is illustrated schemati-
cally in Fig. 12.

In our laboratories, we prepared a systematic array of polymers of vary-
ing hydrophobicity and charge. We devised tests to measure the fat binding
efficacy of these materials. This included an in vivo animal model using

Fat
Droplet

Amphiphilic Cationic
Polymer

Fig.12 Schematic representation of sequestration/stabilization of free fat droplets by fat
binding polymers
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Table 5 Representative examples of fat-binding polymers
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rats (fed with lipase inhibitor) to screen polymers for their fat-binding
properties. The effect of polymers in overcoming the oily stool side ef-
fect (induced by lipase inhibitor treatment) was evaluated with this animal
model [162-164].

Although non-ionic polymers such as hydrophobically modified polyethy-
lene glycol and polyethyleneglycol-polypropylene glycol block copolymers
are known to exhibit emulsifying properties, they performed very poorly
in our animal model. Similarly, copolymers containing anionic and zwit-
terionic monomers were found to be ineffective. On the other hand syn-
thetic polycations (based on monomers containing amine and ammonium
groups) exhibited strong lipid binding properties. A systematic SAR study
led to several potent and non-toxic copolymer compositions that completely
eliminated the fluid lipid side effect in vivo. Table 5 summarizes a represen-
tative list of functional polymer segments that showed favorable fat bind-
ing properties and led to overcoming the lipase inhibitor-induced GI side
effect [162-164].

In subsequent studies, a novel lipid-binding copolymer was discovered
in our laboratory that covalently incorporates a potent and novel lipase in-
hibitor. This novel copolymer exhibited excellent lipase inhibition in vivo
with no fluid-lipid side effects [165]. This polymer has shown safety and effi-
cacy in a number of preclinical studies and has been licensed to Peptimmune,
Inc., where it is currently undergoing human clinical trials.
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6
Polymer Therapy for Sickle Cell Disease

6.1
Sickle Cell Disease

Sickle cell disease is caused by a mutation in the gene responsible for the
production of hemoglobin. Substitution of a single amino acid (valine for glu-
tamic acid) in the sixth position of the B-chain of the hemoglobin molecule
results in a hydrophobic region upon deoxygenation [166]. Because the hy-
drophobic regions aggregate, the abnormal hemoglobin (called hemoglobin
S) polymerizes into strands and forms long, rod-like structures. These elon-
gated hemoglobin fibers distort the blood cell, producing the characteristic
crescent or “sickle” shape. Surface molecules are also expressed that promote
abnormal adhesion of the defective blood cell. Normal red blood cells are
smooth, flexible, and shaped like a donut and can pass easily through small
blood vessels. The damaged sickle shaped blood cells are stiff and are unable
to pass through the blood vessels leading to reduced blood flow and some-
times blockage. The blockage (vaso-occlusion) results in severe, debilitating
painful episodes and ultimately to the damage of tissues, and are one of the
most common and difficult problems caused by sickle cell disease [167].

6.2
Non-lonic Surfactant for Treating Sickle Cell Disease

In 1987, a treatment suggestion for vaso-occlusive event was proposed with
the demonstration that pluronic F68 was able to improve the filterability
and rheology of sickle cells. Pluronic F-68 reduces the endothelial adherence
and improves the rheology of liganded sickle erythrocytes [168]. Chemi-
cally, pluronics are A-B-A type triblock copolymers containing a segment
of polypropylene oxide (PPO) that is sandwiched between two polyethylene
oxide (PEO) segments (Scheme 32). Because PPO is a hydrophobic segment,
pluronic is able to adsorb to hydrophobic molecules or surfaces while the
hydrophilic PEO segments can extend into aqueous phases, these polymers
have surfactant properties [169, 170]. The physical properties of pluronics can
be modified by changing the PEO and/or the PPO block size. This strategy
enables the synthesis of block copolymers that have found a wide range of
applications from drug and gene delivery to surface patterning [171].

CH,

Scheme 32
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Stemming from the use of pluronics as solubilizers for small molecule
drugs, it became apparent that pluronics is more than just a simple deliv-
ery system and provides beneficial biological effects both symbiotically with
other treatments and alone.

A purified version of pluronic F68 is being developed by SynthRx under
the brand name Flocor as a potential treatment of vaso-occlusive crisis asso-
ciated with sickle cell disease [172]. After establishing the tolerability of this
polymer in clinical studies, further studies of sickle cell patients treated with
Flocor showed a reduction in the length of painful episodes and an increase in
the number of patients who achieved resolution of the symptoms [173]. The
effect observed was significant but small, and the effects seen were more pro-
nounced for children under the age of 15. Further development of Flocor has
been reportedly planned, especially for pediatric sickle cell patients.

Although its exact mechanism of action is unknown, Flocor has demon-
strated several properties that inherently seem beneficial to sickle cell pa-
tients, including: lowering blood viscosity, decreasing red blood cell aggre-
gation, and decreasing friction between red blood cells and vessel walls to
increase microvascular blood flow and decrease cell injury. Additional studies
would be needed to further clarify Flocor’s mechanism(s) of action that may
lead to a new generation of polymers for the treatment of sickle cell disease.

7
Conclusions and Outlook

Although polymeric materials have been developed as biomaterials and drug
delivery systems, they have not generally been thought of as useful therapeu-
tic agents on their own. In the present article we have attempted to illustrate
the extraordinary potential of polymers in the discovery and development of
novel human therapeutics. Through appropriate consideration of both dis-
ease targets and their mechanisms of action, several functional polymers
have been discovered that exhibit useful pharmacological properties. These
polymeric drugs capitalize on the unique physicochemical properties of poly-
mer materials and in many cases, exhibit therapeutic properties that cannot
be achieved by traditional small molecule drugs. The diversity and activ-
ity of these inherently pharmacologically active polymers for the treatment
of a number of human diseases that have been either developed or are be-
ing evaluated is indeed very impressive. Sequestrants that are confined to the
GI tract and carry out their disease-modifying activities are nice examples
that support this point. The recognition of polyvalent interactions as a de-
sign principle for developing pharmaceutical agents has demonstrated that
polymeric drugs can provide a new paradigm for the next generation of phar-
maceuticals. Although many have not yet met the goal of exhibiting in vivo
biological activity, the successful development of tolevamer suggests that it is
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not solely an academic curiosity. Finally, our improved understanding of cell
biology and biochemistry of various disease targets should further enable us
to design polymeric drugs with the desired immunological pharmacological
properties for systemic applications. Once these design criteria are identified,
exciting and potentially more selective polymer therapeutics will be discov-
ered to treat human diseases, whose medical needs have been either unmet or
inadequately met.
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Abstract Domino dendrimers have recently been developed and introduced as a potential
platform for a single triggered multi-prodrug. Surprisingly, three independent groups re-
ported similar concepts almost simultaneously. These unique structural dendrimers can
release all of their tail units, through a domino-like chain fragmentation, which is initi-
ated by a single cleavage at the dendrimer’s core. This chapter reviews the recent efforts
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to design domino-like dendrimers with emphasis on the application of drug delivery. In-
corporation of drug molecules as the tail units and an enzyme substrate as the trigger,
can generate a multi-prodrug unit that is activated with a single enzymatic cleavage. Den-
dritic prodrugs, activated through a single catalytic reaction by a specific enzyme, could
present significant advantages in the inhibition of tumor growth, especially if the targeted
or secreted enzyme exists at relatively low levels in the malignant tissue. Domino den-
drimers may also be applied as a general platform for biosensor molecules, used to detect
enzymatic activity.

Keywords Biosensor - Cancer - Dendrimer - Prodrug - Self-immolative

Abbreviations

AB2 three arm star dendritic subunit
AB3 four arm star dendritic subunit
ALL acute lymphoblastic leukemia
AML acute myeloid leukemia

Boc t-butoxycarbonyl

CPT campthotecin

DOX doxorubicin

HEL human erythroleukemia cell line
HL-60 human acute myeloid leukemia cell line
ICsg inhibition concentration (at 50%)

MOLT-3 human T-lineage acute lymphoblastic leukemia cell line
PBS phosphate buffered saline

PGA penicillin G amidase

mCPT monomeric CPT dendritic prodrug

tCPT  trimeric CPT dendritic prodrug

TFA trifluoroacetic acid
1
Introduction

Dendrimers are treelike molecules with a continually growing impact on
chemistry and biology [1, 2]. They are perfectly cascade-branched, highly de-
fined units, characterized by a combination of high-group functionalities and
a compact molecular structure. The concept of repetitive growth with branch-
ing creates a unique spherical mono-disperse dendrimer formation, which
is defined by a precise generation number. The structural precision of den-
drimers has motivated numerous studies aimed at biological applications [3],
such as, the amplification of molecular effects or the creation of high concen-
trations of drugs [4], molecular labels, or probe moieties [5].

Among the many different architectures used for dendrimer construction,
poly(amidoamine) (PAMAM) dendrimers are the most extensively used and
characterized family [6]. PAMAM dendrimers are synthesized by the diver-
gent approach. Starting from a multi-amine core such as ethylenediamine
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(core multiplicity = 4), the branches of the dendrimer are built by a repetitive
sequence of two reactions: (a) Michael addition of a primary amine to two
molecules of methyl acrylate; and (b) amidation of the ester by ethylenedi-
amine (Scheme 1). Their ease of synthesis, periphery group modification, and
commercialization have led to extensive investigation of the biological prop-
erties of PAMAM dendrimers of various generations. Comprehensive reviews
have been published in the literature covering PAMAM and other families of
dendrimers and their biological applications [7-10]. In this introduction we
review the most recent reports of dendrimers in the field of medicinal chem-
istry. Dendrimers can serve as a drug delivery platform either by carrying the
drug load as the outer shell or by encapsulation of the drug molecules in the
dendrimer cavities.

D’Emanuele et al. used G3 and lauroyl-G3 PAMAM dendrimers to form
prodrugs of propranolol (Scheme 2), which is an example of a P-glycoprotein
(P-gp) substrate with poor water solubility [11]. The PAMAM propranolol
conjugates were found to have higher permeability through cell monolayers
and reduced P-gp drug elimination in comparison with free propranolol. This
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use of dendrimers may be of great importance in reducing the effects of the
intestinal P-gp on drug absorption, thus improving the oral bioavailability of
low solubility drugs that are P-gp substrates.

Lin and coworkers recently described a gene delivery device based on
a mesoporous silica nanosphere as a dock for multiple covalently-attached
G2 PAMAMs [12]. The dendritic subunits of the nanospheric delivery de-
vice (Fig. 1) were used to bind plasmid DNA that encodes an enhanced green
fluorescent protein. The silica nanosphere PAMAM conjugates were eval-
uated as a potential transmembrane gene delivery system. Their stability,
transfection efficacy and mammalian cell membrane permeability were in-
vestigated with different cell lines. A different architecture, used by Park and
coworkers, applied poly(ethylene glycol) (PEG) and PAMAM to synthesize
a triblock copolymer [13]. Commercial PEG amine was used as a core and
two PAMAM dendrons were synthesized through the divergent method. The
PAMAM-PEG-PAMAM (Scheme 3) was shown to have higher water solubil-
ity and lower cytotoxicity than with PAMAM dendrimers of a similar size. In
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Scheme 3 PAMAM-PEG-PAMAM triblock copolymer
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addition the triblock copolymer achieved high transfection efficiency com-
pared with other gene delivery carriers such as polyethyleneimine (PEI) [14].
Park’s work demonstrates the modularity of dendritic devices as it combines
the affinity of cationic PAMAM dendrons with negatively charged plasmid
DNA and the utility of PEG to improve the water solubility and biocompati-
bility of its complexes.

In order to achieve site-specific drug targeting, a conjugate of an antibody,
as a targeting moiety, and a PAMAM dendrimer (Scheme 4) was designed
by Baker and [15,16]. The PAMAM dendrimer was used to covalently bind
fluorophores as drug models. Confocal microscopy experiments showed en-
hanced binding and internalization of the antibody-dendrimer conjugates
over that of the dendrimer alone. A new dendritic architecture, based on a dif-
ferent poly(amidoamine), was recently reported by Gust and Schluter [17].
G1 and G2 dendrimers (Scheme 5) were synthesized and their in vitro tox-
icity and cellular uptake were investigated. Internalization and intracellular
distribution were studied using fluorescent-labeled dendrimers in confocal
microscopy experiments. Gust and Schluter results showed that the interior
of a dendrimer has little to do with its cytotoxicity. Although, it is commonly
thought that the interior of low-generation dendrimers is accessible to the
surrounding.

Park and coworkers recently reported the synthesis of polyglycerol den-
drimers (PGDs) and their application as an alternative method of hydrotropic
solubilization of poorly soluble drugs [18]. PGDs of the 4th and 5th gener-
ations (Scheme 6) were shown to significantly enhance the water solubility of
paclitaxel, a commonly used anticancer drug with low water solubility, over
that of PEG 400 (commonly used as a co-solvent or a hydrotropic agent). Pa-
clitaxel solubility was found to be dependent on the dendrimer generation
and NMR spectra suggested that the aromatic rings and some methylene
groups of the drug were surrounded by PGDs.

Niidome and coworkers studied a G6 dendritic poly(L-lysine) (K6G) as
a non-viral gene delivery device [19]. L-lysine has two primary amine moi-
eties that serve to link with two other lysines through amide bonds, thus cre-
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0 K i
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Scheme 4 Antibody-G5 PAMAM dendrimer conjugate
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Scheme 6 Preparation of polyglycerol dendrimers

ating a dendritic structure (Scheme 7). The dendrimer-DNA complex biodis-
tribution was investigated in vivo and compared with gene carriers based on
liposomes or PEI dendrimers. Although KG6 had a longer circulation time in
the blood and was accumulated through the EPR effect without the need to
add additional components, such as PEG, no significant gene expression was
observed. Possible explanations for the low gene expression could be either
that the DNA-K6G complex could not be internalized or that K6G binds DNA
too strongly to be released.

Diaminobutane poly(propylene imine) dendrimers (DAB) were studied by
Paleos et al. as a drug delivery system [20]. A dendrimer of the 5th gener-
ation with 64 amino end-groups (DAB-64) was decorated with PEG chains
and guanidinium moieties (Scheme 8) in order to induce protective and tar-
geting properties, respectively. The release of encapsulated molecules, such
as pyrene, was triggered by titration with hydrochloric acid followed by the
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addition of a sodium chloride solution. Upon acidification, the dendrimers’
cavities become hydrophilic due to the protonation of the amines in the den-
dritic structure and the encapsulated hydrophobic molecules migrated to the
PEG periphery. Addition of sodium chloride resulted in cationization of the
PEG moieties through complexation of the alkali ions, thus, releasing the en-
capsulated compounds.
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The increasing recognition of the importance of polyvalent receptor-
ligand interactions between carbohydrates and proteins in many aspects
of cell surface-mediated immuno-regulation, have motivated the exploit of
dendrimers as platforms for polyvalent interactions [21]. Recently, Shau-
nak and colleagues synthesized PAMAM dendrimers with D(+)-glucosamine
and D(+)-glucoseamine 6-sulfate (Scheme 9) and investigated their immuno-
modulatory and antiangiogenic properties, respectively [22]. Anionic G3.5
PAMAM dendrimers with 64 carboxylic acid end groups were conjugated to
the aminosaccharide to yield the desired compounds with 14% loading of
the amino carbohydrates (e.g. nine saccharide molecules per dendrimer). The
combination of both aminosaccharide dendritic conjugates resulted in an ef-
ficient and synergetic increase in the long-term success of eye surgery from
30% to 80% in a rabbit model, due to the prevention of scar tissue formation.

Dendrimers may serve other functions in drug delivery devices than
their common use as drug/gene carriers. Fernandez and colleagues con-
jugated dendritic structures to -Cyclodextrin (8-CD) to create a complex
nano-device (Scheme 10) for drug targeting [23]. 8-CD was chosen to serve
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—(CO2H)p4 HO OR
N
R=H or sulfate o

HO
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Scheme 9 Polyvalent dendrimer glucosamine conjugates
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Scheme 10 Dendritic S-Cyclodextrin drug delivery device
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as a drug container, due to its ability to encapsulate hydrophobic guest
molecules of the appropriate size, such as the anti-cancer drug paclitaxel.
The dendrimer was used as a platform for the targeting moieties; saccha-
ride markers were covalently attached as end groups enabling the complex
to bind to carbohydrate-binding protein (lectin) targets. High drug solubi-
lization capacity and lectin affinity were proved for this modular delivery
device.

Since the first dendrimers were published in the early 1980s, thousands
of works describing dendritic structures and applications have been pub-
lished. Furthermore, dendrimers are accounted as one of four major classes
of macromolecular architectures [1]. The diverse examples of dendrimers
as drug/gene delivery devices clearly express the broad use of dendrimers
and their potential in the quest for efficient and selective drug delivery sys-
tems. Dendrimers’ capability to covalently bind or encapsulate multiple mo-
lecular components to form nanostructures has been the major utility in
designing dendritic applications and devices [24]. These applications rely
mainly on the high-group functionality rather than their unique structural
perfection. The structural properties of a dendrimer could potentially be
harnessed for amplifying a signal generated at the focal point towards the
high-group functionalities. This review is focused on the recent concept of
disassembled domino-like dendrimers. Recently, three groups, almost sim-
ultaneously, reported a novel concept describing the design and synthesis
of dendritic structures with a trigger that initiates the fragmentation of the
dendrimer molecule into its building blocks in a self-immolative manner
with the consequent release of the tail-high-group units. All three exploit
the fact that the dendrimer skeleton can be constructed in such a way that
it can be made to disintegrate into known molecular fragments once the
disintegration process has been initiated. Various terminologies were used:
“self-immolative dendrimers” by our group [25,26], “cascade-release den-
drimers” by de Groot [27] and “geometrically disassembled dendrimers” by
McGrath [28,29]. The fragmentation of dendrons is similar to sequential
dominos falling onto each other.

2
Design of Domino Dendrons

2.1
Introductory Remarks

The design of a first generation domino dendron is based on a molecu-
lar adaptor with three functional groups. Two identical functionalities are
linked to reporter molecules and the third is attached to a trigger (Fig. 2 I).
The cleavage of the trigger, initiates a self-immolative reaction sequence that
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Adaptor
Unit

Adaptor
Unit

Reporter
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Fig.2 I Graphical structure of a first generation domino dendron with a trigger and two
tail units. IT Graphical structure of a second generation domino dendron with a trigger
and four tail units

leads to a spontaneous release of the two reporter molecules. The adaptor
molecule can be linked to two additional identical units, each attached to two
reporter molecules (Fig. 2 II). The head position of the first adaptor unit is
linked to a trigger. In this approach, a second-generation dendron can be
prepared and similarly, the design can be extended to higher generations of
dendrons. The cleavage of the trigger will initiate self-immolative chain reac-
tions that will consequently fragment the dendrimer and release all of the tail
molecules.

The ability to synthesize such a domino dendrimer relies mainly on
finding a molecule with the structural properties described for the adap-
tor unit. Three independent groups, including ours, suggested different yet
related molecules as the molecular adaptor for the dendrimer building
block.

2.2
Shabat Adaptor Unit

Our dendrimer’s adaptor unit is based on 2,6-bishydroxymethyl-p-cresol 7,
a commercially available compound with three functional groups (Scheme 11).



Domino Dendrimers 69

o °
(@)
Q

o o

| " Trigger cleavage
N pEE
o) N
I

(0]

O,
)= d

o (o)
Spontaneous — Spontaneous ~
OH o
o CO,

r
\NkN/ 6 3 4 H0
B @
o)
5

Spontaneous /6

OH

CO,
HO HO

HO

Scheme 11 Proposed disassembly pathway of 2,6-bis(hydroxymethyl)-p-cresol-based den-
drons

The two hydroxybenzyls are attached through a carbamate linkage to re-
porter molecules and the phenol functionality is linked to a trigger through
a short spacer N,N’-dimethyl-ethylenediamine (1). The cleavage of the trig-
ger initiates a self-immolative reaction sequence of amine intermediate 2,
starting with spontaneous cyclization, to form an N,N’-dimethyl-urea deriva-
tive. The generated phenol 3 undergoes a 1,4-quinone-methide rearrange-
ment, followed by spontaneous decarboxylation to liberate one of the reporter
molecules. The quinone-methide species 4 is rapidly trapped by a water
molecule (from the reaction solvent) to form a phenol (5), which again un-
dergoes a 1,4-quinone-methide rearrangement to liberate the second reporter
molecule. The generated quinone-methide species 6 is again trapped by a wa-
ter molecule to form 2,6-bishydroxymethyl-p-cresol 7.

23
De Groot Adaptor Unit

De Groot and coworkers chose to use a different adaptor molecule, de-
scribed previously by Firestone [30], as the dendrimer’s building block. The
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double-release self-elimination AB2-type monomer 2-(4-aminobenzylidene)
propane-1,3-diol (13) and the proposed mechanism of the release of two leav-
ing groups upon activation are depicted in Scheme 12. The multiple-release
system is stable as long as the amine function in 8 is capped by a protecting
group. Unmasking the protected amine 8 triggers two 1,8-elimination reac-
tions from amine 9, in which two molecules of CO, and two reporter groups
are liberated. The intermediate non-aromatic species 10 that is formed after
the first self-elimination is trapped by a nucleophile, such as water, to regen-
erate an aromatic species 11 that can undergo the second self-elimination.
Quenching of the intermediate with water will generate an aminodiol build-
ing block 13.

2.4
McGrath Adaptor Unit

McGrath and coworkers used 2,4-bis(hydroxymethyl)phenol 19 as the adap-
tor unit for their dendrimer (Scheme 13). Removal of the trigger group from
the 2,4-bis-(hydroxymethyl)phenol-based dendrimer subunit 14 results in
a 1,6-elimination and the formation of the quinone-methide (16). The latter is
trapped by an appropriate nucleophile under the reaction conditions, consis-
tent with the electrophilic nature of quinone methides. The resulting phenol
17 (or phenoxide under basic conditions) undergoes 1,4-elimination to liber-
ate a second equivalent of alkoxide and o-quinone methide 18 which, in turn
is trapped by a nucleophile to yield the fully cleaved phenol 19.
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3
Examples of Domino Dendrimers

3.1
Geometrically Disassembled Dendrimers

Both McGrath and de Groot succeeded in synthesizing the first and second
generation of their domino dendrimers with different triggers and reporters.
The chemical structure of the McGrath dendrons is shown in Scheme 14. Den-
drons 20 and 21 consist of a single allyloxy residue at the focal point and
2,4-branched benzyl ether dendrimer subunits. When deprotection of the al-
lyl group occurs as the initial triggering event, subsequent cleavages should
result in a disassembly, according to Scheme 13, toward the dendron periph-
ery. p-nitrophenoxy moieties were intentionally installed at the periphery

o
02N i: OZN\©\ E >
o o 0
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20 /©/ 21
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Scheme 14 Chemical structure of first and second generation disassembled dendrons with
an allyl trigger and p-nitrophenol reporters
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of each dendron so that complete cleavage would be indicated by the UV
absorbance of liberated p-nitrophenoxide ions. To investigate the geometric
disassembly process, compounds 20 and 21 were subjected to typical allyl
deprotection conditions. Once begun, p-nitrophenoxide generation from 20
and 21 was complete within minutes. The final absorbance values observed
at 431 nm indicated disassembly of dendrons 20 and 21 in yields of ca. 95%
based on the measured absorptivity of p-nitrophenoxide under the reaction
conditions.

3.2
Cascade-Release Dendrimers

De Groot’s dendrons (Scheme 15) were constructed with a nitro functional-
ity as the trigger (activation is achieved upon reduction of the nitro group to
amine) and the anticancer drug taxol as the reporter units. The nitro func-
tion in dendrons 22 and 23 was then reduced under mild conditions (Zn,
acetic acid). Analysis by thin-layer chromatography indicated complete disap-
pearance of the starting material and formation of free taxol. 'H NMR spec-
troscopic studies also confirmed the complete release of the taxol molecules.
However, there is no data yet to prove that taxol dendrons can be activated
under physiological conditions.

