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Abstract
The field of polymer therapeutics has evolved over the past decade and has resulted in the
development of polymer-drug conjugates with a wide variety of architectures and chemical
properties. Whereas traditional non-degradable polymeric carriers such as poly(ethylene glycol)
(PEG) and N-(2-hydroxypropyl methacrylamide) (HPMA) copolymers have been translated to use
in the clinic, functionalized polymer-drug conjugates are increasingly being utilized to obtain
biodegradable, stimuli-sensitive, and targeted systems in an attempt to further enhance localized
drug delivery and ease of elimination. In addition, the study of conjugates bearing both therapeutic
and diagnostic agents has resulted in multifunctional carriers with the potential to both “see and
treat” patients. In this paper, the rational design of polymer-drug conjugates will be discussed
followed by a review of different classes of conjugates currently under investigation. The design
and chemistry used for the synthesis of various conjugates will be presented with additional
comments on their potential applications and current developmental status.
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INTRODUCTION
Concepts utilizing polymers in the design of therapeutic agents have been widely
investigated for a number of decades. Initial work of the 1960s focused on utilizing
polymers as blood plasma expanders, wound dressings, and injectable or implantable
depots1, 2. In 1975, a rational model for pharmacologically active polymers was first
proposed by Helmut Ringsdorf 3. His concept of covalently bound polymer-drug conjugates
still forms the basis for much of the work in this area performed today. The Ringsdorf model
(Figure 1) primarily consists of a biocompatible polymer backbone bound to three
components: 1) a solubilizer, which serves the purpose of imparting hydrophilicity and
ensuring water solubility, 2) a drug, usually bound to the polymeric backbone via a linker,
and 3) a targeting moiety whose function is to provide transport to a desired physiological
destination or bind to a particular biological target.
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The Ringsdorf model is particularly attractive to drug delivery scientists, whose primary
objective is the specific delivery of therapeutic agents to their intended site of action in an
attempt to improve efficacy and reduce toxicity. These polymer-drug conjugates offer
several significant advantages over traditional small molecule therapeutics. First, the
aqueous solubility of a drug can be dramatically improved following conjugation to a water
soluble polymer4, 5. This is of significant relevance as it has been estimated that 40–60% of
drugs in development exhibit poor bioavailability due to low aqueous solubility6. Next,
polymer-drug conjugates offer the potential for a drug to be delivered in a controlled
manner, with drug release from the conjugate occurring over a defined time interval. In this
way, the rate and duration of delivery can be custom designed to achieve the desired
therapeutically effective concentration. Thus it is possible to avoid large fluctuations
associated with periodic administration which can lead to high systemic drug concentrations
resulting in undesired side effects, organ damage, or toxicity. Polymer conjugation also
provides an opportunity to alter drug pharmacokinetics and biodistribution. This is
particularly useful for drugs which exhibit a short blood plasma half-life due to rapid
metabolism or clearance or for drugs which exhibit off target toxicities (i.e. anticancer
agents). As previously mentioned, another major advantage that can be realized through
drug-polymer conjugation is the inclusion of targeting moieties, which function to carry the
drug to the site of pharmacological action.

A substantial amount of effort is currently directed toward developing anticancer polymer-
drug conjugates. Anticancer agents are often limited by poor water solubility and metabolic
instability, and their clinical use is often limited by dose dependant toxicity. The therapeutic
index of a given drug is defined as the ratio between its toxic and therapeutic dose. For the
clinician, the goal is to deliver an anticancer agent at a dose high enough to achieve
cytotoxicity within tumor tissues. However, the actual dose administered is very often
limited by toxicity to other vital organs. Thus, any improvement in the therapeutic index for
such drugs which allows the clinician the ability to deliver higher drug concentrations to
tumor tissue while maintaining manageable side effects can yield benefits for cancer
patients. One of the primary ways in which polymer-drug conjugates can increase the
therapeutic index of anticancer agents is via the “enhanced permeability and retention (EPR)
effect” first described by Matsumura and Maeda in 19867. They proposed that increased
uptake of macromolecules by solid tumors can occur due to a combination of poor
lymphatic drainage and increased vascular permeability present within the tumor
microenvironment (Figure 2). Detailed information about the EPR effect and its implications
in cancer chemotherapy has been the subject of previous reviews8–11.