3.3
Self-Immolative Dendrimers

Our group was able to proceed one step further and prepare domino-like
dendrons up to a third generation (Scheme 16). Initially we used simple re-
porter groups like aminomethyl-pyrene and 4-nitroaniline. The trigger was
constructed from photo-cleavable or acid-cleavable protecting groups. To
prove the self-immolative mechanism, we synthesized the first generation
dendron (24). The compound was dissolved in methanol and the solution
radiated with UV-light (A = 360 nm) to cleave the trigger and 10% triethyl-
amine was added to initiate the self-immolative reactions (the triethylamine
is needed to generate the mild basic media which is needed for the quinone-
methide rearrangement). The release of aminomethyl-pyrene 29 was mon-
itored by HPLC and the results are shown in Fig. 3. The cleavage of the
photo-labile trigger generated amine 28, which gradually degraded to the tail-
units through the previously explained self-immolative process. The release
of aminomethyl-pyrene was complete after 11 h. Since no intermediates other
than amine 28 were observed, we concluded that the rate limiting step of
the self-immolative sequence is the cyclization of amine 28 to form a N,N’-
dimethyl-urea derivative and a phenol which is rapidly rearranged to release
the tail-units. We characterized amine 28 by HRMS-analysis and HPLC com-
parison with a reference compound.
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Scheme 15 Chemical structure of first and second generation disassembled dendrons with
a nitro trigger and taxol reporters
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Scheme 16 Chemical structure of first, second, and third generation disassembled den-
drons with a general trigger and reporters

Next, we synthesized a second generation of self-immolative dendron with
a similar tail-unit and photo-labile trigger (like compound 25). We repeated
the previous experiment and monitored the release of the tail-molecules. It
was clearly observed (data not shown) that upon cleavage of the trigger, the
self-immolative release of aminomethyl-pyrene is initiated and completed
after 21 h.
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Fig.3 HPLC chromatograms of first generation self-immolative dendron activation to re-
lease aminomethyl-pyrene (compound 27 [50 uM] in methanol with 10% triethylamine).
a Before radiation. b After radiation, t=0.ct=4h.dt=11h

We were also successful in achieving the synthesis of a third-generation
dendron with 4-nitroaniline reporter groups (Scheme 17). 4-Nitro-aniline is
easily observed when unconjugated due to its yellow color. Dendron 30 was
prepared with a trigger group (BOC) that can be chemically removed by
trifluoroacetic acid to form amine 31. The deprotected dendron 31 was dis-
solved in methanol with 10% triethylamine and the release of 4-nitro-aniline
was monitored by HPLC and UV analysis. The expected pattern of the self-
immolative process was observed (Scheme 17). The intermediates 32 and 33
were gradually generated and disappeared to finally release eight molecules
of 4-nitro-aniline. The dendrimers were found to be highly stable in control
experiments, as long as the trigger was not removed, and no decomposition
was observed for at least 72 h.
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34
Kinetic Studies

The dendrimers’ platform is designed to disassemble upon triggering
through a process of self-immolative chain fragmentation, based on cycli-
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Scheme 17 Third-generation self-immolative dendron triggered with TFA to release eight
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zation and elimination reactions. An additional support for the suggested
self-immolative release mechanism emerges from further analysis of the ki-
netic data, collected by HPLC experiments [31]. The cyclization reaction of
each dendritic amine intermediate (compound type 2) was found to be the
rate limiting steps during the dendron disassembly (first order reaction).
Therefore, the cyclization rate constant (k,) can be calculated from a plot
of the natural logarithm of the dendron concentration (n is the generation
index) as a function of time. Excellent correlation was found for all three gen-
erations (Figs. 4 and 5) and the rate constants k3, k, and k; were all found to
be identical (k;_3 = 2.2 x 107> min™!). Since the rate-determining step of the
domino reactions is the cyclization (forming N,N’-dimethyl urea derivative),
it is obvious that the fragmentation rate constants should be similar for G1,
G2, or G3 (G1: first-generation, G2: second-generation, G3: third-generation).

The equations for the release of the G1 amine-intermediate 24 from the G2
amine intermediate 25, are described by

0
[G2] = k2[G2] () (1)

ot
0
ot [G1] = 2k [G2](y) - k1[G1](y) (2)

14 -

y =-0.0022x + 13.428
Tey R?=0.936
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Fig.4 Gl-Dendron disassembly: Ln[G1](;) as a function of time
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Fig.5 G2-Dendron disassembly: Ln[G2](; as a function of time
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The solution of Eq. 1 is given by
[G2] = [G2] =0 ™" (3)

We were able to solve Eq. 2 and to predict the time dependence of a G1 amine
intermediate concentration [G1](; during the fragmentation of a G2 dendron
(Eq. 4), based on Eq. 3 and the similar values of k;, k; and k3.

[G1] = 2k[G2](1=0yte™¥ (4)

The theoretical results show good correlation with the experimental results
regarding curve shape and maximal value, as shown in Fig. 6a. Finally, the
time dependence of the reporter concentration [R] was obtained by solving
the following rate equation:

0
R] =2k[G1](p 5
8t[ ] [G1e (5)
is given by
[Rly = 4[G2](0)(1 - e+ —kytekery (6)

An excellent correlation was obtained between the calculated and experi-
mental [R] values (Fig. 6b), which supports the assumption that a single rate
constant is suitable for describing the dissociation process.
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Fig.6 a Formation of intermediate 28: empiric (-M-), theoretical calculation (-UJ-).
b Formation of the reporter from 28: empiric (-A-) and theoretical calculation (-A-)
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Figures 6a and b support our mechanistic and kinetic characterization of
the domino dendron system. The kinetic analysis of G1 and G2 dendrons may
serve as a reliable method to characterize other domino dendritic systems. It
can also allow a better understanding and evaluation of the kinetic contribu-
tions of introducing different substituents on the core benzene ring, and of
modifying the linker component of the triggering substrate.

4
Bioactivation of Domino AB2 Dendritic Prodrugs

4.1
Introductory Remarks

Several anti-cancer prodrugs have been designed for selective activation in
malignant tissues by a specific enzyme, which is targeted or secreted near tu-
mor cells [32]. The release of the free drug by a specific enzyme only takes
place upon cleavage of a prodrug protecting group. The circumstances under
which a cleavage event will release one molecule of free drug may limit the
total amount of the targeted drug, depending on the rate and concentration
of the specific enzyme [33]. Single triggered disassembled dendrimers could
potentially introduce significant advantages for the prodrug approach. Incor-
poration of drug molecules as the tail units and an enzyme substrate as the
trigger, can generate a multi-prodrug unit that will be activated upon a single
enzymatic cleavage. Domino dendritic prodrugs may open up new opportu-
nities for targeted drug delivery. In contrast with conventional dendrimers,
domino dendrimers are fully degradable and can be excreted easily from the
body. The cleavage effect of a tumor-associated enzyme or a targeted one, can
be amplified and therefore, may increase the number of active drug molecules
in targeted tumor tissues.

4,2
Homodimeric Dendritic Prodrugs

Two examples of a dimeric-prodrug were synthesized with the anti-cancer
drug doxorubicin and camptothecin [34]. Catalytic antibody 38C2 [35] was
used as the activating enzyme. Antibody 38C2 catalyzes a sequence of retro-
aldol retro-Michael cleavage reactions, using substrates that are not recog-
nized by human enzymes [36]. Therefore, non-specific prodrug activation
should be minimal. Furthermore, the antibody has demonstrated efficacy
in activating several prodrugs in vitro and in vivo [37]. A dramatic 75%
decrease in subcutaneous (s.c.) tumor size has been observed in mice that
received a combination of intratumoral injections of antibody 38C2 and
systemic treatments with an etoposide prodrug [38]. The retro-aldol retro-
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Michael substrate of antibody 38C2 was attached to the adaptor platform
through a self-immolative linker of adequate length, to avoid steric hin-
drances accompanying the complex structure of the doxorubicin (DOX)
molecule (Scheme 18) or the campthotecin (CPT) (Scheme 19).

The activation of dimeric-prodrugs 34 and 35 was compared with
monomeric-prodrugs 34a and 35a, using a cell-growth inhibition assay of
the Molt-3 cell line. The ICsgs of the monomeric and dimeric-prodrugs were
found to be almost identical, and between 50- and 200-fold less toxic than
the free drugs. When catalytic antibody 38C2 was added, all prodrugs were

DOX—NH,

[
CPT-0._N._~ /
\ﬂ/ N
e} O>—O
| O HO O
O\H/N\/\NJ\OM
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o O 35
[
CPT-0 l‘\l/\/N\
PT-OH
CPT-O | o Ho o
CPT—O\H/N\/\NJ\O/\X)K
o ' 35a

Scheme 19 Chemical structure of prodrugs 35 and 35a
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activated. However, while the activity of the monomeric-prodrug had shifted
to a 10-fold difference from that of its parent drug, the dimeric-prodrug was
shown to be about four times more active upon addition of 38C2, mean-
ing that more toxicity was achieved using the dimeric-prodrug and 38C2
in comparison with the monomeric-prodrug and the same concentration
of antibody. Importantly, the toxicities of the monomeric-prodrug and the
dimeric-prodrug remain in a similar range, indicating the relative stability for
hydrolysis of the drug molecules’ linkages with the platform.

4.3
Heterodimeric Dendritic Prodrug

With these results in hand, we were motivated to synthesize a heterodimeric
prodrug, constructed of a combination of DOX and CPT. Heterodimeric pro-
drug 36 was prepared with a retro-aldol retro-Michael trigger as a substrate
for antibody 38C2 [34].

The bioactivation of dimeric-prodrug 36 was compared with a 1:1 com-
bination of monomeric-prodrugs 34a and 35a at the appropriate concentra-
tions. The in vitro results using a cell-growth inhibition assay of the Molt-3
cell line are shown in Fig. 7. The ICsps of both prodrug 36 and the combi-
nation 34a+35a are almost the same. However, in the presence of antibody
38C2 the ICsyp of prodrugs 34a+35a shifted to only 8 nM while the ICs
of prodrug 36 decreased to 0.17 nM. This effect is remarkable and shows
a clear advantage of the heterodimeric prodrug over the combination of two
monomeric prodrugs. The prodrug bioactivation is much more efficient if
two drug molecules are attached to a single common masking enzymatic sub-
strate rather than two separated substrates. Importantly, no drug release was
observed when prodrug 36 was incubated in a cells’ extract for 24 h.

The best results for the dendritic compounds were obtained with a het-
erodimeric prodrug. Toxicity for prodrug 36, constructed of DOX and CPT,
was about 50-fold higher than the activity measured using a combination of
two monomeric prodrugs (34a and 35a) when bioactivation was performed.

DOX—NH

Scheme 20 Chemical structure of heterodimeric-prodrug 36, containing an enzymatic
trigger substrate of catalytic antibody 38C2
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Fig.7 Growth inhibition assay of human Molt-3 leukemia cell line; cells were incubated
for 96 h. (M) pro-CPT 35a + pro-DOX 34a, (e) pro-CPT 35a + pro-DOX 34a + 1 pM 38C2,
(A) heterodimeric prodrug 36, (V) heterodimeric prodrug 36 + 1 M 38C2

One reason for this effect was discussed above and is merely related to the
number of cleaving events required for activation. However, additional ex-
planation is required in order to fully understand the significant effect. At
this time, we believe that in the bioactivation of the two monomeric pro-
drugs (34a and 35a), there may be a case of competitive substrates. Thus, if
one prodrug is a better substrate than another, the overall release of the free
drugs combination is inhibited in comparison with the activation of the het-
erodimeric prodrug. Importantly, the toxicity of the heterodimeric prodrug,
in the absence of catalytic antibody 38C2, was similar to that measured for the
combination of the monomeric prodrugs. Different drugs can be introduced
on the dendritic platform in order to achieve synergetic effects and precise
drug combinations may be tailored for specific types of cancer.

5
Bioactivation of Domino AB3 Dendritic Prodrugs

5.1
Mechanism

To further explore the advantages of a dendritic prodrug platform we syn-
thesized a new system, based on an AB3 dendritic unit (Scheme 21), where
three drug molecules (B) are linked to one enzymatic substrate (A). The trig-
ger is activated upon enzymatic cleavage and is designed to release the three
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Scheme22 Suggested mechanism for drug release from the dendritic platform. The
enzymatic cleavage initiates a self-immolative reaction sequence based on an internal
cyclization and a triple quinone-methide rearrangement

drug molecules through a mechanism based on self-cyclization and a triple
quinone-methide rearrangement [39] (Scheme 22). Although a similar con-
ceptual molecule was previously described by de Groot, it was not examined
as a prodrug system [27].

In order to evaluate the self-cyclization and a triple quinone-methide
rearrangement, we synthesized a model system constructed from three
molecules of p-nitroaniline to mimic the drug units and a butoxycarbonyl
(Boc) protecting group to mimic the enzymatic substrate. Cleavage of the Boc
group should trigger the release of the p-nitroaniline moieties as shown in
Scheme 23. Initially, we set out to examine whether the release could occur
under physiological conditions. The Boc group was removed with dry hy-
drogen chloride and the product was then incubated in phosphate-buffered



Domino Dendrimers 83
OZNO—NH OQNQNHZ
0
| 1. Hel Q
N O : 0,N NH,
0,N NH A S~ . ~
2 < > S0 om W hig 2.PBS 7.4
0

Time (min) —

Fig.8 Release of p-nitroaniline from the trimeric platform, (o) p-nitroaniline, (e) starting
material

saline (PBS) at pH 7.4. HPLC analysis was used to monitor the reaction
progress, by following the formation of p-nitroaniline. Figure 8 shows that
free p-nitroaniline was rapidly generated after the cleavage of the Boc protect-
ing group. No release was observed when the Boc group remained attached to
the platform.

5.2
Homotrimeric Dendritic Prodrug

The above experiment proved that the triple quinone-methide rearrange-
ment could indeed take place under physiological conditions. With this in-
formation in hand, we synthesized a trimeric prodrug system linking three
molecules of the anticancer drug camptothecin (pro-tCPT) through a retro-
aldol retro-Michael trigger to a substrate for catalytic antibody 38C2. In
addition, we synthesized a monomeric CPT prodrug (pro-mCPT) with an
identical linker (Fig. 9a). Both prodrugs were activated upon incubation with
antibody 38C2 and the CPT release was confirmed by HPLC analysis (data not
shown).
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Fig.9 a Molecular structures of a single triggered CPT trimeric prodrug vs. CPT classic
monomeric prodrug with identical trigger. b Growth inhibition assay of human Molt-3
leukemia cell line, in the presence and absence of catalytic antibody 38C2 Left: (o) pro-
tCPT, () pro-tCPT + 38C2, (o) CPT. Right: (e) pro-mCPT, (e) pro-mCPT + 38C2, () CPT

Next, we examined whether the trimeric prodrug system had an advan-
tage over the monomeric one in a cell growth inhibition assay. We evaluated
the ability of the prodrugs to inhibit cell proliferation in the presence of cata-
lytic antibody 38C2 using three different cell lines: the human T-lineage acute
lymphoblastic leukemia (ALL) cell line MOLT-3, the human erythroleukemia
cell line HEL, and the human acute myeloid leukemia (AML) cell line HL-
60. The results are summarized in Table 1 and the data from the Molt-3 cell
line are presented in Fig. 9b. The trimeric prodrug is more potent then the
monomeric one when incubated with the antibody, as expected, since the
total amount of CPT release is tripled in comparison with the release from an
equivalent concentration of monomeric prodrug.

5.3
In Vitro Advantage of Dentritic Prodrug vs. the Monomeric One

In the trimeric system, one cleavage by the antibody releases three times
the amount of CPT than a cleavage in the monomeric prodrug system. We
selected one cell line (Molt-3 leukemia) for further studies with fixed con-
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Table 1 ICsg [37] Values from cell-growth inhibition assays

Drug/ MOLT-3 HL60 HEL
Prodrug ICso® ICsq® ICso? ICso® ICso? ICso®
CPT 22 2.0 9.0 7.5 13 11
pro-mCPT 100 15 150 31 400 100
pro-tCTP 80 2.7 100 7.5 200 19

2 Cells were incubated in medium with drug/prodrug.
b Cells were incubated in medium with drug/prodrug + 1 uM catalytic antibody 38C2

3
8 8

Inhibition (%) —»

0.1 1 10 100 1000 10000

38C2 Concentration (nM) —

Fig. 10 Growth inhibition assay of the human Molt-3 leukemia cell line, with a fixed con-
centration of prodrugs and varying concentration of catalytic antibody 38C2. Cells were
incubated for 72 h. (o) 36 nM pro-mCPT, (e) 12 nM pro-tCPT

centrations of the prodrug and varying concentrations of antibody 38C2. In
order to have equal amounts of CPT, the monomeric prodrug concentration
was used at three times the concentration of the trimeric one. The results are
shown in Fig. 10. The trimeric prodrug inhibited cell growth up to three times
more effectively than the monomeric one in the range of 15-150 nM anti-
body. In other words, the antibody concentration needed to achieve 50% cell
growth inhibition with the pro-tCPT is about three times less than the one
used in the pro-mCPT system. It should also be noted that the cytotoxicity of
the platform degradation products was previously evaluated in cell growth in-
hibition. It was found to have negligible or no toxicity at all within the drug
concentration range of the cell assay.

5.4
Heterotrimeric Dendritic Prodrug

It is also possible to incorporate three different drug molecules on the same
prodrug platform. This would effectively allow triple-drug therapy in a single



86 R.J. Amir - D. Shabat

Catalytic Antibody 38C2

o,

o
o o A »M\@\
co, “wn on
A SN [ on
“o

O OH o}

oH
L o

+ CH;0 O OH ©O

oM o° m
NH
HO | ?

Etoposide Camptothecin Doxorubicin

Scheme 24 Single-triggered hetero-trimeric prodrug system with the anti-cancer drugs
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molecule. We synthesized a hetero-trimeric system with the anti-cancer drugs
CPT, doxorubicin, and etoposide (37) using the retro-aldol retro-Michael trig-
ger activated by antibody 38C2 (Scheme 24). Upon single activation cleavage
by the catalytic antibody, this prodrug system should almost simultaneously
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Fig. 11 Growth inhibition assay of the human Molt-3 leukemia cell line, cells were incu-
bated for 72 h. A (e) Hetero-trimeric prodrug (pro-37) + 1 uM of catalytic antibody 38C2,
B (o) pro-37
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release three different chemotherapeutic drugs at the same location. HPLC
analysis confirmed the release of the drugs in the presence of antibody 38C2.

The hetero-trimeric prodrug system was evaluated in a cell growth inhibi-
tion assay (Fig. 11). The prodrug was incubated with the Molt-3 leukemia cells
in the presence and in the absence of catalytic antibody 38C2. The cell growth
inhibition of the hetero-trimeric prodrug was increased approximately 15-
fold upon activation by antibody 38C2. It was previously shown that a hetero-
dimeric prodrug system is more effective in inhibition of cell growth than
the combination of two monomeric prodrugs [34]. Single-triggered hetero-
trimeric prodrugs may offer additional synergy in chemotherapy.

Dendritic prodrugs, activated through a single catalytic reaction by a spe-
cific enzyme, could offer significant advantages in inhibiting tumor growth,
especially if the targeted or secreted enzyme exists at relatively low levels in
the malignant tissue.

6
Linearly Disassembled Dendrons

McGrath also reported on dendrimers that can disassemble linearly in
organic solvents by benzyl-ether depolymerization, triggered by an allyl-
ether deprotection [40]. The disassembly mechanism occurs through 1,6-
elimination to generate a quinone-methide species and an alkoxy leaving
group. There is no amplification effect in this example. Zeroth, first, and
second generation dendrons were synthesized (Scheme 25) and upon the
allyl-ether deprotection, they disassembled linearly to release 4-nitrophenol.
The depolymerization was followed conveniently with visible spectroscopy.
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Scheme 25 Chemical structure of zeroth, first, and second generation linearly disassem-
bled dendrons with an allyl trigger and p-nitrophenol reporter
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7
Multi-Triggered Domino Dendrons

71
Mechanism

We extended the above concept to fully biodegradable dendrimers with
reasonable solubility in water and disassembled through multi-enzymatic
triggering followed by self-immolative chain fragmentation [41]. The den-
drimer’s main building block is based on diethylenetriamine, which has two
primary and one secondary amine functionalities. In a first-generation den-
dron (Scheme 26), the secondary amine is attached to a reporter group while
the two primary amines are linked to enzymatic substrates. The cleavage of
either of the substrates by the enzyme, generates a free amine group which
initiates an intra-cyclization reaction to release the reporter group.
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Scheme 26 Description of a G1-dendron disassembly through a double triggering mech-
anism. Cleavage of either trigger I or II will initiate the release of the reporter group
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7.2
Dendron Structure

In order to evaluate our dendrimer biodegradation pathway, we synthesized
zeroth, first, and second-generation dendrons (Scheme 27) with phenylac-
etamide as a triggering substrate for penicillin-G-amidase (PGA) and 4-nitro-
phenol as a reporter group. 4-Hydroxybenzyl alcohol was employed as a self-
immolative linker to connect between two amine groups through carbamate
linkages.

Similar to a first-generation dendron, a second-generation dendron (com-
pound 40) can disassemble to its building blocks through the described enzy-
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Scheme 27 Chemical structure of zeroth, first, and second-generation dendrons
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Scheme 28 PGA-catalyzed fragmentation of a G3-dendron to its building blocks

matic self-immolative fragmentation. The phenol, which is released after the
first intra-cyclization, undergoes 1,6-quinone-methide rearrangement to re-
lease carbamic acid from the benzylic carbon. The quinone-methide species
is rapidly trapped by a water molecule to yield 4-hydroxybenzyl alcohol. The
generated carbamic acid, undergoes spontaneous decarboxylation to form
a free amine group, which is self-cyclized to release the reporter group. Im-
portantly, only one enzymatic cleavage, out of a possible four, is sufficient to
initiate the domino breakdown that will release the reporter group at the fo-
cal point of the dendrimer. The complete degradation of the dendron to its
building blocks is depicted in Scheme 28.

7.3
Enzymatic Activation of a Multi-Triggered Dendron

Dendrons 38-40 were incubated with PGA in PBS pH 7.4 at 37 °C. Their
biodegradation was conveniently monitored by following the formation of 4-
nitrophenol with visible spectroscopy at a wavelength of 405 nm. The kinetic
release of 4-nitrophenol from the dendrons is shown in Fig. 12. Upon add-
ition of PGA to dendrons 38-40, free 4-nitrophenol was gradually formed,
indicating that PGA cleaves its phenylacetamide substrate and the degra-
dation indeed occurs as was predicted. As expected first-generation den-
dron released the 4-nitrophenol faster than zeroth-generation dendron while
second-generation dendron released it more slowly. The background control
reactions showed no release at all.
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Fig.12 UV Absorbance at 405 nm as a function of time in the biodegradation of the self-
immolative dendrons. ¢ dendron 38 + PGA. M dendron 39 + PGA. A dendron 40 + PGA.
O dendron 38 in PBS pH 7.4. <> dendron 39 in PBS 7.4. A dendron 40 in PBS pH 7.4 (sub-
strate concentration is 200 uM and 10 uM for PGA)

The kinetic constants K(,ps) for the three reactions were calculated by
linear correlation with the measured plots (Table 2). The phenomenon of
dendron 39 releasing its reporter group faster than dendron 38 occurs since
the enzymatic substrate concentration in dendron 39 is twice that of den-
dron 38. The followed self-cyclization step is relatively fast and therefore the
rate-limiting step is cleavage of the enzymatic substrate. In dendron 40, addi-
tional self-immolative reactions occurred in order to complete the release of
the reporter group (another intra-cyclization and 1,6-quinone-methide elim-
ination). The overall rate of these reactions is slower than the rate of the
enzymatic substrate cleavage and therefore the K, for dendron 40 is rela-
tively smaller.

In this study, we designed and synthesized new dendritic molecules with
a multi-enzymatic triggering mechanism that initiates their biodegradation
through a self-immolative chain fragmentation to release a reporter group
from the focal point. For the first time, the potential of diethylenetriamine
was introduced as a double trigger linker, which can be used as a build-
ing block for constructing self-immolative dendrimers. The dendrons were

Table2 K(ops) values for the reporter release reactions for dendrons 38-40
Dendron 38 Dendron 39 Dendron 40

K(obs) [min™] 5.11 9.89 2.43
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found to have fairly good (zeroth and first-generation) to moderate (sec-
ond generation) water solubility and high stability to background hydrolysis
under physiological conditions. Their degradation readily occurs in aque-
ous medium and can easily be monitored by generation of free reporter
molecules. Incorporation of different substrates in the dendron’s periphery,
should allow the use of diverged triggering enzymes [42]. This concept may
be particularly important in the field of prodrug mono-therapy, if a drug
molecule is incorporated instead of the reporter unit, especially, in circum-
stances with more than one tumor-associated or targeted enzyme with differ-
ent catalytic activity.

8
Outlook

A highlight that appeared recently in “Nature” begun with the sentence, “If
a good idea for scientific innovation emerges, you can be sure that several
teams of researchers will be quickly on the case.” [43]. Surprisingly, our group
and two others reported almost simultaneously, the domino dendrimers con-
cept, independently. The three groups designed and synthesized a new class
of dendritic molecules that disassemble through a domino-like mechanism.
These structurally unique dendrimers can release all their tail units through
a self-immolative chain fragmentation, which is initiated by a single cleav-
age at the dendrimer’s core. One possible intriguing application for these
new molecules, could be accomplished in the form of dendritic prodrugs,
which are activated through a single catalytic reaction by a specific enzyme,
over-expressed in a tumor tissue. Dendritic prodrugs could offer significant
advantages in the inhibition of tumor growth, especially if the targeted or se-
creted enzyme exists at relatively low levels in the malignant tissue. De Groot
addressed this concept with the synthesis of dendritic taxol prodrug. How-
ever, it was not activated under physiological conditions. We were able to
achieve the bioactivation of dimeric and trimeric-dendritic prodrugs. It was
also shown that dendritic prodrug exhibits a clear advantage over the classic
monomeric one, in a cancerous cell-growth inhibition assay. The next step re-
quired in order to advance this application, should be an in-vivo evaluation
of a dendritic prodrug, which is selectively activated by a tumoral enzyme.
In order to achieve this goal, one should try to increase the water solubility
of the dendritic molecules and reach an appropriate concentration for in vivo
studies.

Domino dendrimers may also be applied as a general platform for sensor
molecules used to detect enzymatic activity. The reporter units could be any
molecule with a hidden signal, which is revealed upon the unit release. The
dendritic platform will act as a molecular enhancer, which amplifies a single
enzymatic activation into multi-detectable signals.
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Abstract The high potential of peptides and proteins as therapeutic agents has not been
fully exploited because of their common shortcomings: the only exist for a short lifetime
in the body, they degrade easily in vivo and in vitro, and they cause immunological re-
actions. Among several proposed solutions, PEGylation, the covalent modification using
polyethylene-glycol (PEG), has achieved interesting results, leading to a novel series of
products that have already reached the market, while others will be available soon. In the
past few years this technology, first developed for peptides and proteins, has been applied
to non-peptide drugs, opening a new area of investigation that is receiving increasing
interest. In this case, PEGylation allows the therapeutic application of molecules with in-
adequate water solubility, high toxicity, or a poor pharmacokinetic profile. This chapter
describes recent achievements in PEGylation of proteins and peptides, with a special em-
phasis on the chemistry of conjugation, and it reports many examples from literature and
from the authors’ own experimental results.
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1
Introduction

In the past decade drug delivery systems (DDSs) have become an interesting
and fast-growing research field to which many pharmaceutical companies are
looking in order to improve their products, those being either small or large
molecules like peptides, proteins, non-protein drugs, and polynucleotides.
Using different strategies, the aim of a DDS is to improve the pharmacokinetic
and pharmacodynamic profiles of a therapeutic agent.