Despite the vast amount of effort directed toward the development of therapeutic polymer-
drug conjugates, success in terms of translation to clinical practice has been slow due to a
variety of unique challenges. Many conjugates are, for example, complex multi-component
drug delivery systems that must ultimately satisfy the identity and purity regulatory
requirements necessary for any new chemical entity (NCE). Validated methods for
reproducible synthesis and characterization such as reversible-addition fragmentation chain-
transfer (RAFT) polymerization12–14 or atom transfer radical polymerization (ATRP)15 need
to be further utilized to satisfy drug product quality requirements. In addition to this,
regulatory requirements require studies examining the metabolic fate of such conjugates,
which can become increasingly difficult to characterize for multi-component systems as
compared to traditional small molecule therapeutics.

Safety and efficacy of polymer-drug conjugates, as with other more traditional therapeutics,
is obviously of the utmost concern during the drug development process. Those conjugates
that have progressed to clinical trials have primarily utilized previously approved
drugs16–22. Although a polymer-drug conjugate is defined as a NCE for regulatory

Larson and Ghandehari Page 2

Chem Mater. Author manuscript; available in PMC 2013 March 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



purposes23, information pertaining to the safety of the free drug can be utilized as a guide in
designing toxicity studies. However, careful consideration must be taken as polymer-drug
conjugates frequently show altered biodistribution and pharmacokinetic patterns. A critical
parameter directly associated with both safety and efficacy is release of the drug from the
polymeric carrier. Generally, drug release from a polymeric carrier is necessary for the drug
to elicit its pharmacological effect24, 25. This is advantageous as a conjugate will be mostly
inactive during systemic transport. If release of the drug from the conjugate occurs
prematurely during systemic transport, undesired toxicities may result, and the overall safety
profile of the conjugate will be poor18, 26. Therefore, the stability of the conjugate is one
critical parameter. However, upon reaching the desired target destination, release of the drug
is then required to achieve efficacy. There is therefore a critical balance between conjugate
stability and drug release that directly impacts safety and efficacy.

The focus of this article will be to review the rational design of polymer-drug conjugates and
their biological evaluation. Polymer-drug conjugates of various chemistries and
architectures will be reviewed with emphasis given on the design of each system and
potential applications. Stimuli-sensitive systems, the role of targeting, and the emerging
field of theranostics based on polymeric systems will also be discussed.

LINEAR POLYMERS
Many different drug conjugates have been synthesized utilizing water soluble linear
polymers. While many polymeric carriers have been described such as poly(vinyl
pyrrolidone) (PVP)27, 28, poly(vinyl alcohol)29, polyglutamic acid (PGA)30, and poly(malic
acid)31, two of the most widely investigated chemistries are those based on poly(ethylene
glycol) (PEG)21 and N-(2-hydroxypropyl)methacrylamide (HPMA) copolymers32, which
will be reviewed in detail.

Poly(ethylene glycol)
Although numerous different polymer compositions have been synthesized and studied,
some of the simplest polymers, such as poly(ethylene glycol) (PEG), maintain widespread
use and versatility. PEG-protein conjugates have gained particular importance due to the
ability of PEG to protect against protein enzymatic degradation and reduce uptake by the
reticuloendothelial system (RES)33, 34, both properties imparted via simple steric hindrance.
Protein PEGylation has led to the development of numerous therapeutics, including the FDA
approved products PEG-asparaginase (Oncaspar®)35, PEG-adensoine deaminase
(Adagen®)36, PEG-interferon α-2a (Pegasys®)37, PEG-interferon α-2b (PEG-Intron®)38,
PEG-granulocyte colony-stimulating factor (Neulasta®)39, and PEG-growth hormone
receptor antagonist (Somavert®)40. Most commonly, conjugation to PEG is performed via
coupling to the end chains41.

Functionalities such as N-hydroxysuccinimide (NHS) esters or aldehydes allow conjugation
to the amine of lysine residues whereas maleimides react readily with the thiol of cysteine
residues. Numerous functionalized PEGs are available to aid in conjugation (Figure 3A).
Whereas some functionalities allow conjugation to biomolecules such as proteins and
antibodies, others can be more generally applied in the synthesis of novel biomaterials. One
such approach widely utilized recently involves “click” chemistry42. A click reaction is a
highly specific, high yield conjugation reaction wherein mild conditions are commonly used,
and by-products are easily removed. The most prevalent example is the 1,3-dipolar
cycloaddition of alkynes and azides43. A number of other conjugation chemistries have also
been investigated44–46.
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PEG-drug conjugates have several advantages. First and foremost, the use of PEG as a
biocompatible polymer has been established clinically47. Due to the widespread use of PEGs
in drug conjugation, an array of functional PEGs are now commercially available44. In
addition, large scale synthesis of PEGs are generally routine, and they can be readily
synthesized with narrow molecular weight and molecular weight distribution
specifications48. These properties make PEG-drug conjugates attractive for pharmaceutical
applications.