The most investigated strategies are drug-polymer conjugation, drug in-
corporation into micro/nanoparticles, polymeric matrices, liposomes, and
micelles. Some of the advantages that one may achieve include controlled
drug release, reduced body clearance, increased stability, lower toxicity, and
enhanced specificity and efficacy. A suitable DDS is sometimes necessary as
in the case of a drug with low solubility or a narrow therapeutic index.

Polymer bioconjugation plays an important role in the field of DDSs,
mainly for drugs having high molecular weight and a peptide structure,
but also in the case of a special class of therapeutic agent, such as anti-
cancer agents, which usually have low molecular weight with a non-peptide
structure. The success of this technology is reflected not only by the several
drug-polymer conjugates already on the market or under advanced clinical
investigation, but also by the growing number of publications and patents
appearing each year.

A lot of polymers from both natural and synthetic sources have been con-
sidered for modification. Polysaccharides are an example of the former, while
polyacrylate copolymers and PEG are examples of the latter.

While all drugs already on the market or under development may be candi-
dates for alternative delivery methods, it is noteworthy that the peptide drugs
are the most likely candidates, since they are worth more than $10 billion
within the world pharmaceutical market and represent a rapidly growing seg-
ment. As drug delivery is closely tied with pharmaceutical manufacture, it is
anticipated that its market will be worth an estimated $120 billion by 2007,
and bioconjugation appears to be one of the most promising approaches to
reach this goal.

The research in the field of protein modification with polymers started
in the 1960s and 1970s with dextran as the polymer. However, a real boost
in this field occurred with the introduction of PEG thanks to the pioneering
studies conducted in the late 1970s by Professor Frank Davis at Rutgers Uni-
versity [1]. Since then, many studies focusing on the development of polymer
conjugation chemistry, analytical investigation, and purification techniques
have been conducted. A number of drug candidates of different structure
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were PEGylated, including proteins, peptides, low-molecular-weight drugs,
and polynucleotides, as was reported in many publications and patents [2].

PEG is the polymer of choice for protein modification because it possesses
several favorable properties such as the lack of immunogenicity, antigenicity,
and toxicity, and a high solubility in water and in many organic solvents—it
is also approved by the FDA for human use. Common reasons for the PEGyla-
tion of a drug are to reduce its excretion by the kidneys, to avoid or reduce its
degradation by proteolytic enzymes and/or hydrolytic media, to enhance its
water solubility (for highly hydrophobic molecules), to reduce its reticuloen-
dothelial (RES) clearance, and to reduce its immunogenicity and antigenicity
(mainly for peptides and proteins) [3-8]. Furthermore, for small drugs, poly-
mer conjugation may yield improved and more convenient biodistribution,
selected cellular uptake [9-11] or, through tailor-made chemistry, a triggered
drug release or targeting into specific organs or cells [12]. Advantages of PE-
Gylation are summarized in Table 1 and reported in several reviews [13-15].
These goals are achieved by a combination of an increase in the molecular
weight of conjugates, the coverage or blockage of selected protein sites (epi-
topes or sequences degraded by enzymes), and a high polymer solubility in
water.

The history of protein PEGylation may be divided into two generations:

e The first generation of conjugates refers to PEGs with low molecular
weight (< 12kDa) and to monomethoxy PEG (mPEG) batches hav-
ing a relevant percentage of diol chains (originating from polymer
synthesis)—an impurity that is a potential cross-linking agent. The chem-
istry employed for mPEG-protein conjugation often presented side re-
action products or led to weak and reversible linkages. Despite these
initial difficulties, important products were created, and some reached
the market, such as PEG-adenosine deaminase (Adagen®) [16] for the
treatment of severe combined immunodeficiency disease (SCID), and
PEG-asparaginase (Oncaspar®) [17] for the treatment of leukemia.

Table 1 General advantages of bioconjugation in therapeutic applications

Stabilization of labile drugs from chemical degradation
Protection from proteolytic degradation

Reduction of immunogenicity

Decreased antibody recognition

Increased body residence time

Modification of biodistribution

Drug penetration by endocytosis

New strategies for drug targeting

Increased water solubility

Reduced toxicity
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e The second generation is represented by an improvement in PEG purity,
a reduction in both polydispersivity and diol content (also at the indus-
trial scale), a greater selectivity for protein modification, and a large range
of available activated PEGs. Among the new PEGs, the branched variety
has a wider range of applications due to its enhanced size compared to
the common linear PEGs. Heterobifunctional PEGs were also prepared in
order to link a second molecule with a targeting role; spacers, between the
polymer and the drug, were studied as either reporter groups or to allow
the release of a bound drug under specific triggering conditions. Several
products of this second generation have reached the market, including lin-
ear PEG-interferon o2b (PEG-Intron®) [18], branched PEG-interferon w2a
(Pegasys®) [19,20], PEG-growth hormone receptor antagonist (Pegviso-
mant, Somavert®) [21], PEG-G-CSF (pegfilgrastim, Neulasta®) [22], and
branched PEG-anti-VEGF aptamer (Pegaptanib sodium injection, Macu-
gen™) [23]; many others are presently under clinical trials and hopefully
will be available in the near future.

2
Features of PEG as a Bioconjugation Polymer

Raw poly(ethylene glycol) is synthesized by ring-opening polymerization of
ethylene oxide. The reaction is initiated by methanol or water, forming poly-
mers with one or two end-chain hydroxyl groups, respectively (mPEG-OH
or HO - PEG — OH). Starting from these simple forms, a large series of PEG
derivatives were developed to address chemical groups with different reac-
tivity in the drug molecule. PEGs with various shapes and functionalization
are now commonly available: branched, multifunctional, and several heter-
obifunctional PEGs (Fig. 1). Monofunctional polymers (mPEG-OH), linear
or branched, are particularly indicated for protein modification, while those
with multiple groups are useful for enhancing the loading of low-molecular-
weight drugs, especially for those with reduced biological activity that other-
wise would need the administration of a large amount of polymer.

The development of a well-controlled polymerization procedure and an
adequate purification process is now leading to low-polydisperse polymer
batches, My,/M, spanning from 1.01 for PEG below 5kDa in molecular
weight up to 1.1 for PEG as high as 50 kDa.

PEG has unique solvation properties that are due to the coordination of
2-3 water molecules per ethylene oxide unit [2] that, together with the great
flexibility of the polymer backbone, are responsible for the protein-rejecting
properties of PEG and the biocompability, which form the basis of the antim-
munogenicity and antigenicity conveyed to the conjugates [24]. Furthermore,
these characteristics give PEG molecules an apparent molecular weight 5-10
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times higher than that of a globular protein of comparable mass, as verified
by gel permeation chromatography [25]. In this large hydrodynamic volume,
PEG covers, by steric hindrance, an extended surface of the conjugated pro-
tein, preventing degradation by mammalian cells and enzymes [26].

In vivo, PEG undergoes limited chemical degradation, and its clearance de-
pends upon its molecular weight: below 20 kDa it is easily secreted into urine,
while at higher molecular weight it is eliminated more slowly, and clearance
through the liver becomes predominant. The threshold for urine elimination
of proteins is approximately 40-60 kDa (a hydrodynamic radius of approxi-
mately 45 A [27]), which represents the albumin excretion limit. Over this
limit the polymer remains in circulation, and it is mainly accumulated in
liver, while alcohol dehydrogenase can degrade low-molecular-weight PEGs;
chain cleavage can be catalyzed by P450 microsomial enzymes [28]. Molecu-
lar weight reduction may also take place throughout chain cleavage, albeit
more slowly, as it happens to the polymer after a long period storage, or in
branched PEGs where the hydrolysis and loss of one polymer chain is cat-
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alyzed by anchimeric assistance [29]. Finally the success of many years of PEG
use as an excipient in foods, cosmetics, and pharmaceuticals, without toxic
effects, is clear proof of its safety [26].

2.1
PEGs for Protein Modification

The first generation of PEG, as abioconjugation polymer, was studied for amino
group modification in proteins. These groups are well represented in proteins,
and the chemistry for their modification has been well developed through
several studies. A number of activated PEG derivatives have therefore been
developed, and, among these, the best known are: a) PEG succinimidyl succi-
nate (SS-PEG), b) PEG succinimidyl carbonate (SC-PEG), c¢) PEG p-nitrophenyl
carbonate (pNPC-PEG), d) PEG benzotriazolyl carbonate (BTC-PEG), e) PEG
trichlorophenyl carbonate (TCP-PEG), f) PEG carbonylimidazole (CDI-PEG),
g) PEG tresylate, and h) PEG dichlorotriazine (Fig. 2).

The difference among the above reported PEGs lies in the resulting chem-
ical link between the polymer and the drug or in the rate of coupling.
The derivatives with slower reactivity, such as carbonate PEGs like pNPC-
PEG, CDI-PEG, and TCP-PEG, allow a certain degree of selective conjugation
within the amino groups present in a protein according to their nucleophilic-
ity or accessibility [3]. A great difference in reactivity is usually observed
between the o and the ¢ amino group in proteins due to their pKa; in fact,
the e-amino residue of lysine has a pKa of 9.3-9.5, and it is more reactive
at high pH than the w-amino group (pKa of 7.6-8.0). Hence the less re-
active PEGs will preferentially react with the ¢-amino residue of lysine at
high pH. By contrast, low pH values (5.5-6.5) leave only the «-amino groups
partially unprotonated and still reactive, allowing a selective protein modifi-
cation [22].

It is noteworthy that the conjugation performed using PEG dichlorotri-
azine, PEG tresylate, and PEG aldehyde (the last of these after sodium boro-
hydride reduction) maintains the same total charge on the native protein
surface, since these derivatives react through an alkylation to form a sec-
ondary amine. In contrast, PEGylation conducted with acylating PEGs (i.e.,
SS-PEG, SC-PEG, pNPC-PEG, CDI-PEG and TCP-PEG) yields to weak acidic
amide or carbamate linkages.

The amino groups are the most reactive entities for the above re-
ported PEG derivatives, but PEGs such as SC-PEG, BTC-PEG, and PEG-
dichlorotriazine can slowly react both with hydroxyl groups (Ser, Thr, Tyr)
and the histidine secondary amino group, giving linkages that are gener-
ally hydrolytically unstable. The pH conditions may enhance the percentage
of these unconventional PEGylation reactions; for example, a-interferon was
conjugated to SC-PEG or BTC-PEG at the His34 side chain under slightly
acidic conditions [30] (the pKa value of histidine lies between those of o and
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Fig.2 Examples of activated PEG molecules reactive towards amino groups: a PEG succin-
imidyl succinate, B PEG succinimidyl carbonate, C PEG p-nitrophenyl carbonate, D PEG
benzotriazol carbonate, E PEG trichlorophenyl carbonate, F PEG carbonylimidazole,

G PEG tresylate, and h PEG dichlorotriazine

¢ amino), and PEG was linked to the serine and tyrosine hydroxyl groups
of the decapeptide antide and of epidermal growth factor (EGF) [31,32],

respectively.

As reported above, the first generation of PEGs faced the limitation that
there existed quite high percentages of PEG diol contaminant in the methoxy
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PEG batches, resulting in a non-negligible amount of dimerized polymer
molecules with double molecular weight. This inconvenience was finally
solved by the isolation of the mono-carboxylic acid intermediate of mPEG
from the bicarboxylic one, coming from the diol, by ionic exchange chro-
matography. The reduction in PEG diol content, together with the improve-
ment of polymer synthesis and PEGylation chemistry and analysis, yielded to
the second generation of polymers, which is still expanding the potential of
the technique.

Among the new PEGs that have already marked the evolution of the second
generation and that will be important in the near future, one may report:

e PEG-propionaldehyde, also in the form of the more stable acetal: the
reaction with an amino group leads to a Shiff base that is reduced by
NaCNBH3, giving a derivative that maintains the same net charge of the
parent drug;

e PEG-succinimidyl derivatives: highly reactive with respect to amine
groups. The reaction rate of these derivatives may significantly change
depending upon the extension and the composition of the alkyl chain
between a PEG and a succinimidyl moiety [33];

e “Y”-shaped branched PEG [34] (see Fig. 1c): as a result of its increased
surface shielding, this PEG reagent is more effective in protecting the con-
jugated protein from degradative enzymes and antibodies (Fig. 3). More-
over, enzymes modified with this PEG retain more activity with respect to
the same enzyme modified by linear PEGs. This effect is probably due to
the hindrance of the branching polymer that prevents the entrance of PEG
inside the enzyme’s active site cleft (Fig. 4);

&
&

Linear PEG

Branched
PEG

PROTEIN SURFACE

Fig.3 Structure of linear and branched PEGs on a protein surface. The umbrella-
like structure of branched PEG explains the higher capacity in rejecting approaching
molecules or cells compared to linear PEG
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Branched PEG
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Fig.4 Effect of PEG hindrance on enzyme active site access. The high steric hindrance
of branched PEG may explain the lower deactivation of enzymes as compared to linear

PEGs of the same size
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e PEGs reactive toward thiol groups—PEG-maleimide (MAL-PEG), PEG-
vinylsulfone (VS-PEG), and PEG-orthopyridyl-disulfide (OPSS-PEG):
even if the thiol addition rate of MAL- or VS-PEGs is very rapid, some
addition to amino groups (present in all proteins) may also take place,
especially at high pH. On the other hand, the reaction with OPSS-PEG is
very specific for thiol groups, but the conjugates may be reversed in the
presence of thiols as a reducing agent.

e Heterobifunctional PEGs [35,36]: these derivatives present two differ-
ent functional groups, one for each extreme, allowing the linking of
two different molecules to the same PEG chain. It is therefore possible
to obtain conjugates that carry both a drug and a targeting molecule.
Among the proposed and commercially available heterobifunctional
PEGs, the ones mainly used are H,N — PEG — COOH, HO — PEG — COOH,
and H,N - PEG - OH;

e PEG with linkers designed for a controlled release of the conjugated drug:
one of the most exploited linkers is a peptide sequence designed to be
recognized and cleaved by lysosomal enzymes once the conjugates reach
the intracellular compartment. Examples of such peptide linkers may be
H — Gly — Phe — Leu — Gly — OH or H — Gly — Leu — Phe — Gly — OH [37, 38].
Alternatively, a linker may respond to pH changes. Moreover, the linker
and the polymer together can form a double prodrug system, where the
drug release is obtained after polymer hydrolysis (first prodrug), which

(|)H (|)H OH
I|’EG I|’EG II’EG
() 0o (o)
0 0 O\)\/O
A) HO—PEG" M 2 “\PEG—OH
\_x
/* X * = branching moiety
X
B PEG—=x
) AN X
*
\
\ X X ti
* = active group
/X
X

Fig.5 Different strategies to achieve multifunctional high-loading PEGs: A multiarm
PEGs, B dendronized PEGs; the branching moiety may be a bicarboxylic amino acid,
lysine or other bifunctional molecules
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triggers the linker (second prodrug), as reported for the drug delivery
system based on a 1,6 elimination reaction or trimethyl lock lactoniza-
tion [39, 40] (Scheme 1);

e Multiarm or “dendronized” PEGs (Fig.5): the former are compounds
prepared to link linear PEGs to a multimeric compound, whereas the
latter are linear PEGs with a dentritic structure at one or both chain ex-
tremes [41, 42]. The aim of both derivatives is to increase the drug/polymer
molar ratio, overcoming problems of high viscosity that may occur with
mono-functional drug conjugate solutions. This is particularly true for
a drug that requires a large amount of product for therapeutic treatments.

2.2
Forthcoming PEGs

Although more recent and selective PEGs have already been brought to mar-
ket, some products—PEGs with new properties—may pave the way to further
applications. The research on new PEGs may respond to different needs and
can be summarized as follows: 1) the synthesis of monodisperse polymer, not
only for low-molecular-weight PEGs (< 600 Da), which are already available,
but also for PEGs higher molecular weights; 2) the design of PEGs with spe-
cific tailored groups to provide one side for linking to targeting molecules
and the other side for linking followed by a controlled release of a ther-
apeutic agent; 3) the preparation of high-loading PEGs that increases the
drug payload—for example, by the construction of adendrimeric or multi-
arm structures at the level of the polymer extremes [41, 42]; 4) biodegradable
PEGs that, thanks to a molecular weight reduction, can easily be cleared from

the body.

3
Challenges in Protein PEGylation

PEGylation is a mature and well-documented technique that offers a wide
selection of chemical methods for modification. However, unexpected diffi-
culties may arise with any new protein, and several parameters have to be
taken under consideration to achieve satisfactory results. In general, it is ne-
cessary to evaluate the effects of total linked PEG mass with respect to protein
activity and specificity. One may remember, as an example, the in vivo ad-
vantages of PEGylated alpha-2b interferon with respect to the native protein,
despite a great decrease in activity in an in vitro test following conjugation.
In the design of a polymer-protein conjugate, it is also necessary to take into
consideration both the PEG molecular weight and the number of attached
polymer chains per protein. Moreover it is important to identify the best PEG
derivative that will allow large-scale production, the feasibility of an adequate
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purification system, the maintenance of protein stability and activity, and, last
but not the least, convenience in formulation.

Although each case of protein PEGylation requires its own discussion, the
following guidelines may be useful in achieving good results:

1. An important parameter for the preparation of a new bioconjugate is the
retention of the highest biological activity, although the advantages in
terms of reduced immunogenicity and prolonged pharmacokinetic profile
are equally and sometimes more relevant. For enzymes, the preservation
of functionality is usually obtained when the linking of PEG chains does
not disturb the active site or at least the residues involved in catalysis.
Many strategies have been developed to achieve this goal: a) the use of
branched PEGs that, due to their higher hindrance, may reduce the degree
of modification in the active site (Fig. 4); b) to perform the PEGylation
in the presence of a substrate or inhibitor that blocks the access to the
active site by steric hindrance; c) to capture the enzyme on an insoluble
resin, previously functionalized with an enzyme’s substrate or inhibitor,
and then conduct the PEG modification. In all of these cases the activated
PEG is added to the complex, and the obtained conjugate is then eluted,
for instance, by a change in pH or the addition of denaturants leading to
a derivative where the active sites and its closer surroundings are free from
PEGs (Fig. 6) [43]. For other proteins, an approach may consist of link-

+ —
Activated
l PEG
Elution
f—

Fig.6 Two-phase PEGylation strategy for the protection of an enzyme’s active site from
polymer conjugation: first, the enzyme is loaded into an affinity resin functionalizated
with an appropriate ligand. The enzyme’s active site binds the ligand, thus protecting
the active site itself and the area close to it from PEG modification. Finally, the modify
enzyme is eluted from the column
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ing the desired mass of PEG using a few high-molecular-weight polymer
chains instead of a high number of low-molecular-weight chains. In fact,
a multipoint attachment of PEGs on a protein surface usually reduces or
prevents protein recognition via a shield effect, leading to loss in protein
activity, an effect, that can be reduced linking one big PEG chain links
to only one point of the protein. The effects of both number and mass
of linked PEG chains on recognition and pharmacokinetic parameters are
well documented in literature [44].

2. Direct-site PEGylation, as described above, may exploit the low pKa of
the unique « amino group (pKa of 7.6-8.0); however, conjugation at the
level of cysteine residue may offer further advantages. Cysteine is a rare
amino acid that represents a specific point of attachment. Furthermore, if
this amino acid is absent, it may be introduced at the desired position by
genetic engineering to yield muteins with a cysteine residue replacing an
amino acid not essential for the activity.

3. Proteins have several amino groups with different reactivity. Theoretically,
using an excess of PEGs, all groups could be modified, and one may expect
to obtain a homogenous product. However, many factors may interfere in
polymer modification, such as a lack of accessibility and a non-deal pKa of
amino groups, thus leading to mixtures of multi-PEG conjugates. When
the amount of PEG is not in excess, a number of positional isomers are
always formed. This last situation requires special attention to maintain re-
producibility of the mixture over the preparation of different batches. Both
differences, however, can be accepted by the authorities (FDA) as long as
the identification of all adducts is provided [45,46]. In this case, special
skill is needed to fractionate the PEG isomer mixture. For this purpose, the
possibility of exploiting different isoelectric points of the isomers by ionic
exchange chromatography is very useful, while HPLC (high performance
liquid chromatograpphy) reverse phase was found to be less efficient, and
gel-filtration may separate only the species with different mass.

4. Once the isomers are separated, it is necessary to identify the localization
of the PEGylation site in the primary amino acids sequence. The classical
approach involves enzymatic digestion of the polymer-protein derivative,
purification of the peptides, and the identification of these peptides by mass
spectroscopy or amino acid analysis. A good example is reported in the
characterization of PEGylated interferon «-2a [47]. Comparison of peptide
fingerprinting of the conjugated protein with that of the native protein al-
lows for an understanding of the region where PEGylation occurred based
on the missing peptide. Besides the fact that this procedure is lengthy, how-
ever, the presence of the polymer may interfere with the analysis, since the
cleavage by proteolytic enzymes can be incomplete due to steric hindrance.
To circumvent this inconvenience, a new approach has been recently de-
veloped based on the use of tailor-made PEGs, PEG — Met — Nle - COOH
or PEG — Met-BAla — COOH, which possess a chemically labile bond in the
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Fig.7 Use of PEG — Met —Nle — OSu or PEG— Met-BAla— OSu to introduce a reporter
amino acid at the PEGylation site: PEG conjugation followed by polymer moiety re-
lease by BrCN leaves Nle or SAla, which can be identified on the protein by amino acid
sequence analysis

peptide spacer that can be cleaved by treatment with BrCN (Fig. 7). Fol-
lowing cleavage at the methionine level, the PEG chain is removed, and the
remaining norleucine or S-alanine tags on the protein are identified by stan-
dard sequence investigation methods or by mass spectrometry analysis of
the enzymatically digested fragments [48].

4
PEGylation Chemistry

In the past few years the chemistry of PEGylation was mainly focused on
amino group modification and on developing new and original methods. This
research resulted in an increase in yield and a selectivity in the binding site.
Enzymatic approaches in obtaining PEGylated protein have been the most
recent developments. This section briefly describes the strategies that have
yielded successful products.

4.1
PEGylation on Protein Amino Groups

Amino groups are usually present on the surface of proteins and are easily ac-
cessible to reactive polymer molecules. That fact, together with the fact that
lysine is a residue highly present in proteins, makes the amino group appeal-
ing for modification. Actually, all of the PEG-protein conjugates in the market
come from an amino PEGylation conducted using different strategies. Also,
for less reactive amino groups, such as the side chain of histidine, a PEGy-
lation strategy has been reported and products have been developed [49].
A number of amino reactive PEGs, as reported in Fig. 2, have been synthe-
sized and tested, differing in kinetic rate and in the resulting linkage (i.e.,
carbamate, amide, and secondary amine). A list of proteins PEGylated at the
amino group is reported below with some comments on the chemistry em-
ployed and on the biological behavior.
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411
Interferons

Type-1 interferons (IFN - o, - 8, - k, - 7, and - w) are cytokines often con-
sidered for PEGylation due to the drawbacks of the native proteins. Their
activities include a wide range of effects—mainly antiviral, antitumor, and
immunomodulation properties [50, 51]. IFN-« was first approved for hairy-
cell leukemia therapy, later for treatment of hepatitis B and C, as well as for
various dermatological pathologies, while INF-3 was approved for treatment
of multiple sclerosis. The low molecular weight of interferons (~ 20 kDa) is
reflected in a relatively short serum half-life, a property that can be greatly
improved by PEG conjugation.

One of the first studies involved the modification of interferon «-2a
with linear succinimidyl carbonate PEG (SC-PEG; 5kDa), in base buffer
pH 10, via a urea linkage. The coupling, performed at an equimolar ratio
of protein and polymer, led mainly to mono-PEGylated isomers and, in
small amounts, to di-PEGylated conjugates and free interferon. Characteri-
zation of the conjugates indicated that lysine residues were the only site of
PEGylation [47].

Reactions carried out in phosphate buffer at pH 6.5 demonstrated that
derivatives with improved pharmacokinetic profiles and higher activity could
be obtained by the conjugation of interferon «-2b with SC-PEG (12 kDa). This
reaction gave an unexpected conjugate at histidine-34, representing approxi-
mately 47% of the total PEGylated species (Scheme 2) [49]. The stability of
this conjugate was studied by 'H-NMR analysis following the chemical shift
of H®! in His-34 [52]. The activity of this interferon preparation was related
to its ability to release free and fully active interferon by slow hydrolysis of the
labile His-PEG bond [53]. These studies paved way for PEG-Intron® to hit the
market in 2000. Although the in vitro potency of this PEG-interferon is only
1/4 of the free form, its serum residence time is about six times longer, allow-
ing for a less frequent administration schedule while maintaining an efficacy
comparable to unmodified interferon [18, 54].

0 His34  H5 His-34  Hs

2
(o] — (0] —
mPEG—0—L—0—N + N3/ _Ne, — mPEG*OLNBI
\( He,

0 HS1 He 1

SC-PEG His-34 of IFN His of PEG-IFN

Scheme2 Adduct formation at the level of His-34 in interferon «-2b using SC-PEG as
a PEGylating agent
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A different approach to interferon PEGylation exploited the special prop-
erties of branched PEGs. A high-molecular-weight branched PEG (PEG,
40 kDa) was chosen on the basis of several preliminary studies revealing that:
a) the protein surface protection with a single, long and hindered chain PEG
is higher than the one obtained with several small PEG chains linked at
different sites [8]; b) branched PEGs have lower distribution volumes than
linear PEGs of identical molecular weight, and the delivery to organs such as
the liver and spleen is faster [55]; c) proteins modified with branched PEGs
possess greater stability with respect to enzymes and pH degradation [34].
The 40 kDa branched succinimidyl PEG (PEG,-NHS) was linked to interferon
o-2a using a 3 : 1 PEG/protein molar ratio in 50 mM sodium borate buffer pH
9 (Scheme 3) [19]. PEGylation under these conditions led to a mixture con-
taining 45-50% mono-substituted protein, 5-10% poly-substituted protein
(essentially dimer), and 40-50% unmodified interferon (Fig. 8). Identification
of the major positional isomer within the mono-PEGylated fraction was car-
ried out by a combination of high-performance cation exchange chromatog-
raphy, peptide mapping, amino acid sequencing, and mass-spectroscopy an-
alysis. It was demonstrated that PEG was attached mainly to either Lys-31,
Lys-121, Lys-131, or Lys-134 [19]. Even though the in vitro antiviral activity
for PEG2-IFN was greatly reduced (only 7% of residual activity was found),
the in vivo activity, measured as the ability to reduce the size of various hu-
man tumors, was higher than that of free IFN. The positive result could be
related to the extended blood residence time of the conjugated form as shown
in Table 2. These studies brought into the market a long-lasting blood in-
terferon conjugate, Pegasys®, which is effective in eradicating hepatic and
extrahepatic hepatitis C virus (HCV) infections [20].

Table 2 Pharmacokinetic properties of interferon «-2a and its PEGylated form in rats [20]

Protein Half-life (h) Plasma residence time (h)
interferon «-2a 2.1 1.0
PEG2 (40 kDa)-interferon «-2a  15.0 20.0
(0]
mPEG. )LN o 50mM j\
(0] Sodium borate
Hm Sods mPEG\O N o
S —_— H
mpEG__NH 07N
IFN—NH N—IFN
\r 2 mPEG— ~NH  H
b T
[e]

Scheme 3 PEGylation of interferon «-2a by branched mPEG; — COOH (40 kDa)
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Fig.8 SDS-PAGE analysis of the PEGylated interferon o-2a mixture. The conjugates were:
A specifically stained for protein with Coomassie blue—lane 1: molecular weight marker
proteins; lane 2: PEGylation reaction mixture; lane 3: purified PEG,-IFN; and lane 4:
interferon-2a. B Specifically stained for PEG with iodine—lane 1: molecular weight
marker PEGs; lanes 2-4: same as in Fig. 2A. Note that lane 4, containing interferon «-2a
in gel B, is not stained by iodine, reproduced from [19]
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Fig.9 Localization of the site of PEGylation by C4-HPLC peptide mapping following di-
gestion with endoproteinase Lys-C to release peptide 1-19. Left: unmodified IFN-g-1a.
Right: PEGylated IFN-B-1a. Arrowheads (pointing to peak AP8) mark the elution position
of the peptide that has disappeared in the PEGylated protein, right panel. Reproduced
from [55]

A different cytokine, IFN-p is approved for the treatment of multiple scle-
rosis in the United States, but like other cytokines, it suffers from a short
blood residence, again suggesting PEGylation as a solution. An exhaustive
study conducted by Pepinsky et al. [55] resulted in a PEG modification of
interferon-f-1a that exploited a reductive alkylation of an amine residue
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in phosphate buffer at pH 6 with an excess of 20kDa PEG aldehyde and
sodium cyanoborohydride to reduce the intermediate Shiff base. The conju-
gate, after purification by gel-filtration, ion exchange chromatography, and
peptide mapping, was identified as mono-PEGylated interferon modified at
the N-terminal amine (Fig. 9). Such a result could be achieved thanks to both
the polymer’s high molecular mass, which prevents multiple conjugations,
and the higher reactivity of the N-terminal amine with respect to the e-amine
of lysine in acidic buffer. The modified protein retained the same potency as
native interferon, while pharmacokinetic experiments showed a five-fold in-
crease in serum half-life. 20 kDa PEG was chosen since the 5 kDa PEG led to
a fully active conjugate but with no improvement in pharmacokinetic profile,
and the 40 kDa PEG derivative was completely inactive.

4.1.2
Granulocyte Colony Stimulating Factor (G-CSF)

Granulocyte colony stimulating factor (G-CSF) is a cytokine that con-
trols proliferation, differentiation and functional activation of neutrophilic
granulocytes [56]; it is already used to treat granulocyte depletion during
chemotherapy [57]. A number of PEGylation studies were also carried out
on G-CSF muteins, a class of genetic variants with higher activity with re-
spect to the native human protein. Several PEGs with different molecular
weights and active moieties were investigated, and the best one was the
20 kDa mPEG-succinimidyl propionic acid (mPEG-SPA). The in vitro activ-
ity of these PEG-G-CSF conjugates decreased with an increase of either the
number or the molecular weight of PEG chains linked to the protein, while
the in vivo residence time was directly proportional to the total mass of the
PEG [58,59]. The advantages due to the extended blood residence time of
conjugates were found to overcome the lower affinity toward the G-CSF recep-
tor. These findings indicate once again the difficulty of evaluating the success
of a polymer-protein conjugate on the basis of in vitro assays only.

An interesting PEG modification was recently proposed for a multimeric
single chain G-CSF [60]: a covalent dimer obtained by a DNA recombinant
technique using an expression vector encoding for two G-CSF genes in se-
ries. The dimeric protein was also produced with one or more mutated sites in
the amino acid sequence to improve the biological activity and allow a more
specific PEGylation. PEG-SPA of different MWs (preferably 5, 12, and 20 kDa)
was used in the modification, unfortunately leading to conjugates with lower
activity as compared to native G-CSE.

Kinstler proposed a reductive alkylation strategy with PEG-aldehyde/
sodium cyanoborohydride in acidic buffer solution (Scheme 4) to modify
selectively the low-pKa amino groups [22]. Under these conditions, modifi-
cation limited to the N-terminal methionine of r-metHuG-CSF was obtained
(Fig. 10) [61]. The selective modification of the o-amino group with respect
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Scheme4 Mono-mPEG-G-CSF conjugates were prepared by reductive alkylation of the
a-amino group of the N-terminal methionine residue of r-metHuG-CSF with mPEG-
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Fig.10 Size-exclusion HPLC analysis (UV detector at 280 nm) of the reduced mixture of
r-metHuG-CSF reacted with mPEG aldehyde (M,, = 6 kDa): N-terminal mono-mPEG-G-
CSF conjugate eluted at 8.72 min (92% of total area); unreacted r-metHuG-CSF eluted at
9.78 min (8% of total area). Reproduced from [22]

to the e-amino residue of lysine is explained on the basis of the differences
in pKa (7.6-8.0 and 9.3-9.5 for « and & respectively): moderately acidic
pH values leave the a-amino group still reactive [62]. The conjugate with
a molecule of PEG 20 kDa shows an improved pharmacokinetic profile mainly
due to reduced kidney excretion. In addition, the clearance of G-CSF is also
due to an internalization process of the receptor-ligand complex in neu-
trophile cells, which it is in some way related to the number of circulating
neutrophileses. The PEG-G-CSF, which remains in the bloodstream for a pro-
longed time, stimulates the proliferation of neutrophiles, and consequently,
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under therapy, causes its own clearance. The PEG-G-CSF conjugate, Pegfil-
gastrim®, has been on the market since 2002.

41.3
Megakaryocyte Growth and Development Factors (MGDFs)

Thrombopoietin or megakaryocyte growth and development factor (MGDF)
is a key regulator of thrombopoiesis [63] that acts on the expansion and
maturation of megakaryocyte progenitor cells, resulting in increased platelet
counts [64]. The level of thrombopoietin is thought to be self-regulated,
mainly by internalization, after binding to the cell surface receptors present
in megakaryocytes and platelets [65].

A truncated form of human MGDE, comprising the 1-163 sequence of
the native protein (rHuMGDF) exhibiting a specific activity five-fold higher
than the full-length hormone, was PEGylated with the same chemical strat-
egy already proposed in G-CSF modification [61,66]. The truncated form
is devoid of the glycosyl moiety present in the native protein. In this case,
PEGylation also prevented the specific non-enzymatic degradation of the pro-
tein; in particular, the chemical inactivation of MGDF due to cyclization
and cleavage of the first two amino acids, leading to diketopiperazine and
des(Ser,Pro)rHuMGDF (Scheme 5). Such a reaction could be avoided by PE-
Gylating the N-terminal amine with PEG aldehyde [67]. When tested in
platelet-count experiments, the PEG derivative was as active as the glyco-
sylated full-length native thrombopoietin and much more active than both
the free rHuMGDF and the non-glycosylated full protein [22]. The truncated
form of the protein was selected for PEGylation instead of the native one,
yielding a conjugate with comparable activity and improved pharmacokinet-
ics with respect to the full-length hormone, demonstrating that PEGylation
may replace glycosylation. This finding could open doors to new strategies
and the potential for protein PEGylation.
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Scheme5 Chemical inactivation of rHuMGDF by cyclization and cleavage of the first
two N-terminal amino acids, Ser and Pro. The degradation leads to the formation of
diketopiperazine and des(Ser,Pro)rHuMGDF
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41.4
Growth Hormone (GH), Growth Hormone-releasing Hormone (GRF),
and Growth Hormone Antagonist

Human growth hormone (hGH) is a protein that has several effects, includ-
ing linear body growth, tissue growth, activation of macrophages, lactation,
and insulin-like and diabetogenic effects [68]. It carries out its action through
receptor recognition and signaling, which requires receptor dimerization.
Clinically it is used to treat GH deficiency, which causes short stature, and
both Turner’s syndrome and cachexia in AIDS patients. A long-lasting form
would be welcome, since, for its short in vivo half-life, hGH must be adminis-
tered on a daily basis. One of the first studies to this end involved a random
PEGylation of hGH with low-molecular-weight PEG-N-hydroxysuccinimide
(PEG-NHS 5 kDa) leading to a mixture of derivatives. Upon purification, hGH
conjugates with up to seven PEG chains per hGH molecule (Fig. 11) could be
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Fig. 11 Preparative SP-Sepharose high-performance chromatography of a PEGsgo-hGH
reaction mixture (panel A). Fractions were pooled as shown on the chromatogram and
analyzed by mass spectrometry to determine the average number of PEGsggy groups at-
tached per hGH. Purity for four of the five peaks was further assessed by analytical
high-performance liquid chromatography on a sulfopropyl TSK 5PW column (panel B).
Reproduced from [69]
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isolated [69]. Binding studies demonstrated an inverse correlation between
the number of PEG chains and receptor affinity, as PEG reduced the associ-
ation rate for receptor/adduct formation. By contrast, the higher the number
of PEG chains linked, the higher the in vivo potency, due to reduced kidney
clearance. It was found that hGH conjugated to five PEG chains was a good
compromise for therapeutic purposes, presenting a ten-fold higher in vivo
potency than the unmodified hormone.

An alternative treatment for GH deficiency involves the use of growth
hormone-releasing hormone (GHRH) [70] or its analogs, commonly reported
here as GRE. With its 44-amino-acid sequence, GHRH controls the levels of
expression and release of GH, but it is also naturally present in truncated ac-
tive forms comprising only 40 or 37 amino acids. Furthermore, the 1-29 trun-
cated peptide of GRF (hGRF;_39), commonly prepared by chemical synthesis,
retains the same activity, in vitro and in vivo, as the full-length hormone [71].
However, the clinical use of this truncated form of GRF is severely limited
by its short biological half-live (10-20 min in humans), both due to fast kid-
ney excretion and due to N-terminal enzymatic degradation by endogenous
aminopeptidases. PEGylation was therefore considered, since it could act on
both undesired effects. Esposito et al. [44] coupled PEG-NHS (5 to 20 kDa)
to hGRF_y9, a peptide that has three available conjugation sites (Lys-12, Lys-
21, and the N-terminal « amine). PEG-NHS of molecular weight up to 20 kDa
was used in the modification, and DMSO was chosen as solvent, since, be-
yond offering major stability and solubility to GRF than the aqueous media,
it could induce a conformation of the peptide that lowers the amount of PE-
Gylated isomers. The activity of PEG conjugates was found to be dependent
on the total mass of linked PEG: the higher the PEG mass, measured either
as the number of polymer chains or as molecular weight, the lower the po-
tency (Table 3). It was found that, under suitable reaction conditions and after
chromatographic purification, PEGs00—OSu vielded a solution with prevalent
amounts of mono-PEGylated Lys-12 and Lys-21 isomers in an equimolar mix-
ture (Fig. 12) [72]. The mono-PEGylated mixture was purified, from unmod-

Table 3 Influence of total PEG mass on GRF conjugate activity, as assessed by a specific
reporter gene assay [44]

Products ECs
Native GRF 0.18
GRF-PEG 5000 1.06
GRF-PEG 10000 2.8
GRF-PEG 20000 > 1000
GRF-(PEG 5000), 31.8

GRE-(PEG 5000); 79.6
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Fig.12 RP-HPLC Cg analytical chromatogram of the crude reaction mixture in DMSO of
GRF before purification on the ion-exchange purification column. Reproduced from [72]

ified GRF and di-PEGylated conjugate, by ionic exchange chromatography
and characterized by MALDI-TOF/MS analysis (Fig. 13) [44]. The conju-
gates showed an improved pharmacokinetic profile, which finally resulted in
a more favorable pharmacodynamic response on the growth hormone-insulin
grow factor 1 (GH-IGF-1) axis, as demonstrated by increased GH levels and
the number of peaks in pig and rat plasma [73]. This work pointed out the im-
portance of choosing the right solvent for the coupling reaction, which may
reduce the number of PEG isomers by promoting structural rearrangement
of the peptide. This could consequently lead to easier purification and higher
yields. In fact, investigation conducted by NMR and circular dichroism in-
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Fig.13 MALDI-TOF/MS investigation of GRF;_29 mono-PEGylated mixture. Signals at
8810 correspond to mono-PEGylated GRE. The peak shows the typical polydispersivity of
PEG. Minor signals for unmodified peptide were also detected. Reproduced from [44]
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dicated that the a-helix percentage in hGRF;_59, which is only 20% in water,
is raised to 90% in structure-promoting solvents such as methanol/water or
2,2,2-trifluoroethanol. In the latter solvent, the percentages of PEGylation at
the level of Lys-12 reached 80% of the total amount of PEGylated isomers with
different PEGylating agents [74]. This suggested that a highly regio-selective
PEGylation could be achieved in the proper solvent.

Acromegaly is a disease caused by an over-expression of hGH. The therapy
consists of the administration of a recombinant hGH mutein (B2036) with an
antagonist effect. GH can bind two chains of its receptor thanks to two dif-
ferent binding sites, while B2036 can interact with only one receptor chain.
B2036 is obtained through mutations of hGH at both binding sites with the
aim of retaining the binding capacity of site 1 and blocking the activity of
site 2, thus avoiding receptor signaling [75]. Furthermore, in view of PEG con-
jugation, a mutation was smartly performed to direct PEGylation to site 2
only. To reach this goal, a lysine residue at site 1 was exchanged with a dif-
ferent, non-reactive amino acid, while a lysine was added to site 2. SPA-PEG
(5 kDa) was employed for PEGylation, forming a mixture of derivatives with
4 to 6 PEG chains for each B2036. Further studies on the conjugate revealed
a reduced binding affinity for the cellular receptor that was counterbalanced
by a prolonged blood residence time [76]. This result may encourage the
modification of proteins where the PEG moieties, through steric entangle-
ment, may enhance or decrease the protein binding affinity and change the
final protein behavior.

4.1.5
Antibodies and Antibody Fragments

An increasing interest has been focused on antibodies (see [77] for an
overview) for the treatment of several diseases. Ten products based on these
entities have already reached the market [78], and more are undergoing clin-
ical evaluation [79]. PEGylation was initially applied to these proteins to
reduce the high immunogenicity of murine monoclonal antibodies. Human-
ized and human antibodies seemed to be the solution to the problem, but
the high production costs and the low level of expression limited their use
to severe diseases. Recently, an Escherichia Coli expression of antibody frag-
ments, such as Fab’ and scFv (Fig. 14), was proposed, allowing a cutting in the
cost of their production and, consequently, a potential increase in the market.
However, since their major limitation is their short half-life, PEGylation was
widely investigated. Many studies have been reported on random PEGylation
(the reader is encouraged to refer to the extended review by Chapman [80]),
but almost all of the conjugates showed a significant reduction in binding
affinity. PEGylation of anti-IL8 F(ab’); was an exception, since the coupling
with PEG of 20 or 40 kDa did not heavily affect the binding affinity [81].
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IgG

Fig. 14 Schematic drawing of an IgG antibody and its fragments

The reduced binding affinity of PEGylated antibodies is either due to
a modification in proximity of the antigen binding domain, generating steric
hindrance to the binding, or to a reduction of the number of free lysine
residues involved in the ionic interactions that initiate the antigen binding.
For example, a limited modification of the Fc region caused a dramatic loss
in binding activity. Fc (see Fig. 14) is the region that mediates the effector
functions of the antibodies, either by complement activation or by cellular in-
teraction after interaction with its Fc receptors. The high number of lysines
in the Fc domain drives the PEGylation to this region so that, when the de-
gree of lysine modification is greater than 15%, the binding activity of the Fc
receptor is completely impaired [82]. PEGylation of antibodies, as a means
to reduce their immunogenicity, has been overcome by technical advances in
the humanization of murine antibodies or by expression of human antibod-
ies in bacteria. Nonetheless, PEGylation still remains important for antibodies
used in cancer therapy, because of the positive enhancing effect of PEG on
antibody tumor localization and the lack of Fc effector functions.

Engineered antibody fragments represent a major advance in the design
of a shorter polypeptide sequence retaining binding activity towards the
antigen. Such polypeptides are called single-chain Fv fragments (scFV, see
Fig. 14). The major limitation of these peptides is, however, a half-life that is
too short (about 0.7 hours), which prevents their use in any therapeutic appli-
cation. Enzon researchers have synthesized PEGylated scFV conjugates using
several PEG derivatives (linear and branched SC-PEG and pNCP-branched
PEG, among others). These conjugates possess improved pharmacokinetics
and lower immunogenic activity than a full-length antibody, since, after PE-
Gylation, the peptide is a small fraction of the total molecule.
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As mentioned above, PEGylated antibodies and antibody fragments are
still of great interest and are widely studied, mainly in oncology. These conju-
gates are used as targeted delivery systems for anticancer drugs, since several
studies showed that PEGylation increases the accumulation of antibodies and
antibody fragments in a tumor, but not in normal tissues. The advantages of
these PEGylated derivatives over the unmodified antibodies may be summa-
rized as follows:

e high tumor accumulation due to the enhanced permeability and retention
effect (EPR), because most solid tumors have high vascular permeability
allowing the extravasation of high-molecular-weight molecules that accu-
mulate in the tissue due also to inefficient lymphatic drainage [83];

e increased plasma half-life;

e decreased liver uptake [84].

The antibody fragments, with respect to full-length antibodies, possess
higher tumor penetration potential [85], making them promising candidates
for tumor-targeted delivery systems. The strategy was demonstrated by coup-
ling the C225 monoclonal antibody, directed against an epidermal growth
factor receptor, to a heterobifunctional PEG having a radiometal chelator
(diethylenetriaminepentaacetic acid, DTPA) at one end [86]. The conjugate
DTPA-PEG-C225, with up to 60% of the C225 amino groups modified, re-
tained 66% of its binding affinity, and, more importantly, when labeled with
Indium-111 (*'In), it demonstrated a narrower steady-state distribution than
the non-PEGylated '!''In-DTPA-C225 due to reduced non-specific binding.
Another example is represented by derivatives where the anticancer drug
is linked to a PEG chain conjugated to the monoclonal A33 antibody lead-
ing to a conjugate useful for colorectal carcinoma treatment [87]. The A33
antigen is expressed in high amounts in some colon cancer cell lines, such
as SW1222. Moreover, it was also reported that PEG-modified Technetium-
99m-radiolabeled antibody fragments was useful for radioimmunodetection
of tumors and infectious lesions [88].

4.1.6
Others Proteins

Insulin is one of the most studied small proteins for PEGylation, and its modi-
fication has been carried out through both random and site-specific methods.
The protein is formed by two polypeptide chains, A and B, and its three
amino groups (Gly-Al, Phe-B1, and Lys-B29) are candidates for PEGylation.
Hinds, among others, proposed a site-directed PEGylation procedure involv-
ing the preliminary preparation of insulin protected by N-BOC (tert-butyl
chloroformate) [89]. As an example, to synthesize N*BlL_PEG-insulin, the in-
termediate N*A!, N*B29_BOC-protected insulin was prepared before conjuga-
tion with PEG-SPA (MW 750 or 2000 Da). After the removal of the t-Butyloxy
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carbonyl group (BOC) by acid treatment with trifluoroacetic acid (TFA), the
resulting conjugates NBL_PEGs50-insulin and N®B1-PEGyg-insulin retained
104% and 83% of the native insulin bioactivity, respectively. The Lys-B29
PEG conjugates, obtained using the same procedure, led to comparable re-
sults in term of bioactivity. Furthermore, all derivatives showed a reduced
self-aggregation and extended half-life with respect to the unmodified in-
sulin. Similarly, the acylation of Gly-Al and Lys-B29 amino groups with the
cyclic anhydride of a bicarboxylic acid, protects these amino acids from the
following PEGylation at the level of free Phe-B1. Deprotection of Gly-Al and
Lys-B29 has been performed under mild acid conditions, thus leaving only
the PEG chain linked to the Phe-B1.

Arginine deaminase from microbial origin has been studied as poten-
tial anticancer enzyme, since it degrades arginine, an essential nutrient for
some tumors; however, its use is limited due to short half-life and high im-
munogenicity. The enzyme was modified with PEGs of various molecular
weights and structures (branched and linear), and with different coupling
chemical strategies [90]. It was demonstrated that 50% of the enzyme ac-
tivity was maintained even when up to 40% of amino group were modified.
With a PEG MW of up to 20 kDa, linearity was found between PEG weight,
pharmacokinetic, and pharmacodynamic properties; in fact, conjugates with
a prolonged blood residence time, which was obtained using higher-MW
PEGs, showed a better pharmacodynamic response. Reduced immunogenic-
ity was also found for the PEGylated microbial enzymes. Arginine deiminase
was additionally modified with SC-PEG (12 kDa) to obtain conjugates with 16
to 22 polymers chains for each enzyme subunit and a 20% residual activity.
Engineered arginine deiminases were designed to allow PEGylation far from
the catalytic region—in this case, the conjugation with succinimidyl succinate
PEG (SS-PEG) yielded a product with 70 to 80% of native enzyme activity.

Erythropoietin (EPO) is a glycoprotein that increases the production of
reticulocytes and red blood cells by the stimulation of bone marrow cells. Re-
combinant EPOs (rEPOs) has an increased number of glycosylation sites, and
mono-PEGylated conjugates of the new rEPOs showed in vivo potency higher
than the unmodified rEPOs [91]. The PEG conjugates are administered once
a week instead of three times a week like the native form. A further study pro-
posed PEGylation of EPO at the Lys-54 residue, through optimization of the
polymer/EPO ratio and the conjugation reaction time. This controlled reac-
tion led to a mixture of EPO conjugates with one to three PEG chains, and the
desired mono-PEGylated EPO at Lys-54 was isolated.

Leptin (OB proteins) is secreted from adipose tissue and plays a role
in body weight homeostasis by regulating food intake and energy expense,
and was suggested in the treatment of obesity. An interesting modification
method of OB involves a dual PEGylation of a recombinant OB (rOB) where
Arg-78 is mutated into Cys-78. The linking of two PEG chains with different
reactivity in two different protein sites is therefore possible. First, MAL-PEG
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was coupled to Cys-78, and later, PEG-aldehyde was reacted with the protein’s
N-terminus at an acidic pH [92]. The conjugate was found to possess higher
activity and biocompatibility compared with the unmodified OB. A modifi-
cation of OB protein with branched PEG2-NHS was also carried out, and the
purified mono-PEGylated form was tested in mice for its ability to reduce
food intake and body weight [93]. MonoPEG2-OB was found active over three
days after injection, proving an extended blood residence time.

4.2
PEGylation on the Protein Thiol Groups

Since it occurs rarely in proteins, a free cysteine residue represents an optimal
situation to achieve direct-site modification. PEG derivatives having spe-
cific reactivity toward thiol groups have been developed—namely, MAL-PEG,
OPSS-PEG, PEG-iodoacetamide (IA-PEG), and VS-PEG (Fig. 15). PEGylation
at the level of cysteine makes both purification and characterization of conju-
gates easier due to the absence of either positional isomers or products with
different degrees of substitution. The potential of cysteine PEGylation can be
also exploited when cysteine is not naturally present in the protein, since ge-
netic engineering techniques may introduce this amino acid in the sequence
by insertion at desired positions or by substituting cysteine for a suitable
amino acid. Examples of site-specific PEGylation through the chemistry of
cysteine thiol modification is reported below.

o] 0
a) PEG—N 4+ HS—R — PEG—N
S—R
0 o
b) PEG—S—S@ + HS—R ——>  PEG—S—S—R
N
o} o}
©) PEG\NJ\/I + HS—R ——> PEG\NJ\/S—R
H H
f 0
d) PEG—ﬁ-CH:CHZ + HS—R —— PEGvﬁ—CHZ—CHf&R
o) o}

Fig.15 Examples of activated PEG molecules reactive towards thiol groups: A PEG
maleimide, B PEG orthopyridyl-disulfide, C PEG iodoacetamide, and D PEG vinylsulfone
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IEN-B was PEGylated at the level of cysteine 17 [94] using as thiol-reactive
agent the PEGylating agent OPSS-PEG. Conjugation could be specifically dir-
ected to cysteine 17, which is the only free thiol group present. Derivatization
was carried out with PEGs of different molecular weights, but with a spe-
cial and unique strategy to overcome the problem of low yield obtained with
high-molecular-weight polymers. Low-molecular-weight PEGs are more reac-
tive and overcome the steric hindrance around the thiol group in this protein.
On the basis of this observation, modification with high-molecular-weight
PEGs was obtained via a two-step procedure: in the first one, the protein was
modified with a low-molecular-weight, heterobifunctional PEG oligomer, and
in the second step by conjugation with a higher-molecular-weight PEG pos-
sessing specific reactivity towards the free terminal end of the first oligomer
(Fig. 16). This strategy implied the use of a heterobifunctional PEG oligomer
with a thiol-reactive group at one extreme and a hydrazine group at the
other. Hydrazine was chosen since it is characterized by a very low pKa (3-
4) as compared to the protein amine residue pKa values (pKa 7-9.5). The
PEG oligomer selected for this conjugation was therefore the OPSS-PEG-
hydrazine (OPSS-PEG-Hz, 2 kDa) leading, in the first step, to INF-SS-PEG-Hz,
which could be selectively modified with PEG-aldehyde (30 kDa) by reductive
alkylation. The overall yield was higher than 80%, and PEG-INF-8-1a from
Serono has now completed phase I of clinical trials.