The use of PEG in conjugation is, however, not without limitations. A fundamental
disadvantage of PEG is its non-biodegradability. As previously mentioned, conjugates with
a hydrodynamic radius of approximately 3.5 nm are preferred in many applications due to
their ability to avoid renal filtration49. However, conjugates of this size have the potential
for long term accumulation, resulting in toxic side effects. Another significant disadvantage
of traditional PEG-drug conjugates is the low drug loading that is achieved due to
conjugation at only the end chains of PEG50. In an effort to overcome these limitations,
branched51–53 and multiarm54, 55 PEGs have been investigated which can be excreted more
easily following biodegradation.

EZN-2208 is an example of a drug-multiarm PEG conjugate currently under clinical
investigation21. This conjugate was synthesized by coupling a 40 kDa 4 pronged multiarm
PEG with the camptothecin (CPT) derivative SN38, a potent topoisomerase II inhibitor56

with poor water solubility (Figure 3B). A glycine spacer was utilized to provide a link
between the 20-hydroxyl group of SN-38 and each PEG arm. This conjugate demonstrated a
drug loading of 3.7 wt% as compared to 1.7 wt% for a previously reported linear PEG-CPT
conjugate. Conjugation to this multiarm PEG resulted in approximately 1000 fold increase
in the aqueous solubility of SN-3857. EZN-2208 showed a longer blood circulation half-life
which resulted in a 207-fold increase in tumor exposure to SN-38 as compared to
camptothecin-11 (CPT-11), a small molecule prodrug of SN-38. Antitumor efficacy was
also demonstrated in xenograft models of breast, colorectal, and pancreatic cancer57.
EZN-2208 is currently under phase 2 clinical investigation for patients with metastatic
breast cancer.

N-(2-hydroxypropyl)methacrylamide (HPMA) copolymers
Copolymers of HPMA, first developed by Kopecek and coworkers, have also been widely
investigated as hydrophilic, biocompatible, polymeric drug carriers23, 32, 58, 59. Substitution
of the α-carbon and the presence of an amide linkage in the side chain ensure hydrolytic
stability. In addition, HPMA was selected over other derivatives as the presence of divinyl
compounds was eliminated due to the crystalline nature of the monomer, as compared to 2-
hydroxyethyl methacrylate type esters. Various functionalities may be incorporated into
HPMA copolymers via functionalized comonomers, allowing control over the composition
of these systems. In particular, side chains which include drugs, targeting moieties, imaging
agents, or reactive groups can be combined with relative synthetic ease. A major driving
force behind the continued development of HPMA copolymers as drug carriers was the
development of oligopeptide sequences as drug linkers60, 61. These sequences were
specifically designed to ensure hydrolytic stability during systemic transport and the ability
to be enzymatically cleaved by lysosomal enzymes following cellular internalization62. In
developing such a system, early studies with model enzymes demonstrated that factors such
as peptide sequence structure and length, drug loading, drug structure, and steric hindrance
play important roles in stability and drug release kinetics63, 64. Studies evaluating release in
the presence of the lysosomal enzyme cathepsin B resulted in the isolation of the
tetrapeptide sequence glycylphenylalanylleucylglycine (GFLG). Numerous HPMA
copolymer-drug conjugates utilizing this lysosomally cleavable linker have been reported to
date65–68, including several HPMA copolymers used in clinical trials17, 69.
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PK1 was the first clinically investigated water soluble polymer-drug conjugate for cancer
therapy70. This agent consists of the anticancer anthracycline antibiotic doxorubicin attached
to a HPMA copolymer backbone via the lysosomally degradable sequence GFLG (Figure 4).
PK1 had a molecular weight of approximately 30 kDa and contained 8.5% doxorubicin by
weight71. The stability of the GFLG linkage to doxorubicin was demonstrated following
intravenous administration, with no release of free doxorubicin and biological inactivity of
covalently bound doxorubicin71. PK1 in comparison with free doxorubicin also
demonstrated decreased cardio- and bone marrow toxicity in animals. In addition, tumor
accumulation of doxorubicin was increased 17–70 fold as compared to free doxorubicin in
melanoma tumor bearing mice72. These promising results led to the further clinical
development of PK117, 73. PK1 was generally well tolerated with no alopecia until doses
greater than 180 mg/m2, and no anthracycline related cardiotoxicity until doses greater than
1680 mg/m2. Efficacy was marginal with 2 partial and 2 minor responses out of 36 patients
observed during phase I studies, and 6 partial responses out of 56 evaluable patients during
phase II studies. Building on the experience gained during the evaluation of PK1, a number
of HPMA copolymer-drug conjugates have entered clinical evaluation as anticancer
agents23, 32, 59.