The hGH protein was extensively studied for PEGylation and, to overcome
poly-substitution, cysteine muteins were synthesized by a recombinant DNA
technique. Among all of the possible mutations described in the literature
and patents, the cysteine addition at the C-terminus of hGH allows one to
obtain a mutein that retains full activity and allows site-specific PEGylation
with a cysteine-reactive PEG-maleimide (PEG-MAL, 8 kDa). It was necessary
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Fig.16 Two-step tagging PEGylation strategy for a buried SH group in protein. Smaller
PEG molecules are more reactive than high-molecular-weight PEGs
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to treat the rhGH mutein with an excess of 1,4-dithio-DL-threitol (DTT) be-
fore the coupling step, to convert this new carboxyl terminal cysteine in the
reduced form and prevent its inclusion in the formation of disulphide bridges.
After the removal of an excess of DTT by gel-filtration, the conjugation re-
sulted in a mono-PEGylated derivative with over 80% yield [95].

Interleukin-2 (IL2) is a powerful immunoregulatory lymphokine [96] pro-
duced by lectin- or antigen-activated T cells that, like interferons, enhances
the natural killer cell activity and therefore may find a role in the treatment
of cancer. There is evidence that IL2 can act as a growth hormone for both B
and T lymphocytes. Goodson and collaborators [97] proposed an interesting
modification strategy for recombinant IL-2, where the native glycosylation
site was substituted by a PEG chain. To achieve this goal, they introduced
a cysteine residue at the glycosylation site, thus obtaining 3Cys-rIL-2, which
was later conjugated to PEG-MAL. The derivative retained the full activity of
the parent protein and had a four-fold increase in blood residence time. In
this case, PEG-3Cys-rIL-2 mimics native IL-2, with the PEG chain replacing
the sugar moiety. This method may better preserve the activity since glyco-
sylation regions, due to the steric bulk of the sugar moiety, are commonly not
involved in receptor binding.

An alternative approach in antibody PEGylation, which does not involve
amino modification, exploits the use of engineered antibody fragments, such
as Fab’ (see Fig. 16), with at least one free cysteine residue located far from the
antigen binding site and reacting specifically with PEG-maleimide, leading to
mono-PEGylated forms. Studies based on this strategy and employing a PEG
molecular weight of up to 40 kDa demonstrated that the binding affinity was
completely retained for all PEG-engineered Fab’ conjugates, as opposed to the
random PEGylation of Fab’ NH; groups that led to up to a 50% loss of binding
activity [98].

Hemoglobin (Hb) has been extensively investigated as an oxygen-carrying
therapeutic agent, but the limitations for its clinical use come from its high
vasoactivity due to extravasation into interstitial spaces and the subsequent
scavenger action on nitric oxide. PEGylation has been performed to prevent
Hb extravasation. After several unsuccessful attempts through random PEGy-

Table 4 Molecular parameters of PEGylated hemoglobin [25]

Hemoglobins Calculated mass (kDa) Radius (nm) Volume (nm?)
Hb 64 3.12 127
(PEG5kDa),-Hb 74 4.20 310
(PEG10kDa),-Hb 84 5.54 712
(PEG20kDa),-Hb 104 7.04 1436
Hb-octamer 128 4.12 293

Hb-dodecamer 192 5.56 720
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lation, a site-specific modification was performed at Cys-93(f) with maleimi-
dophenyl PEG (Mal-Phe-PEG) (5, 10, and 20 kDa), leading to PEGylated Hb
carrying two chains of the polymer per Hb tetramer [99]. The colligative
properties of the derivatives suggested that PEG helped to eliminate the Hb va-
soactivity [24]. This product was found to be more efficient than polymerized
Hb, Hb-octamer, or the dodecamer. PEG,-Hb conjugates also possess a higher
oxygen affinity, independently of the polymer chain length. A very detailed
study [25] demonstrated that the hydrodynamic volume and the molecular
radius of the conjugates increase linearly with an increase of PEG molecular
weight (Table 4), while the viscosity and the colloidal osmotic pressure exhibit
an exponential correlation with the same parameter. The authors concluded
that the vasoactivity modulation is due to the surface shielding effect of PEG.

4.3
Protein PEGylation Catalyzed by Enzymes

A PEGylation procedure that differs from the usual chemical methods in-
volves the use of enzymes that catalyze the conjugation of polymer chains to
a specific site on a protein surface. Since the first studies in this direction,
proposed by H. Sato, involving the enzyme transglutaminase (TGase) [100],
many other researchers have proposed interesting approaches using different
enzymes. The enzyme-catalyzed coupling seems to yield more homogenous
derivatives than chemical PEGylation, known to result in a mixture of iso-
mers. This innovation seems to open doors to new derivatizations, since the
selectivity and the wide selection of enzymes may enable polymer linking to
specific protein amino acids in the sequence or to residues that may not be
reached by the usual PEGylation chemistry.

Sato studied two PEGylation methods for IL-2 using two different transglu-
taminases (TGase), one coming from guinea-pig liver (G-TGase) and the other
one from micro-organism Streptoverticillium sp. strain s-8112 (M-TGase). Both
enzymes catalyze the transfer of an amino group from a donor (for example,
PEG-NHj;) to a glutamine residue present in a protein (Scheme 6). The differ-
ence between the two enzymes involves the requirement of a transfer to take
place in the amino acid sequence. G-TGase activity is more strictly depen-
dent upon the amino acids surrounding the glutamine. For PEGylation, several
PEGs of different molecular weight, terminating with alinear chain alkylamine
at one end, were synthesized. Although IL-2 contains six glutamines, none of
them is a suitable substrate for G-TGase, due to the unfavorable amino acid
sequences in their proximities. Chimeric proteins of IL-2 were therefore pre-
pared by adding to the N-terminal sequence one of the following peptides
known to be good G-TGase substrates: Pro-Lys-Pro-Gln-Gln-Phe-Met (called
TG1), derived from Substance P [101] to give rTG1-IL-2, or Ala-Gln-Gln-Ile-
Val-Met (called TG2), derived from fibronectin [102] to give rTG2-IL-2. The
rTG1-IL-2 yielded one PEG chain conjugate (mono-PEGylated form), while
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Scheme 6 Reaction catalyzed by TGase between a glutamine residue in a protein and an
alkyl amine

the rTG2-IL-2 led to a mixture of mono-PEGylated forms and di-PEGylated
forms. The enzymatic coupling of mPEG3¢g0-(CH2)s-NH; (PEG3) to rTG1-IL-
2 was carried out in 0.1 M Tris — HCI buffer, pH 7.5 at 25 °C for 12 h in the
presence of CaCl, 10 mM [103]. SDS-PAGE electrophoresis showed the preva-
lent formation of mono-PEGylated rTG1-IL-2. Moreover, it was demonstrated
that intermolecular e-(y-glutamyl)lysine cross-linking does not take place for
rhIL-2 and rTG1-IL-2 and that the native rhIL-2 is not a substrate for G-TGase.
Incubation of rTG2-IL-2 (where double linkage is possible) with mPEGqqg0-
(CH,)¢ — NH, (PEGI10) under the same conditions, resulted in the formation
of a mixture of mono- and di-PEGylated adducts, together with unreacted
rTG2-IL-2 [103]. It was found that G-TGase can also work with high-molecular-
weight PEGs, although at a lower yield, and can again form di-substituted
derivatives at the two neighboring glutamines of rTG2-IL-2. TGase PEGyla-
tion gave derivatives with the same activity as the native protein, whereas the
rTG2-IL-2 random modification with mPEG-NHS (10 kDa) yielded conjugates
with an activity that is inversely related to the linked PEG mass (Table 5). On
the other hand, it was found that the less specific M-TGase allowed for the in-
corporation of mPEG)2000-(CHz2)s — NH, (PEG12) directly into rhIL-2 [103].
The formation of a single conjugate, corresponding to the band at 35 kDa,
was detected by SDS-PAGE electrophoresis. The apparent molecular weight
of the conjugate was higher than expected, probably due to the bulkiness
of PEG12-rhIL-2. A characterization carried out by LC-EMI/MS confirmed
a mono-PEGylation at GIn-74, which also proved to be the unique site of in-
corporation when different alkylamines were employed [103]. Compared to
other site-specific chemical PEGylation, such as thiol reactive PEG directly to
a cysteine mutein or N-terminus modification at acidic pH by PEG-aldehyde,
the enzyme coupling method produces fewer undesired products—namely,
protein—protein dimers (due to cysteine oxidation) or eNH; lysine PEGylation
(when N-terminus PEGylation is performed).
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Table5 Comparison of IL-2 conjugate activities between random PEGylation and direct-
site PEGylation by TGase [100]

Proteins % activity?
rhIL-2 100
PEG10-rhIL-2 74
(PEG10),-rhIL-2 36
rTGI-IL-2 72
PEGI10-rTGI1-IL-2 69
(PEG10),-rTG1-IL-2 72

? The amount of activity was expressed as a percentage of residual bioactivity as com-
pared to rhIL-2

A two step enzymatic PEGylation, called GlycoPEGylation™, was de-
veloped by Neose Technologies. In this case, E. coli-expressed proteins
(non-glycosylated) were first selectively glycosylated at specific serines
and threonines in the protein amino acid sequence with a residue of N-
acetylgalactosamine (GalNAc) by in vitro treatment with a recombinant
O-GalNAc-transferase. The obtained glycosylated proteins were subsequently
PEGylated using the O-GalNAc residue as the acceptor site for a sialic
acid-PEG, a reaction selectively performed by a sialyltransferase [104]. The
sialyltransferase transfers a cytidine monophosphate (CMP) derivative of
PEGylated sialic acid (CMP-SA-PEG) at the level of O-GalNAc residue of gly-
cosylated proteins. The great advantage of this technology is the possibility
of obtaining PEGylated proteins that mimic their respective native proteins,
since the PEG chains replace the sugar structure at the level of the native gly-
cosylation site, therefore retaining the basic structure for receptor recognition
plus and extended plasma half-life.

To underline the attention that this new system of conjugation is receiv-
ing, one may consider the increasing number of different enzymes studied
for coupling peptides or polymers (beyond PEG) to protein, such as tyrosi-
nase [105] and IgA protease [106].

Nonetheless, the applicability of these revolutionary enzymatic methods
on an industrial scale has yet to be demonstrated and likely will encounter
difficulties that will require time to overcome.

4.4
Protein PEGylation of Carboxylic Groups

PEGylation at carboxylic groups with an amino PEG is not an easy proced-
ure, since undesired cross-linking may occur between a protein’s activated
COOHs and a protein’s amino groups, yielding a number of unwanted side
products.
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Scheme 7 Staudinger ligation leading to a C-terminal mono-PEGylated protein by reaction
of a mutated protein containing a C-terminal azido-methionine with an engineered PEG
derivative, methyl-PEG-triarylphosphine

One method proposed to overcome this problem involves the use of a PEG-
hydrazide instead of the usual amino PEG. This allows the activation of the
protein COOH groups by water-soluble carbodiimide at acidic pH in which
all protein amino groups are protonated and rendered unsuitable for coup-
ling, while the hydrazide group, which has a low pKa, can still react to form
the polymer-protein adduct [107].

An innovative method for C-terminal site-specific PEGylation is based on
Staudinger ligation [108]. The protocol, developed for a truncated throm-
bomodulin mutant [109], starts from the E. coli expression of a mutated
protein containing a C-terminal azido-methionine, which reacts specifically
with an engineered PEG derivative, methyl-PEG-triarylphosphine, leading to
a C-terminal mono-PEGylated protein (Scheme 7). For this method, it is ne-
cessary to prepare a gene encoding for a protein with a C-terminal linker
ending with methionine. Expression in E. coli is then induced only when the
transformed bacteria are suspended in a medium where regular methionine
is changed with its azido-functionalized analog. Unfortunately, this method
is applicable only in the rare case of proteins devoid of methionine in the se-
quence; otherwise, they will stop the protein transduction because the azido
analog does not permit the linking of further amino acids.

4.5
Beyond Protein PEGylation

PEGylation has not been limited to protein and non-protein drugs—recently,
quite complex biological system such as cells and tissue have also been con-
sidered for the procedure.
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PEGylation of red blood cells (RBCs) directed towards membrane proteins,
carbohydrates, or lipid head groups, was the first example of this new re-
search direction. It was devised mainly for transfusion purposes, but also
for the preparation of stealth RBCs useful as drug delivery systems [110].
PEGylation leads to immunocamouflage of cells by covering antigenic sites
and membrane surface charges, and by reducing receptor-ligand and cell-cell
interactions. Scott and Chen obtained encouraging results in the PEGyla-
tion of white blood cells and later also with the more challenging pancreatic
islets (containing the B-cells that produce insulin) [111]. The latter mod-
ification represents a milestone in the fields of cell and tissue PEGylation
since the pancreatic cells have to retain, after PEG linking, not only the cap-
acity to produce insulin but also the ability to fine-tune the release of the
hormone following glucose response. The authors demonstrated the func-
tionality of the Langerhans islets after PEG modification by transplanting the
PEGylated cells into rats via portal vein injection for engraftment within liver
vasculature.

5
Conclusion

Since the pioneering reports of Davis and Abuchowsky, described in the two
best-known Journal of Biological Chemistry (JBC) papers [24,112], an in-
creasing number of research into PEG conjugation have been developed at
academic institutions or pharmaceutical companies. The PEGylation concept,
initially proposed and developed for protein modification [8,9, 11], was later
extended to peptide [10, 14], non-peptide drugs [113-116], and cells [111].
The initial years in the development of this technique have seen efforts to
improve conjugation strategies by taking into consideration the most usual
mild chemical strategies that could be compatible with the unstable structure
of proteins. Various methods could be developed for conjugation to reac-
tive groups in proteins. However, open problems still remain in this field—in
particular, finding a satisfactory chemistry for selective binding at the level
of the guanidine group of arginine, the indole group of tryptophan, or car-
boxylic groups. An area that requires further improvements is purification,
which is an essential step in any PEGylation project. A typical example is
the removal of unreacted PEG from the conjugate, which is particularly im-
portant for low-molecular-weight drugs, when small differences in weight
and physical-chemical properties between conjugate and unreacted polymer
make this separation difficult. Even more complicated is the separation of the
many positional isomers that are usually present in the conjugation mixture.
Moreover, methods to prevent the formation of several products at differ-
ent extents of PEGylation, although accepted by the authorities (FDA), are
also waiting for new and original solutions. Advancements in this direction



130 G. Pasut - EM. Veronese

may be represented by the recently described PEGylation based on enzymatic
coupling as proposed by Sato et al. [100]. A request that is still expecting
a satisfactory response is the availability of in vivo biodegradable PEG deriva-
tives possessing one reactive point only. Last but not least, the problem of
obtaining monodisperse, or at least very low polydisperse PEGs, especially in
dealing with high-molecular-weight polymer species, still exists, despite the
fact that LCC Engineering and Trading GmbH is now offering monodisperse
PEGs on the market; unfortunately, these monodisperse PEGs apply only for
low molecular weights—so far, below 600 Da.

Going to more general considerations, we are pleased to observe how PEG
bioconjugation is now greatly expanding from proteins to non-peptide drugs
and are being used to solve problems beyond immunogenicity and short
residence time in blood, as it was in the early ages of PEGylation. In the
area of non-peptide drugs, attention is now dedicated to the potential of
the heterobifunctional PEGs, which allow for the combination of the advan-
tages of polymer modification with the active targeting capacities of a second
molecule linked to PEG. Thanks to the discovery of numerous new ligands [7]
to target specific tissues or organs, or to entrap and release drug into cells,
the field of non-peptide drug conjugation is receiving increasing interest. Of
course, this area will need new ideas on the chemistry of binding to expand
the number of the already existing heterobifunctional products offered on the
market, mainly from Nektar Corporation.

An idea that will receive further development, although already described
in many patents, is the combination of genetic engineering and PEGylation.
This growing field is leading to conjugated muteins that have improved speci-
ficity or new properties with respect to native proteins or receptors. The
patent filed by Genentech Inc [117] on GH receptor antagonist is a good ex-
ample of developments in this arena.

One can of course ask why only PEG is chosen for protein modifica-
tion instead of other polymers. Actually, very few examples of conjugation
with other polymers have been reported so far, the most successful being
the poly(styrene-co-maleic acid/anhydride) derivative of neocarcinostatin
(SMANCS) developed by Maeda [118]. The main reason lies in the mono-
functionality of mPEG that avoids a cross-linking reaction with the polyfunc-
tionalized proteins. The usual natural or synthetic polymers present multiple
points of attachment in the same molecule. This is the case of polysaccharide,
for instance, but also for the extensively studied poly(N-(2-hydroxypropyl)
methacrylamide) copolymers (HPMA) [119].

In conclusion, by reviewing hundreds of papers and patents, a selection
of which has been presented here, the authors strongly believe that the field
of PEGylation and conjugation through others polymers [12], is still a young
research area in its early stages, although it is already considered a mature
technology in many respects. Therefore, it should not be surprising to see new
and unexpected applications coming from PEGylation in the near future.
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Abstract The use of polymers as synthetic non-viral carriers for introducing nucleic acids
into cells appears very appealing. Polymers can be generated in large quantities in chemi-
cally defined, non-antigenic and non-immunogenic form. A plethora of different chemical
structures and polymer sizes may be applied to tailor-made polymers with optimized
characteristics for the extracellular delivery of nucleic acid to the target tissue and the
subsequent intracellular delivery into the target cells. For the purpose of nucleic acid
transfer, polymers have been applied for incorporating nucleic acids into nanoparticles or
microspheres. Alternatively, cationic polymers are applied as carriers for complexing gene
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vectors into polyplexes. Polyplexes form spontaneously upon mixing negatively charged
nucleic acid with the polycationic polymer due to electrostatic interaction. This process
can be controlled to result in the formation of particles with defined virus-like sizes which
efficiently transfect cell cultures and also have shown encouraging gene transfer poten-
tial in in vivo administration. With first-generation polymeric carriers, gene therapeutic
effects have been demonstrated in animals, although modest efficiencies and significant
toxicity restrict broader therapeutic application. Key issues for future optimization of
polyplexes include improved specificity for the target tissue, enhanced intracellular up-
take, and reduced toxicity and immunogenicity. Novel cationic polymers have to be made
more biocompatible by reducing their potential for unspecific adverse interactions with
the host, and by designing them in a biodegradable form. “Smart” polymers and poly-
mer conjugates are being developed that in a dynamic manner present virus-like delivery
functions in the appropriate phase of the gene delivery process.

Keywords DNA delivery - Non-viral vectors - Polycation - Polyplex -
Targeted gene transfer
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1
Introduction

Non-viral vectors are receiving increasing attention as gene delivery systems
because of several favorable characteristics. They offer enhanced biosafety
and biocompatibility, a high flexibility regarding the size of the delivered nu-
cleic acid, and can be synthesized at low cost in large quantities and with high
consistency of production. Such delivery systems, when able to deliver thera-
peutic genes to the target tissues in vivo with high efficiency and specificity,
would be very attractive for a broad variety of biomedical applications.

For the purpose of nucleic acid transfer, amongst other synthetic carrier
systems, polymers [1] have been applied for the incorporation of DNA into
nanoparticles [2-5] or polyplexes [6-10]. The current chapter focuses on
the development and characteristics of polyplexes which form spontaneously
upon mixing negatively charged nucleic acid with cationic polymer due to
electrostatic interaction.

Cationic polymers have been developed and used for non-viral gene de-
livery systems for nearly four decades [11]. Polymers can be generated in
chemically defined, non-toxic, non-antigenic and non-immunogenic form. In
theory, a plethora of different chemical structures and polymer sizes may be
applied to tailor-made polymers with optimized characteristics for delivery
of nucleic acid, such as highly specific transport to the target tissue, and ef-
ficient subsequent delivery into the nuclei of target cells. The chapter outlines
key requirements to be met by the applied polymers and polyplexes, it re-
views the results obtained so far and ongoing strategies to further improve
polymer-based gene transfer.

2
Polymer Characteristics Required for Gene Delivery

For effective polyplex-mediated gene delivery, the cationic polymer carrier has
to fulfill a series of drug delivery functions in the extracellular and intracel-
lular transport of the DNA vector (see Fig. 1b). The polymer has to compact
DNA into particles of virus-like dimensions that can migrate through the blood
circulation into the target tissue, it has to protect the DNA from degrada-
tion and against undesired interactions with the biological environment, to
facilitate target cell binding and internalization [12-16], ideally in a target cell-
specific manner [17, 18], endosomal escape [19], trafficking the cytoplasmic
environment [20] and localizing into the nucleus [21, 22] as well as vector un-
packing [23]. In addition, the polymer should be non-toxic, non-immunogenic,
and biodegradable. In reality, no polymer is able to carry out all the extra-
cellular and intracellular delivery functions; therefore additional functional
elements have to be included into the polyplex formulation (see Fig. 1b).
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Fig.1 Polymer characteristics for in vivo application. a The polymer should be non-
toxic and non-immunogenic, form polyplexes which are stable and inert in blood, protect
DNA against extracellular and intracellular degradation, allow transport to the target tis-
sue, specific internalization into the target cell, and intracellular trafficking into the cell
nucleus. b To introduce specificity and enhance efficiency, delivery functions may be
conjugated to the polymer which facilitate the different steps

The basic function of the cationic carrier is binding of DNA and its com-
paction into particles. Factors influencing DNA binding affinity which are
inherent to the chemical structure of the polymer (“intrinsic properties”) are:
(i) the number of charge groups per single polymer; (ii) the type of charge
groups (e.g. primary, secondary, quaternary amino groups, amidine groups);
(7ii) the spacing of charge groups within the polymer; (iv) the degree of branch-
ing in the polymer backbone; and (v) hydrophobicity of the cationic carrier.
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In addition, the “external/extrinsic” conditions of the microenvironment,
such as: (vi) the ionic strength of the polyplex solution; (vii) the concentra-
tion and (viii) positive/negative charge ratios of polymer and DNA; and (ix)
the technical process of polyplex formation (i.e. kinetically vs. thermodynam-
ically controlled process) strongly influence the polyplex formation. The latter
“extrinsic” factors provide some flexibility in selecting the most appropriate
conditions for polyplex formation. However, it has to be kept in mind that finally
upon administration the physiological environment will dictate the stability
and fate of polyplexes; therefore the proper intrinsic polymer characteristics
in DNA binding and polyplex formation are the dominating issues.

In regard to the required number of positive polymer charges, systematic
studies demonstrated that a minimum length of six to eight cationic amino
acids (lysine, arginine) is required to compact DNA into polyplex structures
active in gene delivery in vitro [24]. The number is presumably higher when
in vivo application is considered. DNA binding can be driven by application
of higher polymer to DNA charge ratios. This can be nicely monitored by
agarose gel retardation assay or ethidium bromide exclusion assay [25]. De-
pending on size and affinity of the polycation this may also result in increased
net positive polyplex charge which promotes cellular uptake and transfection
efficiency. However, this also results in toxicity, due to destabilization and loss
of integrity of cellular membranes, and the presence of excess free polycation.

The influence of charge group type [26] and spacing [27] was evaluated
by Davis and colleagues in a carbohydrate-containing polycation series. They
demonstrated that both the distance between the carbohydrate unit and the
charge groups in the backbone, and also the types of amino group (quater-
nary amines vs. amidine group) are the primary factors that influence the
carrier’s transfection efficiency in vitro. On BHK-21 cells quaternary amines
showed similar toxicity but lower gene expression than the amidine ana-
logues. The presence of chloroquine enhanced the transfection activity of
quaternary amines but not for the amidine.

The degree of polymer branching has a significant effect on the flexibility of
these macromolecules and hence their ability to complex and transport DNA.
For example, in evaluating histidine/lysine copolymers (HK) in combination
with a liposomal carrier, Chen et al. [28] showed that the degree of branch-
ing was a major factor determining the transfection efficiency. In transformed
cell lines, branched HK polymers were significantly more effective than the
linear HK polymer, however, linear HK enhanced gene expression in primary
cell lines more effectively. The differences in the optimal carrier (linear vs.
branched) were not due to initial cellular uptake or size of the complexes. There
was a strong association between the optimal type of HK polymer and the pH of
endocytic vesicles. In cell cultures with the linear HK polymer showing the best
effects, endocytic vesicles were strongly acidic with a pH below 5. Conversely, in
the celllines in which the branched polymers were optimal transfection agents,
the pH of endocytic vesicles was above 6.
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3
Polyplexes

Over the last four decades many different polycations have been employed
in polyplexes, including natural DNA binding proteins such as histones, the
synthetic amino acid polymers such as polylysine, polyornithine, and other
cationic polymers such as polyamidoamine dendrimers, polyethylenimines,
chitosan, polyphosphoramidates, or poly (dimethylaminoethyl) methacry-
lates. The use of these and other polymers has been previously reviewed
in [7-9,29, 30]. The characteristics of polymers which have been previously
most commonly used are discussed below (Sect. 3.1), followed by the review
of strategies to optimize these polymers (Sect. 3.2) or novel biodegradable
polymers (Sect. 3.3).

3.1
Commonly Used Cationic Polymers

3.141
Poly(r)lysine

Poly(1)lysine (pLL) was one of the first polycations used for polyplex formation.
Atphysiological pH the amino groups of pLL are positively charged and interact
ionically with the negatively charged phosphate groups of the DNA, condensing
DNA into toroid-like structures of around 100 nm [31]. pLL/DNA polyplexes
have a highly positive zeta potential, interact electrostatically with a negatively
charged cell surface, and are taken up by absorptive endocytosis. The efficiency
of uptake can be enhanced by covalently coupling pLL with ligands that can
specifically target cells and promote receptor-mediated uptake [29].

For targeted delivery to the hepatocyte-specific asialoglycoprotein (ASGP)
receptor, DNA /asialoorosomucoid-pLL complexes were administered which
resulted in gene expression in rat liver [32]. Expression was transient but
could be significantly prolonged by partial hepatectomy performed 30 min-
utes after injection of the polyplex [33]. Subsequent work successfully applied
the system for hepatocyte-specific gene transfer of the human albumin gene
to nagase analbuminemic rats [34] and the LDL receptor gene in a rabbit
animal model of familial hypercholesterolemia [35], which resulted in a tem-
porary amelioration of the disease phenotypes. Applying a similar ASGP
receptor targeting concept [36], expression of coagulation factor IX in the
liver was observed after application of DNA/galactose-pLL complexes into
the caudal vena cava of rats for up to 140 days. The condensation of DNA into
polyplexes of small particle size of around 20 nm was considered an import-
ant factor for prolonged expression.

Davis and colleagues developed several strategies for pLL-mediated gene
transfer to the lung. For targeting to the polymeric immunoglobulin receptor,
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they generated small-sized anti-pIg Fab-pLL polyplexes. Systemic delivery
of anti-pIg polyplexes in rats resulted in reporter gene expression in cells
of the airway epithelium and submucosal glands [37]. In an alternative ap-
proach, using a synthetic peptide ligand derived from alpha 1-antitrypsin
for targeting the serpin-enzyme complex receptor, polyplexes were optimized
regarding the ligand to pLL ratio and molecular weight of pLL [38]. Long-
chain pLL (54 kDa) generated smaller (25 nm) polyplexes than short-chain
pLL (10 kDa; generating 40 nm polyplexes) and the smaller particles gave sig-
nificantly higher and longer duration of gene expression in vivo.

Despite these encouraging results, in general the gene expression using
pLL polyplexes was rather low. It was found that intracellular uptake of poly-
plexes was quite effective, but subsequent escape from intracellular vesicles
into the cytoplasm presents a major bottleneck. For example, transferrin-
pLL DNA complexes were efficiently internalized into transferrin receptor-
expressing K562 cells, but entrapment in intracellular vesicles prevented gene
expression [39]. The addition of the lysosomotropic agent chloroquine to the
medium was shown to increase transfection efficiency by more than 1000-
fold, probably by interfering with lysosomal degradation and enhancing the
release of the DNA into the cytoplasm.

The inclusion of other endosomolytic agents has been shown to dramat-
ically enhance gene transfer; addition of replication-defective viruses (ade-
novirus or rhinovirus) with endosomal membrane-destabilizing properties
augments the levels of gene transfer more than 1000-fold [19, 40]. To broaden
the applicability of these findings, endosomolytic agents were directly at-
tached or incorporated into the DNA polyplexes (see Sect. 4.3). Recently an
alternative novel technique was developed to improve endosomal release:
the light-induced photochemical rupture of endocytic vesicles [41,42]. This
method termed photochemical internalization (PCI) has already shown en-
couraging results in improving transfection efficiency of polylysine poly-
plexes [41, 43-45].

3.1.2
Polyethylenimines

Currently, polyethylenimines (PEI) are most frequently used because of an ex-
cellent transfection efficiency in vitro and significant transfection in vivo [46,
47]. In addition, PEIs are inexpensive reagents available in large quantities
and in various forms. Cationic PEI polyplexes enter cells through adhesion
to negatively charged transmembrane heparanproteoglycans [15]. In contrast
to polylysine, PEI can promote its escape from intracellular vesicles. This
capability is thought to be based on its “proton sponge” effect, which con-
tributes to the intrinsic ability of PEI to facilitate endosomal release [48]. PEI
can change its degree of protonation depending on the surrounding pH, for
instance only one out of six nitrogen atoms is protonated at neutral pH in
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the absence of DNA; polyplex-bound PEI is also only partially protonated
(approx. every second nitrogen). For complexation of DNA, usually a N/P
(PEI nitrogen/DNA phosphate) charge ratio of 6 or higher is applied, gen-
erating polyplexes with considerable buffering capacity at lower endosomal
pH. Upon intracellular delivery of the DNA particle, the acidification pro-
cess within the endosome triggers protonation of complex-bound and when
present also free PEI, inducing chloride ion influx, osmotic swelling and
destabilization of the vesicle [48].

The problematic characteristics of PEI are a pronounced toxicity both in
cell culture and in vivo and a whole variety of undesired unspecific inter-
action with the biological environment. Despite an efficient systemic gene
transfer to the lung using positively charged polyplexes [47,49], the in vivo
application remains restricted because of severe acute toxicity including
death [50, 51]. Therefore, topical gene transfer of PEI polyplexes is being ex-
plored as an alternative delivery route, such as instillation or nebulization for
delivery to the lung [52, 53].

The type of PEI polymer (molecular weight, branched, or linear form) and
the polyplex formulation can largely influence both the toxicity and the gene
transfer efficiency [54-56]. For example, purification of PEI polyplexes by
size exclusion chromatography [56] recently demonstrated that purified poly-
plexes, devoid of free PEI, have strongly reduced toxicity both in vitro and in
vivo, but also significantly reduced transfection activity; free PEI apparently
contributes to overcome the bottleneck of endosomal release.

Cell culture experiments [54] showed that large-sized PEI/DNA polyplexes
(aggregates of several hundred nm) are more effective but more toxic. The
endosomal escape is thought not to be the major bottleneck for such large
particles. Small PEI/DNA particles, around 50-100 nm, however, have lower
efficacy, resulting from an inefficient endosomal release. Photochemical in-
ternalization (PCI) is one method to enhance efficiency of the small PEI
polyplexes [43, 57].

3.1.3
Polyamidoamine Dendrimers

The first type of polycationic molecules described with high transfection po-
tential in the absence of endosomolytic agents was the polyamidoamine (PA-
MAM) polymer (“Starburst”) dendrimer synthesized with terminal amino
groups [58-61]. The dendrimer shows high transfection potential in the ab-
sence of any additional membrane-active agent. Due to the low pKa of its
terminal and internal amines this polymer can act as an endosomal buffering
agent [48] preventing this way DNA degradation within the endolysosomes.
For optimum efficiency, rather high dendrimer to DNA charge ratios (e.g.
amine: phosphate ratio of 6: 1) have to be used. The positive charge of the
polyplex is considered to be required both for endosomal release and elec-
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trostatic cell surface binding. Manunta et al. [62] investigated whether the
internalization of dendrimer/DNA polyplexes takes place randomly on the
cell surface or at preferential sites such as membrane rafts. Using an endothe-
lial cell line model, polyplexes were found to co-localize with the membrane
ganglioside GM1. Binding and especially internalization of dendrimer-DNA
complexes was strongly reduced by cholesterol depletion before transfection.
The data suggest that membrane cholesterol and raft integrity are physiolog-
ically relevant for the cellular uptake of dendrimer-DNA complexes.

The positive surface charge of the polyplex can present problems, associ-
ated with cellular toxicity and further aspects relevant for in vivo applications,
similarly as described for PEI (see above).

3.14
Chitosan

Chitosan, (poly-D-glucosamin, generated by deacetylation of chitin) is a non-
toxic biodegradable polycationic polymer with low immunogenicity. Chi-
tosan can effectively bind DNA and protect it from nuclease degradation [63].

Various modified chitosans have been applied for gene transfer. Lactosy-
lated chitosan was reported to mediate transfection efficiency to HeLa cells
which is comparable to PEI [64]. Galactosylated chitosan grafted with PEG
forms stable polyplexes which have low transfection efficiency [65]. Amines
of oligomeric chitosan were quaternized by methylation. Use of trimethy-
lated chitosan oligomers [66] resulted in efficient transfection of COS-1 and
CaCO-2 cells.

The receptor ligand transferrin has been incorporated into chitosan/DNA
polyplexes which enhanced gene transfer up to four-fold compared to unmod-
ified chitosan [67]. In a similar fashion, incorporation of C-terminal domain of
adenovirus fiber knob protein enhanced transfection up to 130-fold in HeLa
cells. Further modifications include the incorporation of hydrophobic moi-
eties to generate dodecylated chitosan, deoxycholic acid modified chitosan.
Urocanic acid-modified chitosan [68] was reported to mediate efficient gene
delivery; it was hypothesized that the imidazole ring plays a crucial role for
enhancing the release of internalized polyplexes from endosomal vesicles.

3.15
Other Polymers

Polymethacrylates

The group of Hennink et al. [69-72] synthesized and evaluated poly(2-
(dimethylamino)ethyl methacrylate) pPDMAEMA for gene transfer. The poly-
mer forms positively charged DNA polyplexes which can be used successfully
for in vitro transfection of different cell lines, including COS-7 and OVCAR-3
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cells. HMW forms of the polymer (> 300 kDa) were able to condense DNA
effectively into particles of 150-200 nm, whereas LMW pDMAEMA forms
large complexes (size 0.5-1.0 micrometer). Like other cationic polymers,
pDMAEMA is cytotoxic. Therefore, copolymers of DMAEMA with methyl
methacrylate (MMA), ethoxytriethylene glycol methacrylate (triEGMA), or
N-vinyl-pyrrolidone (NVP) were also evaluated. A copolymer with 20 mol %
of MMA showed a reduced transfection efficiency but increased cytotoxicity.
A copolymer with triEGMA (48 mol%) showed both a reduced transfec-
tion efficiency and a reduced cytotoxicity, whereas a copolymer with NVP
(54 mol %) showed an increased transfection efficiency but a decreased cyto-
toxicity as compared to pPDMAEMA.

Cell trafficking experiments showed that—like for many other polymeric
transfection reagents—the endosomal escape is a limiting bottle-neck. The
use of cationic polymers with a pKa around or slightly below physiologi-
cal pH has been considered as a possible way to enhance endosomal escape
(“proton sponge” see above, Sect. 3.1.2). Henninck and colleagues [73] syn-
thesized a new polymer pDAMA, with two tertiary amine groups in each
monomeric unit, poly(2-methyl-acrylic acid 2-[(2-(dimethylamino)-ethyl)-
methyl-amino]-ethyl ester). One pKa of the monomer is approximately 9,
providing cationic charge at physiological pH, and thus DNA binding prop-
erties; the other pKa is approximately 5 and provides endosomal buffering
capacity. pDAMA has a low toxicity but also very low transfection activ-
ity. The addition of a membrane-disruptive peptide considerably increased
the transfection efficiency. This indicates that the pDAMA polyplexes alone
are not able to mediate escape from the endosomes via the proton sponge
mechanism, which implies that the proton sponge hypothesis is not always
applicable for polymers with buffering capacity at low pH.

The same lab also evaluated the fate of pPDMAEMA polyplexes upon sys-
temic application in vivo [72]. Their data indicate that aggregate formation
of positively charged polyplexes with blood components followed by trap-
ping of the polyplex aggregates in the lung capillaries is probably responsible
for a preferential lung uptake and transfection. Strategies explored by the re-
searcher to overcome these undesired characteristics are reviewed in Sect. 4.2.

Cyclodextrins

Davis and colleagues generated linear cationic beta-cyclodextrin-based poly-
mers (betaCDPs) as gene transfer carriers [74]. The initial betaCDPs were
synthesized by the condensation of a diamino-cyclodextrin monomer A with
a diimidate monomer B. The inclusion of a cyclodextrin moiety in the
monomer A units reduces the IC50s of the polymer by up to 3 orders of mag-
nitude. The spacing between the cationic amidine groups is also important.
Different polymers with 4, 5, 6, 7, 8, and 10 methylene units (betaCDP4, 5,
6, 7, 8, and 10) in the monomer B molecule showed up to a 20-fold differ-
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ence in transfection efficiency between polymers. Optimum transfection was
achieved with the betaCDP6 polymer.

Recently, more data [26,27] were reported evaluating the influence of
the cationic charge group type and carbohydrate spacing on the trans-
fection efficiency (see also Sect. 2, above). The same group [75] describes
a cyclodextrin-based gene delivery system that is surface-modified to display
poly(ethylene glycol) (PEG) for increasing stability in biological fluids and
transferrin for targeting to cancer cells that express the transferrin receptor.
A transferrin-PEG-adamantane conjugate self-assembles with the nanoparti-
cles by adamantane (host) and particle surface cyclodextrin (guest) inclusion
complex formation. The particles remain stable in physiological salt concen-
trations and transfect K562 cells with increased efficiency over untargeted
particles. The increase in transfection is eliminated when transfections are
conducted in the presence of excess free transferrin.

Another recently published approach applies oligocationic cyclodextrins
(CDs) that were modified with pyridylamino, alkylimidazole, methoxyethy-
lamino, or primary amine groups at 6-positions of the glucose units [76].
The oligocationic CDs neutralized DNA to form stable nanoparticulate poly-
plexes. The transfection efficiency of these CDs was dependent on the sub-
stituents present, with the most efficient having either an amino, pyridy-
lamino, or butylimidazole group at the 6-positions. One of the most effective
vectors, heptakis-pyridylamino CD, produced a 4000-fold increase in trans-
fection level over DNA alone. Levels were improved 10-fold by use of the
endosomolytic agent chloroquine. The transfection efficiency equals that of
DOTAP. Uptake studies indicate that the polycationic CDs efficiently promote
cellular uptake of DNA, dependent on proteoglycan-mediated binding to cells.
Also with these formulations intracellular trafficking presumably is the rate-
limiting step in the transfection process.

CDs were also applied to optimize the established polycationic gene trans-
fer carriers PAM dendrimer and PEI, see [77-79] and the relevant sections in
our chapter.

Pluronic Polymers

Kabanov and colleagues [80] applied pluronic polymers for gene transfer.
These are PEO-PPO-PEO block copolymers that are not cationic in nature,
consisting of various ratios of ethylene oxide and propylene oxide. Such
a non-ionic carrier composed of two amphiphilic block copolymers, pluron-
ics L61 and F127, increased intramuscular expression of plasmid DNA about
10-fold [81]. Additionally, efficient delivery of DNA was found with low con-
centrations of the copolymer, which further reduces toxicity. The same lab
also synthesized a conjugate of 2kDa LMW PEI with the Pluronic 123 [82].
In combination with free P123 and DNA the conjugate forms 110 nm small
and stable complexes that after i.v. injection into mice exhibit high gene ex-
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pression in the liver. In a similar approach, 2 kDa PEI grafted with Pluronic
P85 was applied as a carrier for antisense oligonucleotide delivery [83]. Sub-
cutaneous treatment of athymic nude mice bearing subcutaneous human
HT29 colon adenocarcinoma xenografts, combined with a single dose of ir-
radiation, caused a significant inhibition of tumor growth compared with
mismatch- and naked antisense-pretreated control groups.

Polylactide-Hydroxyproline

Li and Huang [84] investigated another copolymer, poly(p,L-lactide-co-4-
hydroxyl-L-proline) (PHLP). This biocompatible copolymer displays lower
toxicity as compared to PLL or PEI. When applied in DNA microspheres, it
was found to have increased gene expression over longer periods of time.

3.2
Optimization of Commonly Used/Established Cationic Polymers

Optimization of cationic polymers is based on the following motivation: to
improve the gene transfer efficiency, to make carriers less toxic and more
biocompatible. Strategies include the optimization and modification of com-
monly used polymers such as polylysine or polyethylenimine (see below, this
section); and the generation of novel, biodegradable polymers (see Sect. 3.3).

3.2.1
Modified Polylysines

Poly(r)lysine can efficiently bind DNA and, especially in the presence of
receptor-binding ligands, deliver polyplexes into intracellular vesicles, but it
does not mediate endosomal escape. To overcome this limitation, Midoux
and colleagues [85] substituted polylysine with histidyl residues, with the ra-
tionale that the imidazole group of histidine would serve as a protonable
endosomal escape moiety. Consistent with the “proton sponge” hypothesis,
histidinylated polylysine mediated much higher in vitro transfection than
polylysine. Similarly, Putnam et al. [86] conjugated imidazole groups to the
epsilon-amines of polylysine. In this case the transfection efficiency was im-
proved with increasing imidazole content in the polymers. The polymer with
the highest imidazole content mediated gene expression levels similar to
those mediated by PEI, but with less cytotoxicity [86].

3.2.2
Modified Polyethylenimines

PEI has been found to be a very effective transfection reagent as outlined
above, but its use is limited by its toxicity (LD50 of L-PEI in Balb/C mice
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is 4 mg/kg). Therefore, either optimization of the PEI polyplex structure
and/or the development of new biocompatible conjugates is required. A se-
ries of modifications have been made, not only to reduce toxicity and en-
hance efficiency, but also to increase the understanding on the gene trans-
fer mechanism [87]. The major directions in modifications are reviewed
below.

PEG-Grafted PEI

Systemic administration of polyplexes of unmodified 22 kDa L-PEI results
in very high gene expression in the lung [47, 49, 55]. However, in vivo stud-
ies have shown that there is a narrow window between efficiency and se-
vere toxicity [50]. Other PEI molecules may even do worse; for example,
in a report by Kircheis et al. [51] severe acute toxicity was observed after
systemic application, with 50% of the mice dying with clinical signs of
acute lung embolism. PEI-based polyplexes are positively charged to be ef-
fective. They aggregate rapidly in physiological salt conditions and due to
their charge they unspecifically interact with erythrocytes and other blood
components [88].

To reduce the unspecific binding capacity of PEI, conjugates of PEI with
PEG were synthesized [89-93]. For example, PEG chains of various sizes (5,
20, or 40 kDa) were conjugated with 22 kDa L-PEI or 25 kDa B-PEI [91, 92].
These “shielding” conjugates were mixed at various ratios with unmodi-
fied L-PEI or B-PEI as the DNA condensing agent, EGF-PEG- or Tf-PEG-
modified B-PEI (as the targeting agent, see below), followed by mixing with
plasmid DNA. The mixing ratios of the PEI conjugates (usually 10% tar-
geting and 20-30% PEG conjugates) and PEI (usually 60-70%) strongly
influence the biophysical characteristics of the formed DNA particles. PE-
Gylation strongly reduces the zeta potential to <+ 5 mV, improves solubil-
ity of the DNA complexes, stabilizes against aggregation of DNA particles,
and strongly reduces the toxicity in vitro and in systemic delivery (see
Sect. 4.2). Among other in vivo applications, PEG-modified PEI polyplexes
have been successfully evaluated for topical delivery to the nasal epithe-
lium [90] and for local delivery to the muscle after application in a lipi-
odolized emulsion [93].

Dextran-Grafted PEI

As an alternative to a hydrophilic PEG shield, dextrans (with MW 10 kDa or
1.5kDa) were used for grafting on either 25kDa L-PEI or 25 kDa B-PEI at
various molar degrees [94]. Only the branched B-PEI-dextran conjugate was
found to stabilize DNA polyplexes in the presence of BSA, as evaluated by
measurement of size, zeta potential, and lack of DNA release (DNA release
analyzed by TO-PRO-1 intercalation into DNA).
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Cyclodextrin-Grafted PEI

B-Cyclodextrin has been known to increase solubility of various formulations
and also can form inclusion complexes with adamantane derivatives. To ex-
ploit this property, L-PEI and B-PEI were grafted with B-cyclodextrin [79].
The resulting conjugates, B-CD-L-PEI and B-CD-B-PEI, respectively, were
combined with adamantane-conjugated PEG (AD-PEG) before DNA polyplex
formation. The B-CD/AD-PEG inclusion complexes which anchor the PEG
polymers to the DNA/PEI particle surface, are formed, providing particle sta-
bilization and gene transfer activity in the absence of toxicity. Independent
from the presence of PEG, both toxicity and also transfection efficiency of
CD-PEI polyplexes was reduced by increasing the CD-grafting. Possible rea-
sons might include reduced endosomal release or reduced endosomal buffer-
ing capacity of the modified PEIs, outlining requirements that have to be dealt
with in the further optimization process.

Other PEI Modifications

The molecular weight and backbone structure (linear or branched) of PEI,
and the presence of residual protective groups from the synthesis (e.g. pro-
pionamide residues deriving from poly-2-ethyl-2-oxazoline) or related mod-
ifications have been found to strongly influence the transfection charac-
teristics [87,95,96]. Chemical modifications have been introduced onto the
nitrogen atoms, such as acetylation or dodecylation, introduction of hydrox-
yethyl groups, or quarternization by methylation [97-100]. In some cases
these modifications led to PEI derivatives with markedly enhanced perform-
ance and/or reduced toxicity. For example, dodecylation of 2 kDa PEI yields
a non-toxic polycation whose transfection efficiency in the presence of serum
is 400-fold enhanced. Acetylation of 25 kDa B-PEI [100] decreased the endo-
somal buffering capacity, defined as the moles of protons absorbed per mole
of nitrogen on titration from pH 7.5 to 4.5. Acetylation, surprisingly, resulted
in increased gene delivery effectiveness in MDA-MB-231 and C2C12 cell lines
up to 21-fold compared to unmodified PEI, both in the presence and absence
of serum. The mechanism is not yet understood, but the enhancement may
be caused by more effective polyplex unpackaging for DNA release, altered
endocytic trafficking, and/or increased lipophilicity of acetylated PEI-DNA
complexes.

PEI-cholesterol lipopolymers were generated by grafting B-PEIs (1.8 kDa
and 10kDa) with one cholesterol molecule per PEI molecule [101]. Coup-
ling of cholesteryl chloroformate was performed via secondary amines of
PEI, to allow interaction of PEI’s primary amines with the DNA. The poly-
mer conjugate had the preferred high buffering capacity within the range pH
5-7, and mediated efficient DNA condensation. Efficient gene transfer, how-
ever, was decreased in the presence of serum. Furgeson and colleagues [102]
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described the modification of L-PEI with cholesterol. Another hydropho-
bic modification was reported by Sochanik et al. [103] who described gene
transfer in vitro as well as in vivo using cetylated 0.6 kDa LMW PEI (28%
of amine groups substituted with cetyl moieties) incorporated into choles-
terol liposomes. Highest in vivo luciferase expression was observed in the
lungs.

3.23
Modified Polyamidoamine Dendrimers

Cyclodextrin-Grafted Dendrimer

To improve the dendrimer transfection efficiency, Uekama and colleagues [77]
synthesized the starburst PAMAM dendrimer conjugates with alpha-, beta-,
and gamma-cyclodextrins (CD conjugates) in an equimolar ratio of 1: 1. CD
conjugates showed a potent luciferase gene expression, especially the alpha-
CD conjugate which provided the greatest transfection activity (approxi-
mately 100-times higher than of the unmodified dendrimer, and superior to
that of lipofectin. An optimized formulation was also evaluated for in vivo
gene transfer [78] demonstrating favorable characteristics in comparison to
the native dendrimer.

Arginine-Grafted Dendrimer

The primary amines located on the surface of PAMAM dendrimer were con-
jugated with L-arginine [104]. Polyplexes composed of L-arginine-grafted
PAMAM/DNA showed increased gene delivery potency compared to na-
tive PAMAM dendrimer and r-lysine-grafted PAMAM, as evaluated for 293,
HepG2, and Neuro 2A cells and in primary rat vascular smooth muscle
cells.

3.24
Novel Dendritic Polyamines

Dendritic Polylysine

Dendritic poly(L-lysine) of the 6th generation (KG6) [105] and the analogues
KGR6 (with the terminal amino acids replaced by arginine) and KGH6 (ter-
minal lysines replaced by histidine) [106] were generated and applied for
polyplex formation. DNA binding studies revealed that both KGR6 and KG6
bind strongly, whereas KGH6 shows lower binding ability. With regard to
transfection efficiency, KGR6 mediated higher transfection efficiency than
KG6, and KGH6 showed no transfection efficiency unless polyplexes were
formed under acidic conditions.
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In comparison to PEI polyplexes or standard polylysine polyplexes, den-
dritic poly(L-lysine) KG6 polyplexes appear to have more favorable biophysi-
cal characteristics for systemic administration; a low zeta potential (+ 3 mV)
of particles might be responsible for prolonged circulation in the blood flow.
Passive tumor targeting was observed starting at 1h after administration.
About 1% of the applied DNA dose was observed in the tumor [107]. In vivo
gene expression data have not yet been reported for this system.

Dendritic Polypropylenimine

Different generations of polypropylenimine (PPI) dendrimers (generations
1 to 5: DAB 4, DAB 8, DAB 16, DAB 32, and DAB 64) have been evaluated as
gene delivery systems [108]. Cell cytotoxicity was largely generation depen-
dent and followed the trend DAB 64 > DAB 32 > DAB 16 > DAB 4 > DAB 8,
whereas transfection efficacy followed the trend DAB 8, DAB 16 > DAB 4 >
DAB 32, DAB 64. The generation 2 polypropylenimine dendrimer DAB 8 com-
bines a sufficient level of DNA binding with a low level of cell cytoxicity to
give it optimum in vitro gene transfer activity.

DAB 16 polyplexes showed very encouraging results upon systemic admin-
istration into tumor-bearing mice. Apparently, the low molecular weight of
1.7 kDa of PPI prevented undesired unspecific effects of the polymer, such
as blood aggregation or gene expression in the lung. Intravenous injection
of marker gene formulations delivered gene expression to solid tumors, and
therapeutic polyplexes encoding TNF-alpha upon systemic delivery resulted
in complete regression of A431 tumors [109].