In the recent decade, strategies to improve on the first generation of HPMA based polymer
conjugates have been investigated. For example, HPMA copolymers exhibiting pH
dependant drug release have been described (see section on pH sensitive systems). The
versatility of HPMA copolymer design has also allowed a wide array of conjugates
containing a variety of drugs including taxanes18, 68, 74, camptothecin75, 76, platinates19, 20,
dexamethasone77–79, gemcitabine80, 81, and geldanamycin66, 82, 83. Conjugates bearing a
combination of drugs have also been investigated80, 84, 85. A “drug-free” strategy has
recently been reported, wherein apoptosis of cancer cells is induced via crosslinking of cell
surface CD20 using a coiled-coil peptide approach86. More recent attention has also focused
on developing backbone degradable HPMA copolymer-drug conjugates (see section on
biodegradable polymers).

DENDRIMERS
Dendrimers are branched polymeric macromolecules forming a star-like structure (Figure
5A). Such unique structures allow conjugation of drugs to the surface, thus maximizing the
potential for biological interactions. A wide array of chemistries can be employed in the
synthesis of dendrimers, where the core, monomer units, and surface functionality determine
physiochemical characteristics. However, for use in drug delivery applications, it is
necessary to maintain biocompatibility. Physiochemical properties such as solubility, surface
group functionality, surface charge density, and stability must therefore be considered.
Tomalia et al. first described the synthesis of poly(amido amine) (PAMAM) dendrimers in
198587, 88. Synthesis, which occurs for each “generation” in a step-wise fashion (Figure 5B),
can result in dendrimers with precisely defined structures. With each synthetic step, the
generation increases resulting in a linear increase in radius and an exponential increase in
surface groups89. For example, PAMAM dendrimers are synthesized from an
ethylenediamine core followed by subsequent half-generation addition by reaction with
methyl acrylate and complete generation synthesis by reaction with ethylenediamine (Figure
5C). A major advantage of dendrimers, as compared to most linear polymers, is their
synthetic precision, often yielding monodispered structures having polydispersity indices
(Mw/Mn) less than 1.0590. In addition, the large number and density of functional groups at
the dendrimer surface provides opportunities for conjugation of drugs91, 92, targeting
moieties93, imaging agents94, etc. (Figure 5B).
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In the field of drug delivery, much of the work with dendrimers has focused on their use in
the encapsulation and formulation of drugs95. Due to their hyper branched structure,
dendrimers often possess open cavities between adjacent branches, thus allowing
encapsulation of drugs96. This can aid in the solubilization of poorly water soluble drugs. In
addition, dendrimers formulated (physically mixed) with drugs have been investigated as
both transdermal97 and oral98 delivery systems. Dendrimers with positively charged surface
functionalities, such as poly(ethyleneimine) and PAMAM dendrimers, have also been
investigated as gene carriers99, due to their ability to complex with negatively charged
DNA.

The covalent attachment of drugs to dendrimers has been widely investigated. Numerous
chemotherapeutics have been attached to the surface of dendrimers in an attempt to increase
aqueous solubility and provide specific delivery to tumor tissues. For example
multifunctional drug delivery platforms utilizing dendrimers conjugated with imaging
agents, drugs, and targeting moieties have been investigated.93 Synthesis of such conjugates
begins with an ethylenediamine (EDA) initiator core followed by repeated Michael addition
of methyl acrylate and subsequent methyl ester condensation with EDA to produce
increasing generation PAMAM dendrimers (Figure 5C). In theory, a resulting generation 5
(G5) dendrimer will possess 128 primary amino groups on its surface, thus providing ample
opportunity for further modification. Partial acetylation of the primary amino groups has
been performed to reduce the positive surface charge in an effort to improve
biocompatibility. This is followed by formation of a thiourea bond with fluorescein
isothiocyanate (FITC) to enable in vitro imaging. Folic acid as a targeting moiety was then
conjugated to PAMAM dendrimers by reaction of the surface primary amines with an
activated ester derivative of folic acid. Glycidolation was performed to transform the
remaining primary amines into hydroxyl groups, followed by attachment of the
chemotherapeutic methotrexate via formation of an ester bond. Characterization of such
constructs is generally carried out by size exclusion chromatography coupled with multi-
angle laser light scattering (SEC-MALLS), nuclear magnetic resonance (NMR), and UV
spectrometry to determine the content of drug, fluorescent probes, and targeting agent100.
Confocal images obtained in vitro demonstrated increased cellular uptake of the tri-
functional dendrimers in folic acid receptor expressing cells as compared to untargeted
controls101. Evaluation for in vivo efficacy was then performed in CB-17 SCID mice
bearing human KB cell (human carcinoma over-expressing folic acid receptor) xenografts.
Mice treated with the tri-functional dendrimer conjugate showed slowing of tumor growth
and increased survival out to 84 days as compared to mice treated with equivalent doses of
free methotrexate102. These results demonstrate that dendrimer-drug conjugates can be
synthesized and utilized as multi-functional drug delivery platforms.

Dendrimers have also been increasingly investigated for their potential to facilitate drug
delivery across biological membranes including skin (transdermal)97, 103, intestinal
epithelia104, 105, human placenta106, and the blood-brain barrier107–109. Biodegradable
dendrimers110–112, glycodendrimers113, 114, amphiphilic dendrimers115–117, and asymmetric
dendrimers118 have also been investigated as potential drug carriers. The further
development of dendrimers as multifunctional drug delivery systems functionalized with
drugs, targeting moieties, and imaging agents have been the subject of several recent
reviews97, 119, 120.

Several studies have also compared dendritic carriers to other more traditional polymeric
carriers such as HPMA copolymers and PEG. For example, linear and branched HPMA
copolymer-doxorubicin (DOX) conjugates were compared in terms of anticancer activity
against lymphoma and colorectal carcinoma cell lines, wherein branched HPMA copolymer-
DOX conjugates demonstrated a 3 to 11 fold increase in activity as compared to linear
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HPMA copolymer-DOX121. Another comparative study evaluated the anticancer activity of
G4-paclitaxel dendrimers and PEG-paclitaxel, wherein the G4-paclitaxel demonstrated
enhanced activity as compared to free paclitaxel. PEG-paclitaxel, however, showed
significantly reduced activity as compared to free paclitaxel122. These results demonstrate
the unique potential of dendritic polymeric architectures as drug carriers.

Despite much progress, clinical translation of dendrimer based drug delivery systems has
been limited due to concerns over their biocompatibility and toxicity. Dendrimers have been
shown to exhibit high affinity for metal ions, lipids, bile salts, proteins, and nucleic acids,
resulting in the disrupting of biological processes and leading to toxicity123. The molecular
toxicity of dendrimers depends primarily upon their surface functionalization. In particular,
dendrimers with a highly positive surface charge have been shown to elicit toxicities in
vitro124, 125 and in vivo126, 127. Therefore, much effort is currently focused towards the
design of biocompatible dendrimers surface modification to increase biocompatibility. In
addition, the difficulty and expense associated with dendrimer synthesis needs to be
addressed before clinical translation can be achieved.

POLYMERIC MICELLES
Micelles are colloidal particles with a size of about 5–150 nm that consist of self assembled
aggregates of amphiphilic molecules or surfactants. Amphiphiles, at low concentrations in
aqueous media exist as unimers in solution. However, as their concentration is increased,
thermodynamic processes drive the formation of aggregates which sequester hydrophobic
regions into core like structures surrounded by a hydrophilic corona or shell. The
concentration at which aggregation occurs is commonly referred to as the critical micelle
concentration (CMC). Traditionally, low molecular weight surfactants (i.e. polysorbates,
sodium dodecyl sulfate, etc.) with relatively high CMCs in the range of 10−3 to 10−4 M have
been used extensively in pharmaceutical formulations, primarily as excipients to increase the
aqueous solubility of poorly water soluble drugs128. Hydrophobic drugs are contained within
and associate with the hydrophobic regions of the micelle. However, following
administration, dilution of a given pharmaceutical formulation occurs rapidly, and as the
micelle concentration drops below its CMC, its stability is compromised.