Hyperbranched PEI Dendrons

Novel hyperbranched dendron polymers were synthesized using a 10kDa
LMW B-PEI core [110]. Using successive attachment of ethyleneimine moi-
eties to the PEI core, the relative ratio of linear-to-branched structures was
lowered from 1.17 to 0.70. The more extensive branching of PEI enables the
condensation of plasmid DNA into nanostructures of small size (70-100 nm),
stability at least for 3 weeks at 4 °C, and a very low cytotoxicity in vitro.
Under optimized conditions, the transfection activity at a N/P ratio of 6
was approximately six times higher than that of the commercially available
PEI transfection reagent. Bioluminescent imaging of in vivo gene expression
using a luciferase reporter gene showed gene expression in the liver and in the
lymph nodes of mice.

Other Dendritic Polyamines

Similarly to that described above, Krdmer et al. [111] investigated the influ-
ence of molecular weights and degrees of branching on the transfection effi-
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ciency and the cell toxicity of cationic polymers. Functionalization of 6 kDa
to 25kDa B-PEI by a two-step procedure generated fully branched pseu-
dodendrimers: analogues of polypropylenimine (PPI) and polyamidoamine
(PAMAM) dendrimers. The cytotoxicity of the dendrimers generally rises
with increasing core size. It was optimum 6 kDa for sensitive and 21 kDa
for robust cell lines. The DNA transfection efficiencies observed for these
polymers also depended on the cell line (NIH/3T3 and COS-7 cells). The
highest efficiencies were observed for polymers whose PEI cores had mo-
lecular weights in the range of 6-25 kDa. A maximum transfection efficiency
was observed at 60% branching for the PPI analogues, and at a 25kDa
B-PEI core.

33
Biodegradable Polymers

Polycationic carriers are toxic because of their avidity to unspecifically bind
not only to negatively charged DNA but also to the many other slightly nega-
tively charged biological materials including phospholipid bilayer cell mem-
branes, cell membrane-integrated and circulatory proteins, or for example
erythrocytes. These toxic properties increase with the number of positive
charges and hydrophobicity of the polycation. Neutralization of the positive
polymer charges by polyplex formation reduces toxicity, both on the cellu-
lar level and in an organism, however, does not eliminate the problem. In ad-
dition to acute toxicity, the long-term fate of the polymeric carrier has also to
be considered in the host.

Therefore, biocompatible and biodegradable polymers, which can be de-
graded by the host would be advantageous. Partial or complete degradation
of the polycation results in the reduction of positive charges per molecule
which is also expected to reduce unspecific interactions and toxicity. In fact,
many low molecular weight (LMW) polymers have been found to possess
strongly reduced toxicity compared to their high-molecular weight (HMW)
counterparts, see for example [111-113], however, do not provide sufficient
stability of the polyplexes for in vivo administration. For these reasons two
basic strategies are being explored in the development of novel biocompatible
cationic polymers: (i) the synthesis of new polymers which have biodegrad-
able bonds within their repetitive monomeric unit; or alternatively, (ii) gen-
eration of biodegradable polymer conjugates where LMW polymers with low
toxicity are crosslinked into larger polycationic carriers by conjugation with
biodegradable linkers. As outlined in detail below, the biodegradable bonds
may be hydrolytically labile groups such as esters or phosphoesters, acetals,
or hydrazones; alternatively they can be disulfide bonds which are cleavable
within reducing cellular compartments. Other biochemical cleavage points
may also be designed, such as target sites for enzymatic degradation by spe-
cific proteases or esterases.
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3.3.1
Hydrolytic Degradation of Ester Bonds

Poly (Amino Acid) Ester Analogues

Lim et al. [114] synthesized a biodegradable ester analog of polylysine,
poly[alpha-(4-aminobutyl)-L-glycolic acid] (PAGA). While the polymer dis-
played no cytotoxicity, only modest transfection activity was observed. This
maybe dueto atoo fast hydrolysis and, similar to polylysine, the lack of efficient
endosomal escape functionality. Another biodegradable cationic polyester,
poly (4-hydroxy-L-proline ester) showed similar characteristics [115].

Succinate-linked PEG—pLL Copolymer

Multi-block copolymers were synthesized based on LMW pLL (1.5-6 kDa)
copolymerized with difunctional 1.5kDa PEG succinate ester [113]. Syn-
thesized copolymers showed almost negligible cytotoxicity and transfection
efficiency was comparable to the PLL homopolymer with a MW of 26 kDa.
Biodegradation of the succinate ester linkages under physiological conditions
revealed that the molecular weight of copolymers decreased to 20% of the ini-
tial MW within 72 h. Transfection efficiencies of copolymers were not affected
by the presence of serum, while that of PLL homopolymer decreased to the
level of naked DNA in the presence of serum.

Poly (8-Amino Ester)

In a combinatorial approach, Anderson et al. [116] synthesized 2350 struc-
turally unique, degradable cationic polymers. The synthesis was based on
Michael addition of various primary amines or secondary di-amines with
a variety of di-acrylates in DMSO. Without further purification, a large-scale
transfection screen was performed, identifying candidates with interesting
gene transfer properties.

The same laboratory [117] applied this conjugation chemistry for the de-
fined synthesis of two poly(B-amino esters), generated by the addition of
l-aminobutanol to 1,4-butanediol diacrylate or 1,6-hexandioldiacrylate. By
variation of the amine: di-acrylate ratio, the nature of the end groups and the
molecular weight (3.4-18 kDa) was modulated. Maximum transfection activity
on COS-7 cells was obtained using amino-terminated polymers of about 13 kDa
MW and applying high charge ratio (polymer/DNA ratio of 30-100 w/w).

Network Poly ($-Amino Ester)

Recently, Lim et al. [118] described a new biodegradable polymer: a branched
network of amino esters (n-PAE) which has transfection efficiencies simi-
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lar to PEI 25 kDa, however with minimal cytotoxicity. The high transfection
efficiency was attributed to the proton sponge effect in endosomes similar
to that described for PEI. The network structure of the polymer is based
on polycondensation of TRIS molecules N-disubstituted with methyl acry-
late, and terminal amino groups were attached to the polyester condensate in
the form of 6-amino hexanoic acid esters. This structure provides multiple
ternary and primary amines for DNA binding and endosomal buffering. The
network structure is also important to tune polyester degradation to interme-
diate stability, while linear amino-modified polyester appears to show too fast
hydrolysis rates.

Amine-Modified Graft Polyesters

Kissel and colleagues recently reported the development of biodegradable
comb-branched polymers [119] consisting of amine-modified PVA. The PVA
backbone was grafted with PLGA side chains as spacers for various amine
modifications: 3-diethylamino-1-propylamine, 2-diethylamino-1-ethylamine,
and 3-diethylamino-1-propylamine. The PLGA side chains as spacer mediate
fast polymer degradation, i.e. release of the cationic charge groups. Polymer
degradation was monitored by NMR at 37 °C in PBS. Compared to linear
PLGA the amine-modified polyester degraded more rapidly as shown by the
reduction of the length of the side-chain.

Dimethylaminoethanol Methacryloylamino Carbonic Ester (pHPMA-DMAE)

A new biodegradable polymer pHPMA-DMAE, poly [carbonic acid 2-di-
methylamino-ethyl ester 1-methyl-2-(2-methacryloylamino)-ethyl ester] was
synthesized [120] which forms small polyplexes (110 nm) with a positive
zeta potential, similar to that found for the analogue pPDMAEMA polyplexes
previously reported by the same research group. Degradation of the poly-
plexes at 37 °C and pH 7.4 or pH 5 was monitored. Interestingly, intact DNA
was released from the polyplexes after 48 h at pH 7.4, whereas all DNA re-
mained bound to the polymer at pH 5.0. Polyplexes were able to transfect cells
with minimal cytotoxicity, if the endosomal membrane-disrupting influenza-
derived synthetic peptide INF-7 [121] was added to the polyplex formulation.

Biodegradable PEI Derivatives Synthesized from LMW PEI Core Units

Biodegradable PEI-PEG-copolymers [122] were synthesized derived from
LMW PEI (0.6, 1.2, or 1.8kDa) and hydrophilic bifunctional 2kDa PEG-
di (succinimidyl succinate). Copolymers containing succinate ester linkages
were degradable under physiological conditions and non-toxic. In vitro trans-
fection efficiency of the synthesized copolymer increased up to three times
higher than that of the native LMW PEI.
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Poly(ethylenimine-co-L-lactamide-co-succinamide) was synthesized as
a copolymer of 1.2 kDa LMW-PEI and 1 kDa oligo(r-lactic acid-co-succinic
acid) [123]. The resulting copolymer P(EI-co-LSA) (8 kDa) forms small poly-
plexes (150 nm) with a positive surface charge of + 18 mV. Similar to LMW
PEIJ, the copolymer exhibited a low toxicity profile; P(EI-co-LSA) degrades via
base-catalyzed hydrolytic cleavage which is higher at pH 7 than at pH 5.

New degradable PEI derivatives with low toxicity and efficient gene
transfer activity were synthesized by Pack and colleagues [124]. LMW PEI
(0.8 kDa) was crosslinked with molar equivalents of diacrylates of either 1,3-
butanediol or 1,6-hexanediol, yielding 14-30kDa branched PEIs, Poly-1 or
Poly-2, respectively. The crosslinking reaction is based on Michael addition
to the amino groups of PEI which does alkylate but not eliminate protonable
amino groups. Degradation halflifes at 37 °C were 4 h and 30 h for Poly 1 and
Poly 2, respectively, and the hydrolysis rate was not different at pH 5 or 7. The
transfection activity of these essentially non-toxic materials was much higher
than LMW PEI and up to 16-fold higher than for 25 kDa B-PEIL

Polyphosphoesters and Polyphosphoramidates

Polyphosphoester [125-127] and polyphosphoramidates [30,128] present
another class of biodegradable gene carriers. Biodegradability is based on
hydrolytic cleavage of phosphoester bonds at physiological pH.

Polyphosphoester poly(2-aminoethyl propylene phosphate), (PPE-PA),
was synthesized and evaluated for polyplex formation. Stability of DNA poly-
plexes increased with molecular weight of the polymer. Enhanced in vivo
gene expression in mouse muscle was observed based on sustained release
from the PPE-PA carrier [127].

Polyphosphoramidates bearing a spermidine side chain (PPA-SP), with ap-
prox. 100 positive charges per polymer chain [128] were able to condense
plasmid DNA efficiently and showed lower cytotoxicity than PLL and PEI in
cell culture. Gene expression mediated by PPA-SP was greatly enhanced when
chloroquine was used as an endo/lysosomal protective and escape agent.
Optimized PPA-SP/DNA complexes yielded gene expression levels close to
PEI/DNA complexes.

3.3.2
Hydrolytic Degradation of Other Bonds

Hydrolysis of Ortho Esters, Acetals, or Hydrazones

Intracellular pH gradients can be exploited in the cellular delivery of macro-
molecules [129]. Polyorthoesters (POEs) are relatively stable under physio-
logical pH, but rapidly hydrolyze at the endosomal/lysosomal pH of 5. This
characteristic has been exploited for enhanced delivery of DNA vaccines by
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incorporating DNA into poly(ortho ester) microspheres [130], at pH 5, 100%
of the DNA was released within 24 h.

Another acid-degradable linker has been incorporated into polymers by
Murthy et al. [131]. Terpolymers have been generated that consist of a hy-
drophobic, membrane-disruptive poly(propylacrylic acid) backbone [132],
onto which hydrophilic PEG chains have been grafted via an acid-degradable
acetal linkage. Providing a pH-responsive membrane-disruptive compon-
ent, this polymer was shown to direct the uptake and endosomal release of
oligonucleotides in cultured hepatocytes.

Walker et al. [133] reported the use of pH-sensitive hydrazone linkers for
linking PEG to a polycationic carrier. Polyplexes containing such a biore-
versible PEG-polycation conjugate upon exposure to endosomal pH undergo
deshielding by PEG removal withinlessthan 1 hat37 °C (seealso below, Sect. 5).

3.33
Reductive Cleavage of Disulfide Bonds

Several strategies for intracellular delivery of nucleic acids are based on re-
ductive cleavage of disulfide bonds [134-136]. Disulfide bonds are known to
be stable in the blood, but are cleaved inside the cell; this is believed to be
due to the fact that the concentration of glutathione, the most abundant re-
ducing agent in most cells including mammals, is in a millimolar range inside
the cell but in a micromolar range in blood plasma. It is also known that
protein disulfide reduction occurs late in the endocytic pathway including
lysosomes [137]. Therefore, once inside the cell, disulfide linkages should be
reduced, leading to the cleavage of disulfide-containing HMW polymers into
LMW fragments which are lower in toxicity.

LMW Disulfide Cross Linking Peptides

Rice and colleagues [138, 139] generated LMW disulfide cross-linking DNA
carrier peptides consisting of lysine and two terminal cysteine residues that,
when bound to DNA, polymerize through disulfide bond formation. This re-
sults in small, stable polyplexes that mediate efficient in vitro gene transfer.
Substitution of histidine for lysine residues resulted in an optimal peptide of
Cys-His-(Lys)s-His-Cys that also provided buffering capacity to enhance gene
expression. Extending this strategy, targeting glycopeptides and shielding
PEG molecules were incorporated [140]. Recently, the same group also exam-
ined in vivo gene delivery of sulfhydryl cross-linked PEG-peptide/targeting
glycopeptide DNA polyplexes, following i.v. dosing in mice [141]. Optimal
targeting to hepatocytes was achieved by condensing DNA with a mixture of
10 mol % targeting glycopeptide, 5 mol % PEG-peptide, and 85 mol % back-
bone peptide. Optimized gene delivery formulations transiently expressed
secreted alkaline phosphatase in mouse serum for 12 days [141].
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Disulfide Cross-Linking Oligolysines

Oupicky et al. [142] demonstrated that crosslinking short polylysine in poly-
plexes with a bioreducible crosslinking agent increased the stability of poly-
plexes. Masking the surface with PEG, a 10-fold increased in vivo plasma
circulation was observed after intravenous administration to mice. Subse-
quently Oupicky et al. [143] generated linear polylysine-type reducible poly-
cations (RPCs) of 187 kDa and 45kDa by oxidation of the terminal cys-
teinyl thiol groups of Cys(Lys);oCys. These polycations were used for the
formation of polyplexes which were coated and surface-cross-linked using
multivalent reactive copolymers of pHPMA for steric stabilization. Cell cul-
ture transfections of lipopolyplexes containing combinations of RPC with
DOTAP liposomes resulted in up to 190-fold higher gene expression levels
as compared to control experiments using the non-reducible PLL/DOTAP
lipopolyplexes [144]. This very clearly indicated the relevance of intracellular
bioreductive release for gene transfer efficiency.

Trubetskoy and colleagues [145] introduced disulfide crosslinks into
polylysines by treatment with dimethyl-3-3’-dithiobispropionimidate (DTBP)
after complex formation. This step enhances the stability of polylysine poly-
plexes (“caged DNA polyplexes”), as demonstrated by lack of aggregation
at high ionic strength. The bonds stabilize polyplexes in an extracellular
medium and are bioreducible in intracellular compartments. It is thought that
they should not hinder subsequent intracellular release to facilitate access of
DNA to the nuclear transcription apparatus.

On the basis of analogous thoughts, block catiomer polyplexes were
developed by Miyata et al. [146] by controlling both the cationic charge
and disulfide cross-linking densities of the backbone polycations. A PEG-
PLL block copolymer was thiolated using either of two thiolation reagents,
N-succinimidyl 3-(2-pyridyldithio)propionate (SPDP) or 2-iminothiolane
(Traut’s reagent), to investigate the effects of both the charge and disulfide
cross-linking densities. The introduction of thiol groups by SPDP proceeded
through the formation of amide linkages to concomitantly decrease the
cationic charge density of the PLL segment, whereas Traut’s reagent pro-
moted the thiolation with the introduction of cationic imino groups which
keep the charge density constant. These thiolated PEG-PLLs were complexed
with pDNA to form approximately 100 nm disulfide cross-linked polyplexes.
Both thiolation methods were similarly effective in introducing disulfide
cross-links to prevent the polyplex from the dissociation through a counter
polyanion exchange. On the other hand, in the reductive condition mim-
icking the intracellular environment, an efficient release of pDNA was only
achieved for the polyplex thiolated with SPDP, which has the lower cationic
charge density. This polyplex also revealed approximately 50-times higher
transfection efficiency than the polyplex thiolated with iminothiolane. Obvi-
ously, the balance between the densities of the cationic charge and disulfide
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cross-linking in the thiolated polyplex played a crucial role in the delivery and
controlled release of DNA to achieve high transfection efficiency.

Poly(Lys-(AEDTP))

A new cationic polymer was synthesized by modification of PLL amino
groups with 3-(2-aminoethyldithio)propionyl residues [147]. This modifica-
tion replaces the positive amino charge groups of the lysine residues by more
distal aminoethyl charge groups. Poly(lys-(AEDTP)) formed polyplexes of
100 nm and had a zeta potential of + 17 mV. Upon incubation with reduc-
ing agents the polymer loses the charge groups, triggering dissociation of the
polyplex. Transfection with poly(lys-(AEDTP)) is more efficient than with the
non-disulfide-linked PLL, which is consistent with the hypothesis that intra-
cellular release of DNA from polyplexes can be beneficial for the gene transfer
process.

Disulfide-Crosslinked LMW PEI

Bioreversible crosslinking by disulfide bridges has also been investigated
by Gosselin et al. [148] using LMW PEI PEI of 0.8 kDa was crosslinked
with the bifunctional crosslinkers dithiobis(succinimidylpropionate) (DSP)
or dimethyl-3-3'-dithiobispropionimidate (DTBP). Using DSP and DTBP, the
primary amino groups of PEI which are crosslinked are converted into amide
or amidine groups, respectively. The resulting PEI conjugates showed im-
proved transfection activity compared to the starting LMW PEI, but were
less effective than 25 kDa B-PEI. Importantly, bioreversible conjugates have
significantly reduced cytotoxicity as compared to 25 kDa B-PEI.

In summary, the literature describes the crosslinking of 0.8 kDa LMW PEI
with three different bioreversible linkers: the two disulfide forms as described
above [148], and diacrylate-crosslinked PEI as mentioned in Sect. 3.3.1 and
described in [124]. Apart from the biodegradable linkage (disulfide vs. es-
ter) the conjugates differ in the type of amino group formed at the linkage
sites: the PEI amino groups are converted either into (uncharged) amide
bonds (SP linkage), into positively charged amidines (IP linkage), or into
(protonable) beta-aminoester groups (HD linkage). Different characteristics
may also rise from differential modification of either primary or secondary
PEI amines. Comparing the data in the literature, it was unclear which of the
forms mediates the best transfection activity. Therefore, we compared the two
disulfide forms of crosslinked LMW PEI with diacrylate-crosslinked LMW
PEI (Kloeckner and Wagner, our unpublished results). Figure 2 shows that the
highest efficiency was observed using the hexanediol diacrylate crosslinked
PEI (HD linkage) especially when polyplexes with only a moderate excess of
positively charged polymer were applied. Using a large excess of polycation
increased the efficiency of the two other forms (IP and SP linkage); it seems
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Fig.2 Gene transfer using biodegradable PEI derivatives. Polyplex carriers were syn-
thesized from 0.8kDa LMW PEI core units using hexanediol-diacrylate as the linker
(generating HD-PEI) in an analogous fashion to that described in [117], or the bi-
functional disulfide-containing crosslinkers DSP or DTBP (generating SP-PEI or IP-PEI)
as described in [148]. Luciferase gene expression of polyplexes formed at different
polycation/DNA (w/w) ratios containing 200 ng pCMVL plasmid DNA and using B16F10
cells (5000 cells/well) is shown. L-PEI of 22 kDa at optimum N/P charge ratio of 6 was
used as the gold standard; “mono”, starting monomer 0.8 kDa LMW PEIL; HD, HD-PEI
conjugate; SP, SP-PEI conjugate; IP, IP-PEI conjugate

that in the latter case the presence of large amounts of free polycation (not
bound to the DNA polyplex) is required for the transfection process.

4
Incorporation of Delivery Functions

Without special modifications, polyplex formulations cannot distinguish be-
tween target and non-target tissue. Cell-binding ligands have to be incorpo-
rated into polyplexes which recognize and bind target cell-specific receptors
(see Sect. 4.1). In addition, modifications have to be made to shield polyplex
domains (see Sect. 4.2) which otherwise induce undesired binding to blood
components or non-target cells (see also Fig. 1b).

4.1
Targeting Domains

Numerous cell-targeting ligands have been incorporated into polyplexes after
chemical conjugation to cationic polymers. Such cell-binding ligands can
be small molecules and vitamins [149, 150], carbohydrates [151, 152], pep-
tides [38], or proteins [18,32] including growth factors [153-155] or an-
tibodies [156-159]. Detailed reviews on evaluated conjugates are available
in [160, 161]. Successful targeting in cell culture has been described demon-
strating up to 1000-fold enhanced gene expression in target cells in compari-
son to transfection controls like with ligand-free complexes.
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In vitro target specificity is required but not sufficient for in vivo target-
ing, because interactions with other (non-target) cells, plasma components,
or the extracellular matrix inhibit targeting. In contrast to the in vitro stud-
ies, only a few studies report successful in vivo targeting [34, 36, 162] using
ligand-containing polyplexes. In many cases the systemic administration of
polyplexes through the tail vein in mice resulted in high acute toxicity and the
highest gene expression in the lung tissue; see [51]. Non-specific interactions
of polyplexes and aggregation with blood components are the major reasons
for these effects. Plank et al. [163] observed that positively charged polyplexes
activate the alternative pathway of the complement system which is part of
the innate immune system. Formation of erythrocyte agglomerates [88] is an-
other undesired side effect. Such non-specific interactions of polyplexes with
blood components followed by trapping of polyplex aggregates in the lung
capillaries are responsible for the preferential lung transfection and toxici-
city [50, 72].

4,2
Shielding Domains

To make ligand-mediated targeting effective and more specific, polyplex do-
mains with unspecific binding activity have to be masked to obtain the
desired targeting specificity. Hydrophilic polymers like polyethylene glycol
(PEG) or hydroxypropyl methacrylate (pHPMA) have been attached to the
DNA polyplex surface. For the attachment of hydrophilic polymer to the
polycation several strategies have been developed. Covalent coupling of the
hydrophilic polymer was performed either before polyplex formation (“preP-
EGylation™) [91, 154, 164] (see also Sect. 3.2.2) or after the polyplex formation
(“postPEGylation”) [88, 164, 165], optionally also incorporating cell target-
ing ligands. Another approach described a prePEGylation strategy to dis-
play PEG and the targeting ligand transferrin by a non-covalent adamantane
(host)/cyclodextrin (guest) inclusion complex formation [75]. A further ap-
proach utilized the transferrin which as serum protein is well adapted to the
requirements within the blood circulation for both surface shielding and tar-
geting [162].

Shielding provides not only increased solubility and improved stability for
freeze-thawing [92], but also reduced toxicity and extended circulation time
in blood. Applying such shielding strategies, systemic in vivo targeting of
tumors was demonstrated in mice (see Fig. 3). Intravenous injection of Tf-
coated or Tf/PEG-coated polyplexes resulted in gene transfer into distant
subcutaneous Neuro2A neuroblastoma tumors of syngeneic A/J mice [88, 91,
162]. In an analogous manner, EGF-PEG-coated polyplexes were successfully
applied for systemic targeting of human hepatocellular carcinoma xenografts
in SCID mice [154]. In these models, luciferase marker gene expression levels
in tumor tissues were 10- to 100-fold higher than in other organ tissues. Re-
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Fig.3 Shielding of Tf-PEI/DNA complexes from non-specific interactions for systemic in
vivo application. Polycation/DNA complexes with cell-binding ligands (e.g. transferrin)
can specifically interact with target cells expressing the according receptor. Non-specific
interactions with blood components and non-target cells can be blocked by shielding the
surface charge of the transfection complexes applying (i) high ligand density (e.g. high
transferrin), (ii) Post-PEGylation of ligand-PEI/DNA complexes, or (iii) Pre-PEGylation,
i.e. use of PEG-PEI conjugates together with ligand-PEG-PEI conjugates, with the ligand
at the top of the PEG coat. Shielding enables a prolonged circulation time of polyplexes in
the blood, leading to accumulation at sites of higher vascular leakiness, e.g. tumor sites,
and followed by uptake and gene expression in tumor cells [162]

peated systemic application of Tf-coated polyplexes encoding tumor necrosis
factor alpha (TNF-alpha) into tumor-bearing mice induced tumor necrosis
and inhibition of tumor growth in four murine tumor models of different tis-
sue origin [91, 166]. As gene expression of TNF-alpha was localized within the
tumor, no systemic TNF-related toxicities were observed.

Similar to the PEI polyplexes mentioned above, Verbaan and collea-
gues [164] generated pDMAEMA polyplexes with the surface charge ef-
fectively shielded by two PEGylation methods: prePEGylation, i.e. the use
of pDMAEMA-graft-PEG polymers and postPEGylation of preformed com-
plexes. The shielding effect was the highest for the postPEGylation method
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with 20 kDa PEG, yielding polyplexes which showed little interaction with
blood components (i.e. albumin and erythrocytes) and showed substantially
prolonged circulation time in mice after i.v. administration. This translated
into tumor accumulation of about 3.5% of the injected dose per gram tumor
tissue in the subcutaneous Neuro2A tumor model and to about 4.2% of the
injected dose per gram tumor tissue in a subcutaneous C26 tumor model.
However, no significant gene expression levels were observed, indicating that
PEGylation may interfere with subsequent intracellular delivery steps.

One possible reason for the lack of gene expression might be the absence
of a targeting ligand such as transferrin. However, surface charge shielding
also markedly reduces gene transfer in the case of PEI polyplexes. This can
only partly—but not completely—be restored by incorporating a targeting
ligand such as transferrin. Bioreversible incorporation of a shield into poly-
plexes is considered as one encouraging approach to recover efficiency; recent
strategies in this direction will be reviewed in Sect. 5.