Early work by Kataoka 129, Kabanov 130, and coworkers described the potential use of
amphiphilic polymers as drug carriers. These polymeric micelles are primarily composed of
block-copolymers with hydrophilic and hydrophobic units that also self assemble into a
hydrophobic core surrounded by a hydrophilic shell (Figure 6A). Each micellar unimer unit
can be assembled in various fashions such as A–B diblock copolymers, A-B-A triblock
copolymers, and grafted copolymers. A major advantage of polymeric micelles as compared
to traditional low molecular weight surfactant derived systems is their increased stability.
Polymeric micelles commonly exhibit CMCs in the 10−6 to 10−7 M range131. The ideal
polymeric micelle should demonstrate high drug loading ability, controlled drug release, and
suitable biological compatibility and stability. Physiochemical properties of polymeric
micelles are primarily based on the characteristics and lengths of the hydrophilic and
hydrophobic blocks. PEG is the most commonly employed hydrophilic polymer, due to
highly hydrated nature and ability to resist uptake by the reticuloendothelial system (RES).
However, a number of other hydrophilic polymer chemistries have been applied including
poly(N-vinyl-2-pyrrolidone) (PVP)132, poly(vinyl alcohol) (PVA)133, and
poly(ethyleneimine) (PEI)134. PEG remains the polymer of choice due to its widespread
acceptance and availability. A large variety of unimers to form hydrophoblic blocks have
been utilized in forming the hydrophobic core of polymeric micelles. Examples include
propylene oxide, L-lysine, caprolactone, D,L-lactic acid, styrene, aspartic acid, β-benzoyl-L-
aspartate, and spermine among others135. More hydrophobic unimers (i.e. styrene) form
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micelle cores spontaneously, while other less hydrophobic unimers (i.e. lysine) first interact
via electrostatic interactions with hydrophobic drug molecules, followed by micelle
formation136. CMC tends to depend more on the type and length of the hydrophobic block,
with lower CMCs associated with greater hydrophobicity and increased hydrophobic block
length137, 138.

The majority of polymeric micelles investigated cannot technically be classified as polymer-
drug conjugates, as no covalent bonds exist between the drug and the micellar carrier.
However, a number of polymeric micelles wherein the drug is covalently bound to the
hydrophobic chains in the micelle core have also been described. For example, recent work
has focused on poly(ethylene glycol)-b-poly(ε-caprolactone) polymeric micelles containing
chemically conjugated docetaxel (Figure 6B)139. Synthesis of PEG-b-polycaprolactone
(PCL) was first achieved via cationic ring-opening polymerization. Following
polymerization, the terminal hydroxyl of PCL was reacted with succinic anhydride to
generate a terminal carboxylic acid, which was then subsequently coupled to 2’ hydroxyl of
docetaxel, a potent anti-mitotic chemotherapy agent (Figure 6B). Conjugation performed in
this scenario resulted in an increase in the drug loading of docetaxel as well as increased
stability as evidenced by a reduced release rate of docetaxel from the micelle core.

Continued advances are being made in the development of polymeric micelles. Increasingly,
there is a trend towards “smart” polymeric micelles in terms of their response to various
biological stimuli (see section on pH-sensitive systems) and their ability to target specific
tissues (see section on targeting). Another interesting application involves the use of polyion
complex (PIC) micelles, wherein the micelle core is composed of a polycation block, for the
delivery of negatively charged DNA or small interfering RNA (siRNA)140, 141. Polymeric
micelles based on HPMA copolymers have also been described142. PolyHPMA has been
used successfully in the generation of polymeric micelles either in the hydrophilic block
comprising the shell143–146, or following chemical modification, as the hydrophobic
core147, 148. A variety of hydrophobic drugs have also been encapsulated in these micelles;
however, the majority of the data on the activity of these systems to date have been obtained
in vitro142, 148, 149, and more in vivo data is needed to ascertain their potential as carriers.

An advantage of polymeric micelles as compared to other polymeric drug carriers is their
relative ease of fabrication, due to their inherent self-assembly properties. This has resulted
in a number of polymeric micelles currently under clinical investigation150.

BIODEGRADABLE POLYMERS
A major advantage of polymer-drug conjugates is their ability to escape filtration via the
kidneys, resulting in an increased blood circulation time. For anti-cancer conjugates, an
added advantage is increased tumor accumulation via the previously described EPR effect
for conjugates at least greater than 3.5 nm49. However, eventual elimination from the body
is also required to reduce potential long term adverse effects of these carriers. The use of
biodegradable systems allows conjugates of a sufficient size to both evade renal filtration
and allow subsequent degradation and elimination. Such conjugates should have degradation
rates slow enough to allow adequate biodistribution, and such degradation should result in
the production of non-toxic degradation products. A number of biologically degradable
bonds have been described (Figure 7A). Biodegradation generally occurs via hydrolysis,
enzymatic cleavage, or reductive degradation. Biodegradable polymers have been
described151, 152 which include poly(α-amino acids) such as poly(L-lysine)153, poly(L-
glutamic acid)154, and poly ((N-hydroxyalkyl)glutamine)155 as well as carbohydrate
polymers such as dextrins156, hydroxyethylstarch (HES)157, polysialic acid158, and the
polyacetal Fleximer®22.
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An example of a biodegradable polymer-drug conjugate currently under phase III clinical
development in the United States is OPAXIO™(formerly branded as XYOTAX), which is a
conjugate of poly(L-glutamic acid) and the anticancer agent paclitaxel30. Poly(L-glutamic
acid) was chosen as its breakdown product L-glutamic acid can enter normal cellular
metabolism and is not cleared via the kidneys. Paclitaxel is conjugated via an ester bond to
the γ-carboxylic acid side chains. In addition, because conjugation is via the 2’ hydroxyl of
paclitaxel, the conjugate is unable to bind tubulin and elicit its pharmacological action, thus
rendering it inactive. In one example, the poly(L-glutamic acid) conjugate had a molecular
weight of 48 kDa, and contained approximately 37% by weight paclitaxel, while
maintaining water solubility. During preclinical investigation, this conjugate demonstrated a
higher maximum tolerated dose (MTD) and was more efficacious than paclitaxel formulated
in Cremophor EL/ethanol. Clinical trials are currently underway159–163 evaluating
OPAXIO™in prostate, breast, ovarian, colorectal, and lung cancers.