43
Transport Domains

Once the cell has been targeted, the vector particle has to be internalized by
the cellular uptake machinery via endocytotic or phagocytotic uptake pro-
cesses. This step can be taken rather easily by polyplexes, as appropriate
receptor-binding ligands and/or cationic charges may enhance intracellular
uptake of particles into endosomal vesicles. Several intracellular barriers then
have to be overcome for successful transgene expression. Endosomal release
was found to be a major bottleneck for many non-viral vectors [151, 167].
The vector particle needs to survive and escape from the endosomal vesicular
compartment, traffick the cytoplasmic environment, target the nucleus, enter
the nucleus, and expose the carried nucleic acid to the cellular transcription
machinery.

Particle size, surface charge, and ligands all influence cellular binding, up-
take and intracellular trafficking of polyplexes [12-16, 62]. Rejman et al. [168]
report the size-dependent internalization of particles into non-phagocytic
tumor cells via different pathways: irrespective of surface charge or lig-
and, small particles (< 200 nm) internalize via clathrin-mediated endocyto-
sis, whereas large particles (500 nm) internalize via caveolae-mediated en-
docytosis. Positively charged particles have been reported to bind and in-
ternalize after binding to negatively charged transmembrane heparan pro-
teoglycans [12]. In a recent study using PEI polyplexes, Kopatz et al. [15]
described a model for non-viral entry of cationic polyplexes through ad-
hesion to specific transmembrane heparan proteoglycans called syndecans
followed by clathrin-independent internalization of vesicles by the actin cy-
toskeleton. Colocalization of PEI polyplexes with the actin cytoskeleton was
demonstrated. It remains unclear whether the latter pathway contributes to
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efficient gene delivery or rather represents a “dead end”. Goncalves et al. [14]
found that both clathrin-dependent pathways of polyplexes and clathrin-
independent macropinocytosis are supposed to be the productive pathways
mediating the delivery of genes. The macropinocytosis pathway, however,
was found to impair transfection efficiency. Ruponen and colleagues [16] de-
scribe that the uptake of DNA complexes depends on the carrier, cell type and
the amounts of the polyanionic glycosaminoglycans (GAGs) heparan sulfate,
chondroitin sulfate and hyaluronan on the cell-surface. However, all cell-
surface GAGs inhibit the transgene expression and probably direct complexes
into intracellular compartments that do not support gene transfer.

After uptake of DNA complexes, escape from intracellular vesicles into the
cytoplasm represents a major bottleneck. Entrapment in lysosomal or phago-
cytic vesicles is thought to be associated with degradation of the complexes in
these compartments. The fate of the delivered DNA strongly depends on the
selected polycationic carrier. Capture in endo/lysosomes seems to be a more
serious hurdle for pLL polyplexes than for dendrimer or PEI polyplexes. The
following section will discuss approaches to overcome this barrier.

Endosomal Escape

Biological events like entry of viruses and toxins into the cells, the action of
antibacterial peptides, defense toxins, or the performance of complement, de-
fensins, and perforins of the vertebrate immune system are examples demon-
strating how efficiently nature can modulate membrane barriers. A series of
natural membrane-destabilizing agents have been characterized at the mo-
lecular level [169,170]. In several cases the membrane-active principle was
found to be located in defined, small amphipathic peptide domains. Such
domains were incorporated into DNA polyplexes to enhance their escape
from the endo/lysosomal vesicular compartment into the cytoplasm [40, 167,
171-173]. Apart from virus particles, proteins such as adenovirus penton
protein [174], bacterial cytolysines [175], or the transmembrane domain of
diphtheria toxin [176] have been used as endosomolytic agents. In addition,
synthetic peptides with sequences derived from viral sequences have been
tested. For instance the N-terminus of influenza virus hemagglutinin HA-2,
the N-terminus of rhinovirus HRV2 VP-1 protein, and other natural or arti-
ficial sequences such as the amphipathic peptides GALA, EGLA, KALA, JTS1,
melittin or gramicidin S have been investigated [58, 121, 151, 177,178]. PLL-
mediated gene transfer can be improved up to more than 1000-fold by acidic
membrane-active compounds. Some other polycations like dendrimers or PEI
have inherent endosomal escape activity and are only moderately enhanced
by endosomolytic peptides.

For example, Plank et al. [151] generated pLL polyplexes containing as
the targeting ligand a synthetic tetra-antennary carbohydrate ligand for hep-
atic ASGP receptor binding, and as a membrane-active peptide a synthetic
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acidic peptide analogue derived from the N-terminal HA-2 subunit of the in-
fluenza virus hemagglutinin to induce pH-specific endosomal release. Both
components were covalently attached to pLL as the DNA-binding element.
Application of these particles to cultured hepatocytes resulted in efficient,
ligand-specific gene expression which was highest with inclusion of the
endosome-destabilizing peptide.

Hashida and colleagues [152] extended this concept for in vivo applica-
tion. They developed a polyplex system consisting of polyornithine, which
was modified first with galactose to serve as the ASGP receptor ligand, then
with a fusogenic peptide derived from the influenza virus HA2 domain. Upon
intravenous injection in mice, a large amount of transgene product was de-
tected in the liver, and the hepatocytes contributed to more than 95% of total
tissue gene expression.

Studies by Mechtler and Wagner [121] showed that for pLL-mediated gene
transfer the use of acidic influenza peptide versions with specificity for en-
dosomal acidic pH generated the best results. Such enhancing effects were
also observed with other polymers, as described for example in [73, 120]. For
lipoplex-mediated gene transfer, less acidic variants gave better results [179].

PEI polyplexes were only moderately enhanced by influenza virus-derived
peptides; the most pronounced effects were obtained when small-sized PEI
polyplexes were used [54]. Ogris et al. covalently attached the cationic peptide
melittin via its N-terminus to PEI [178, 180]. While free uncoupled melit-
tin displayed significant toxicity, the N-terminal linked melittin-PEI conju-
gate displayed low toxicity and enhanced reporter gene expression within
a broad range of cell lines and types tested; even slowly dividing or non-
dividing primary cells were susceptible to transfection. Coupling melittin via
the N-terminus might be important for the positive function. The natural
form of melittin is assumed to form pores after inserting the N-terminus into
the lipid membrane; obviously this step is modified by coupling to PEI at the
N-terminus. In fact, coupling melittin via the C-terminus generates PEI con-
jugates which are toxic, destabilize the plasma membrane of cells, and do not
mediate efficient transfection [181].

Another endosomal escape strategy uses listeriolysin O (LLO) which is
a sulfhydryl-activated pore-forming protein from Listeria monocytogenes.
To apply it as a membrane-disruptive agent with specificity for endosomes,
LLO was conjugated through a reversible, endosome labile disulfide bond to
the polycationic peptide protamine at a 1:1 molar ratio [182]. The LLO-S-
S-protamine conjugate lacks pore-forming activity which, however, can be
regained upon reduction. As evaluated in several cell culture systems, by in-
corporating increasing amounts of LLO-SS-protamine into DNA polyplexes,
luciferase marker gene expression was enhanced. This endosomolytic system
was superior to chloroquine-mediated transfection. No cytotoxicity was ob-
served at the applied doses, in contrast to high cell lysis when free LLO was
applied to cells together with protamine/DNA polyplexes.



164 E. Wagner - J. Kloeckner

Recently, an alternative novel technique was developed to improve endoso-
mal release in a different way: the light-induced photochemical rupture of en-
docytic vesicles [41, 42, 183]. In this process cells are treated with amphiphilic
photosensitizers followed by illumination. The photosensitizers localized in
membranes of endocytic vesicles are activated by light, resulting in the de-
struction of endocytic membrane structures and releasing co-endocytosed
polyplexes into the cell cytosol. This method termed “PCI, photochemical
internalization” has already shown very encouraging results in improving
polylysine or PEI polyplexes without or with targeting ligands [41, 43-45, 57].

Nuclear Import

Nuclear entry of non-viral vectors is another big hurdle which is currently
only overcome in rapidly dividing cells; for example, transfection of non-
dividing cells with lipoplexes or PEI polyplexes was several log units less
effective compared to transfection of mitotic cells where the nuclear enve-
lope has broken down [184, 185]. However, differences were observed with
different polyplex formulations. A comparison of gene transfer properties of
L-PEI and B-PEI revealed that within a few hours after in vitro transfection
with L-PEI polyplexes, DNA particles are seen not only in the cytoplasm but
even passing into the nucleus, whereas complexes with B-PEI were visible
only in cytoplasmic structures with almost no DNA associated with the nu-
cleus [55]. These data correlated with findings of lower cell-cycle dependence
for L-PEI [22] and suggest nuclear uptake as the responsible event.

For polyplex formulations which exhibit strong cell cycle dependence of
transfection, incorporation of biological nuclear localization signals [186]
may be required when gene transfer into non-dividing cells is considered.

5
Bioresponsive Polymers—Towards Artificial Viruses

Current polyplexes are still very inefficient as compared to viral vectors. From
this perspective, viruses might present ideal natural examples educating us
how to further optimize polyplexes into “synthetic viruses” [10,187]. One
unique property of viruses is their dynamic manner in responding to the bi-
ological micro-environment. Similar to viruses, also polyplexes should alter
their structure during the gene delivery process to make them most effective
for the different subsequent gene delivery step. To obtain such a “chameleon”-
like capability, bioresponsive polymers have to be incorporated that enable
structural and functional changes triggered by the microenvironment, such
as conformational changes or cleavage of chemical bonds. First examples of
bioresponsive polyplex systems triggered by, for example, an acidic pH or
a disulfide reducing environment are listed in Table 1.
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Table 1 Examples of bioresponsive polyplex systems

Action

Acidic endosomal pH as trigger

Plank 1992,
Mechtler 1997

Rozema 2003
Murthy 2003

Walker 2004

pH-specific
influenza
peptide activated

deprotection
of succ-melittin

cleavage of
acetal-linked PEG

cleavage of
hydrazone-linked
PEG

Reducing environment as trigger

Saito 2003

Trubetzkoy
1999

Read 2003,
Carlisle 2004

Miyata 2004

release of LLO
from disulfide

release of
“cage” linkers

Consequences

endosomal escape

lytic activity recovered

endosomolytic
polymer exposed
exposure of PEI
polyplex positive
surface charge

lytic activity
recovered

strong DNA binding
is reduced within cell

reducible polycation DNA binding reduced

(RPC) cleaved

disulfide cross-
linkers between
PEG-pLL blocks
cleaved

within cell, hydrophilic
shield removed

DNA binding reduced
within cell, hydrophilic
shield removed

165

enhances gene
transfer of
pLL polyplexes

endosomal escape

endosomal escape of
antisense oligonucleotides

up to 100-fold
enhanced gene transfer

endosomal escape,
increased gene expression

intracellular accessibility
of DNA for transcription

enhanced gene transfer
of lipopolyplexes
and shielded polyplexes

increased gene expression

For instance, shielding and targeting molecules like PEG and receptor lig-

ands are required only in the early extracellular steps of the delivery process.
As indicated earlier (see Sect. 4.2), the introduction of shielding agents such
as PEG is a double-edged sword: particles with a higher degree of PEG shield
show longer circulation time and better accumulation at the target site, but
lower gene expression activity in the target cells. Apparently, a stable, irre-
versible PEG shield hampers intracellular uptake processes. In an optimized
virus-like polyplex, PEG shielding should be presented in a bio-responsive
fashion. After entering the target cell and delivery into the endosomal vesi-
cle, a polyplex should release the PEG shield, and the cationic surface of the
polyplex should be re-exposed for efficient destabilization of the endosomal
membrane. Such a dynamic change in character can be introduced into poly-
plexes by bioresponsive domains.

Walker et al. [133] made use of the acidic milieu of the endosomes and
introduced bioresponsive PEG-polycation conjugates with pH-labile linkages
(see Fig. 4). DNA particles shielded with these bio-reversible PEG conjugates
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endosome: pH-triggered deshielding
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Fig.4 Towards synthetic viruses. A Scheme illustrating receptor mediated uptake of
transferrin-PEG-PEI polyplexes or EGF-PEG-PEI polyplexes into endosomal vesicles of
K562 cells or HUH?7 cells, respectively. The applied bioresponsive PEG-polycation conju-
gates are cleavable within the endosomal pH environment [133] facilitating subsequent
escape of polyplexes from the endosome, resulting in strongly enhanced gene expression
as compared with polyplexes containing the same amount of stable PEG-polycation con-
jugates. B, C Effect of stable or acid-labile PEG shield on polyplex transfection efficiency.
B Transfection of K562 (white bars) cells using transferrin receptor-targeted polyplexes
containing L-PEI 22 kDa for DNA condensation, plus Tf-PEG 2.4 kDa-PEI targeting con-
jugate, plus either unmodified PLL (“non-shielded polyplexes”), PLL-PEG 20 kDa (“stable-
shielded polyplexes”), or PLL-HZN-PEG 20 kDa (“acid-labile-shielded polyplexes”) conju-
gates. C Transfection of HUH?7 cells (black bars) using EGF receptor-targeted polyplexes
containing EGF-PEG 2.4 kDa-PEI plus other conjugates as indicated in B
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(see Sect. 3.3.2) lose their PEG shield at endosomal pH and display up to
100-fold higher gene transfer activity as compared to polyplexes with the
analogous stable PEG shield.

Apart from releasing a PEG shield, the acidic endosomal pH may also
result in activation of membrane disrupting functions required within the
endosome but not before. The acidification may activate acidic membrane-
active peptides such as derived from influenza virus HA2 by pH-specific
conformational changes [121, 151]. Alternatively, the low pH may trigger the
removal of a masking group, such as described by Rozema et al. [188] where
melittin is unmasked by cleavage of maleamate protective groups from melit-
tin lysine residues, which recovers the lytic activity of melittin. Analogously,
removal of an acetal-linked PEG molecule exposes a membrane-disruptive
poly(propylacrylic acid) backbone [132].

The intracellular reducing environment may contribute to polyplex activa-
tion and disassembly by cleaving disulfide-bridged cationic carriers (compare
Sect. 3.3.3). Triggered by the reducing environment, a lytic form of LLO was
released from an inactive precursor, see Saito et al. [182]. In addition, several
reports describe bioresponsive vectors that combine extracellular stability of
DNA by polycationic disulfide-bond containing “cages” with rapid intracellular
release of the DNA upon cleavage of these cages [144-146, 189]. For example,
Carlisle et al. [189] coated DNA/PEI polyplexes containing 20% mercapto-
modified PEI-SH with the hydrophilic shielding polymer pHPMA via either
reducible disulfide or stable thioether bonds. Polyplexes with the disulfide
linked coating show a higher activity than stable thioether coated complexes.

These examples demonstrate that incorporation of delivery functions that
are presented in a bio-responsive fashion can strongly improve polyplex ef-
ficiency. It underlines the notion that developing polyplexes into virus-like
supramolecular complexes, which alter their structure to cope best with
the initial extracellular and subsequent intracellular gene delivery steps, is
a promising direction to generate efficient synthetic gene therapy vectors.

6
Conclusions

Despite first results demonstrating that polyplexes can mediate gene thera-
peutic effects in animal models, these studies also demonstrated clear lim-
itations. The systemic targeting efficiencies are by far not perfect; polyplex
formulations often have significant toxic properties, and low in vivo gene
transfer activity.

For clinical use, better defined, homogeneous and biocompatible systems
will be necessary. Aspects for optimization will include a defined assem-
bly into monodisperse particle populations preferably of small size [190];
methods for the purification of polyplexes [56] which remove potentially
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toxic free polymers and polyplex aggregates; and the generation of stabilized
polyplexes with increased storage stability [92]. In addition, bio-degradable
versions of polymers will have to be applied to reduce cellular toxicity, and to
avoid long-term deposition of (non-degradable) polymers within the organ-
ism. They will also provide a bio-responsive, virus-like character required for
improving extra- and intra-cellular delivery of the therapeutic nucleic acid.
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HPMA copolymer-Gly-Phe-Leu-Gly-
doxorubicin-galactosamine
II 25-26
HPMA copolymer-paclitaxel II 27-28
HPMA copolymer-platinate II 31-32
HPMA copolymer-TNP-470 (caplostatin)
II 46-48
Human groth hormone
Hydrazones 1154
Hydrophobic drugs, encapsulation of
11 80-83
Hydroxamates I23
Hydroxypropyl methacrylate 1159
Hyperkalemia I 14

125

I115

Hyperphosphatemia 115
IgG 1119
Immune response II 189-191

Immunocamouflage 129
Inflammatory mediators II 110
Influenza virus inhibitors, polyvalent
Inorganicions 114

Insulin, PEGylation 1120
Intercalators II 143-144

- direct imaging II 145-146
Interferons I 105, 109

Iron, sequestration I 21

Iron overload disorder I21

138

LDLc 125

Lectin 167

Leptin (OB proteins), PEGylation 1121
Leukemia I84

Ligand-receptor interactions II 164-166
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Ligands 31

Lipase inhibition 148

Lipoprotein cholesterol 125

Liposomal-PEG-Ala-Pro-Arg-Pro-Gly
I 49-50

Lysosomotropic drug delivery II 19

Macromolecular drugs II 103-121

- intracellular uptake II 111

- quality of life II 114-115

- SMANCS II111-113

McGrath adaptor unit 170

Megakaryocyte growth and development
factor 1114

Membrane proteins II 154-155

Mescaline-N-vinylpyrolidone I3

Metronidazole 132

Micelle 12

Minor groove binders

MOLT-3 leukemia I 84

Monoclonal antibodies II 18

Monovalent ions  II 136-137

MRSA 141

Multidrug resistance I 40

Multidrug resistance-associated proteins
11175

Multiple sclerosis I 44

Multi-prodrug 159

Myelin based protein I 45

II 144

Naphthalenesulfonate-formaldehyde, HIV
140

N-(2-hydroxypropyl)methacrylamide see
HPMA

New chemical entities II 6

4-Nitroaniline 172

Nucleic acids, delivery I 135

Obesity 147

Oligolysines, disulfide cross-linking I 156
Orlistat 147,48

Oxidation therapy II 117

PA63 136
Paclitaxel conjugates
PAMAM 160
Parenteral drug targeting II11
Passive targeting II 7-9
PEGylated proteins I 4,95
Phosphate binder therapy I 15

I 33-35, 115
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Phosphate ions, sequestration I 15

PEI-cholesterol I 148

Penicillin-G-amidase I 88

PEO-PPO-PEO 1145

Peptides, PEGylated 195

P-glycoprotein I 175

PEG II1-65

PEG-adenosine deaminase II 13-14

PEG-camptothecin IT 36

PEG-DAC II 55-56

PEG-DAO II 54-55, 118

PEG-granulocyte-colony stimulating factor
1I15-16

PEG-interferon-o«  II 16-17

PEG-L-asparaginase II7,14-15

PEG-paclitaxel I 37

PEG-XO II 54,118

PEG-ZnPP II 55-56, 118

PEGylated-liposome-Raf mutant

PEGylated-liposomes  IT 49-50

- liposomal-PEG-Ala-Pro-Arg-Pro-Gly
II 49-50

- PEGylated-liposome-Raf mutant

Peptide motifs IT 45-46

Phenotype II 175-179

Phenotypic correction of immune response
11 189-191

Plasma half-life I 103-121

Pluronic F68 152

Pluronic block copolymers

Polyacetal-diethylstilboestrol

Poly(amidoamine), dendrimers
149, 151

Polyamines I 149

Poly(pB-amino ester) I 152

Polycations, polyplexes I 140

Polydispersity 112

Polyethyleneimines (PEI) 162, 141, 147

- cyclodextrin-grafted I 148

- dextran-grafted I 147

- PEG-grafted 1147

Poly(ethyleneglycol) 14, 62,98, 145

Poly(ethylene oxide) II71

Polyion complex micelles

- gene delivery II 90-95

- properties of II 88-89

Poly(glutamicacid) I4

Polyglycerol dendrimers

Poly(lactide) II73

Polylactide-hydroxyproline

I 49

1I 49

11176-177

II 40-42
160, 142,

11 88-95

163

1146

Subject Index

Poly-L-glutamic acid conjugates
II'115-119
- camptothecin IT 35-36, 116
- paclitaxel II 33-35, 115
Poly(lys-(AEDTP)) I157
Polylysines I 65, 140, 146, 149
Polymer directed enzyme prodrug therapy
I 50-52
Polymer-DNA complex 12
Polymer-drug conjugate 12
Polymer genomics I 192-194
Polymeric micelle 12
Polymer-protein conjugate I 2
Polymer therapeutics II 1-65
- combinations I 50-56
- see also individual compounds
Polymer vesicles II 95-96
Polymer-coated surfaces II 191-192
Polymer-drug conjugates II 18-39
- alteration of signal transduction
11 179-180
- angiogenesis inhibitors I 22
- anticancer agents II 20-21
- brain tumour implants  II 38-39
- dextran-doxorubicin II 37
- and gene expression profiles
II 183-185
- and genomic profiles II 180-183
- HPMA copolymer-antibody-doxorubicin
conjugates II 26-27
- HPMA copolymer-camptothecin
I 28-31
- HPMA copolymer-DACH platinate
1I 32-33
- HPMA copolymer-Gly-Phe-Leu-Gly-
doxorubicin
1I23-25
- HPMA copolymer-Gly-Phe-Leu-Gly-
doxorubicin-galactosamine
II 25-26
- HPMA copolymer-paclitaxel II 27-28
- HPMA copolymer-platinate II 31-32
- PEG-camptothecin II 36, 116
- PEG-paclitaxel II 37,115
- phenotypic selectivity II 175-179
- poly-L-glutamic(PG)-camptothecin
II 35-36, 116
- poly-L-glutamic(PG)-paclitaxel
II 33-35, 116

- polymeric micelles II 37-38
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Polymer-enzyme liposome therapy
II 52-54
Polymer-protein conjugates II 11-18
- PEG-adenosine deaminase II 13-14
- PEG-granulocyte-colony stimulating
factor II15-16
- PEG-interferon-o II 16-17
- PEG-L-asparaginase II 14-15
- preclinical 1118
- styrene-co-maleic

anhydride-neocarzinostatin II 17-18

Polymeric micelles II 37-38, 69-70

- blood circulation and tissue distribution

11 78-80
- CDDP-incorporated micelles
- drug delivery 1II 80-88
- encapsulation of hydrophobic drugs
I 80-83
- intracellular location II 87-88
- properties of II 76-77

- stimuli-triggered drug release II 84-85

- surface-functionalized II 86-87

Polymethacrylates I 143

Polyorthoesters I 154

Polyphosphoesters I 154

Polyphosphoramidates I 154

Polyplexes I2,135, 140

- bioresponsive I 164

Polypropylene oxide, SCA I 52

Polypropyleneimines (PPI), dendritic
1150

Polysaccharide-enzyme interactions
II 153

Polysaccharides II 150-153

- cellulose II150

- dextran II 152-153

- starch grains  II 150-152

Poly(styrene-4-sulfonate), HIV 40

Poly(styrene sulfonic acid) 134

Polyvalency 112

Polyvalent interactions I 30

Potassium, sequestration I 14

Prodrug, dendritic 178

Propranolol 161

Prostacyclin antagonists II 110

Protein-DNA interactions II 138-142

Proteins

- DNA-protein interactions

- mechanical properties II 162-164

- membrane II 154-155

11 83-84

11 138-142

- polymer-protein conjugates

- single-force molecular interactions
11162

- on substrates II 157-160

-viral II156-157

Proton sponge I 141, 146

Pyran copolymer I3

Quality of life  IT 114-115
Quinone methide 170

RBCs, PEGylation 1129
Reactive oxygen species
Receptors 131

Renal failure 115
Rheumatoid arthritis 144

RNA II 146-150

- crystallization IT 149

- force investigations II 149-150
- in situ synthesis  IT 147

- tectonics T 147-149
Rotavirus 137

Sequestrant [2,13

Serum phosphate 115

Shabat adaptor unit 68

Sialic acids, influenza virus I 39

Sialyltransferase I 127

Sickle cell anemia 122

- non-ionic surfactant I 52

Signal transduction  II 179-180

- polymer-coated surfaces affecting
I1'191-192

Silanes

- aminopropyltriethoxysilane

- DNA immobilisation II 135

Single-force molecular interactions
11162

- ligand-receptor interactions
I 164-166

- mechanical properties of proteins
I1'162-164

SMANCS II111-112

- clinical status  II 112-113

- quality of life  IT 114-115

Solid tumours, characteristics

Starburst dendrimers I 142

Starch grains  II 150-152

Statins 125

11135

1I 54, 103-121

11106
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II11-18

Stimuli-triggered drug release II 84-85
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Stroke 125

Styrene maleic anhydride II7

Styrene-co-maleic
anhydride-neocarzinostatin  II 17-18

Super-stealth property II 96

Superoxide dismutase II 116

Surface-functionalized polymeric micelles
II 86-87

Synthetic polyelectrolytes II 189-191

Taxol 172

Thalassemia I22

Thiol groups, PEGylation I 122

Thrombopoiesis 1114

Toxins, polymeric sequestrants I 32

Transferrin I 145

Transglutaminase, PEGylation I 125

Triacyl glycerides 148

Tumour cell targeting  IT 9-11

Subject Index

Tumour vasculature, drug targeting
II 9-11, 42-50

- delivery schedules and vehicles
II 48-49

- HPMA copolymer-TNP-470 (caplostatin)
11 46-48

- markers of angiogenesis II 43-45

- PEGylated-liposomes  IT 49-50

- peptide motifs II 45-46

Vancomycin I 32

- resistance [41

Vascular endothelial growth factor
Vascular pemeability factor II 72
Vaso-occlusion I 52

Viral attachment proteins I 37
Viral infections 137

Viral proteins  IT 156-157
Viruses, artificial I 164

1172
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