Strategies to produce biodegradable derivatives of more traditional polymers such as PEG
and HPMA copolymers have also been investigated. As mentioned previously,
biodegradable multi-arm PEGs57 (i.e. ENZ-2208, Figure 3B) containing ester bonds
between PEG chains have entered clinical trials. Another strategy in which a biodegradable
polymer consisting of small molecular weight PEG blocks is linked together via
enzymatically cleavable oligopeptide groups, and bearing the anti-cancer agent doxorubicin,
has been described164. Work by Ulbrich and coworkers has utilized a variety of approaches
to generate biodegradable HPMA copolymer-drug conjugates including graft systems
containing oliogopeptide sequences and/or reductive disulfide bonds165, as well as the
generation of biodegradable star HPMA copolymer-drug conjugates166. In the latter,
PAMAM dendrimers were modified with polyHPMA grafts via enzymatically cleavable or
reducible linkers, thus enabling degradation of the high molecular weight polymer. These
star polymer conjugates bearing doxorubicin exhibited prolonged blood circulation,
increased tumor accumulation, and anti-tumor efficacy in lymphoma tumor bearing mice110.
Other recent work on the synthesis of biodegradable multiblock poly(HPMA) conjugates
generated via a combination of RAFT polymerization and click chemistry has been
described81, 167. This synthesis was performed in three major steps (Figure 7B). First, RAFT
polymerization of HPMA was performed using an enzyme-sensitive, GFLG containing
chain transfer agent (CTA) with a terminal alkyne. Second, post-polymer modification was
performed to introduce a terminal azide, resulting in an α-alkyne, ω-azido-telechelic
poly(HPMA). Third, a biodegradable multiblock poly(HPMA) was synthesized by click
chemistry in the presence of a copper catalyst. The resulting biodegradable multiblock
poly(HPMA) exhibited a molecular weight of 291 kDa and a polydispersity index of 1.11.
Following incubation with model lysosomal enzymes, poly(HPMA) segments of similar
molecular weights (42 kDa) were obtained. These results demonstrate how advances in
chemistry (i.e. RAFT polymerization and click chemistry) can be utilized to generate new
biodegradable polymer-drug conjugates with well-defined physicochemical properties.

STIMULI SENSITIVE POLYMERS
So called “smart polymers” have been engineered to contain a vast array of properties,
including the ability to respond to changes in environmental stimuli such as pH, ionic
strength, temperature or externally applied heat, magnetic or electric fields, or ultrasound168.
Such polymers commonly respond via conformational and/or electrostatic changes, which
can be exploited to help facilitate a particular function (i.e. drug release, endosomal escape,
etc.). Carriers which respond to variations in pH and temperature have found the greatest
versatility in drug delivery and will be reviewed in brief below.
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pH-sensitive systems
Exploiting physiological variations in pH has been widely investigated as a means to obtain
site specific delivery. The pH of diseased areas such as tumors, infarcts, and sites of
inflammation may drop to around 6.5, almost one full pH unit below that of normal blood
(pH 7.4) due to hypoxic conditions and extensive cell death169, 170. In addition, following
cellular uptake via endocytosis, the pH of late endosomes may reach values as low as 5.0,
further providing a gradient over which release may be triggered171. The polymer backbone
can be made pH sensitive, typically through the inclusion of acidic (i.e. carboxylic and
sulfonic acids) or basic (i.e. ammonium salts) groups that undergo protonation or
deprotonation in response to changes in pH. Commonly studied chemistries of this nature
include poly(acrylamide) (PAAm), poly(methacrylic acid) (PMAA), poly(acrylic acid)
(PAA), and poly(2-(dimethylamino)ethyl methacrylate (PDMAEMA)172. Utility is primarily
found in non-conjugated systems such as micelles, liposomes, and other nanocarriers, where
conformational changes disrupt the stability of the carrier resulting in drug release173.

As for polymer-drug conjugation, pH sensitivity is introduced primarily via pH sensitive
chemical bonds which can result in site specific drug delivery. For example, hydrazone
bonds formed via the action of hydrazine on ketones or aldehydes exhibit hydrolysis under
mildly acidic conditions (pH 5–6) such as that present in lysosomes while maintaining
stability at pH values found in blood (pH 7.4)174, 175. For example, pH sensitive HPMA
copolymers bearing the anticancer agent doxorubicin conjugated via hydrazone bonds and
cis-aconitic acid residues (aconityl conjugation) have been described176. These systems
demonstrate increased drug release at pH 5 as compared to pH 7.4, suggesting potential
preferential release following cellular uptake via endocytosis. In vitro assays demonstrated
that cytotoxicity was related to drug release kinetics, with higher toxicity observed for faster
releasing hydrazone conjugates as compared to aconityl conjugates, and these conjugates
also demonstrated significant in vivo activity as determined by tumor regression in mice176.

A number of pH responsive polymeric micelles have also been described including systems
in which doxorubicin was conjugated to the side chains of the micelle core-forming blocks
via hydrazone bonds177. The micelles demonstrated both time and pH dependant release,
with increased release under endosomal low pH conditions (5.0–5.5)177. Biodistribution
studies showed minimal signs of premature drug release, and selective accumulation in
tumors and the anti-tumor efficacy of these pH sensitive micelles was significantly higher
than that achieved with comparable doses of free doxorubicin178.

Temperature-sensitive systems
The concept of using temperature to control drug delivery is in part due to the observation
that elevated temperature can be associated with diseased tissues. In addition, the external
application of hyperthermia can be utilized as a trigger to induce changes in polymer
structure resulting in drug release. Water soluble temperature sensitive polymers such as
those based on poly(N-isopropylacrylamide) (poly(NIPAAM)) undergo a lower critical
solution temperature (LCST) phase transition, wherein polymer chains collapse and
aggregate at temperatures above their LCST due to the reversible dehydration of
hydrocarbon side chains179. The LCST for poly(NIPAAM) is approximately 32°C.
However, the LCST of such polymers can be adjusted by changing the N-substituted carbon
chain or via copolymerization180.

Over the past decade, elastin-like polypeptides (ELPs) have been investigated in drug
delivery applications. ELPs are recombinant polymers produced using genetic engineering
techniques181, 182, resulting in monodisperse polymers with precisely defined molecular
weights and compositions183. They consist of a repeated peptide sequence based on a motif
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found in mammalian tropoelastin (VPGXG)n, where X is defined as any residue except
proline184. ELPs exhibit an LCST above which they become insoluble. This LCST can be
varied by modifications in molecular weight and composition. A number of strategies
utilizing the thermo sensitive nature of ELPs have been investigated. For example, ELPs
with LCST above normal body temperature but below 43°C have been utilized as anticancer
drug carriers, in which systemic delivery is combined with localized hyperthermia to tumor
tissue, resulting in an increased accumulation of ELP aggregates within the tumor 185. Other
strategies including the use of ELP microparticles, ELP micelles, and ELP block copolymers
have also been investigated186, 187.

TARGETING
A tremendous amount of effort developing therapeutic polymer-drug conjugates and other
nanomedicines has focused on the inclusion of targeting moieties. In the majority of cases,
physicochemical properties of polymer-drug conjugates such a size, surface charge,
conformation, and biocompatibility dictate how absorption, distribution, metabolism, and
excretion take place. 188. As previously described, polymer-drug conjugates with a size
above renal threshold will exhibit longer blood circulation times, thereby increasing the
probability for a conjugate to interact with its target. The benefits of so called “active
targeting” are realized by increasing binding to and internalization into the cells of target
tissues, phenomena which occur over short distances. Targeting can therefore be utilized as
a way to maximize the effect of “passive targeting” mechanisms, by ensuring that physically
delivered polymer-drug conjugates remain at their intended site of action.

A number of features characterize an ideal target. The target should be universally and
uniquely expressed by the diseased tissue. The vast majority of targeting strategies rely on
the over expression of particular cell surface markers in diseased cells as compared to
normal cells. Therefore, the probability of binding and cellular uptake of a conjugate with its
intended target is increased as compared to normal cells. While it is well understood that
expression of a particular target is generally not entirely specific, it is nevertheless
anticipated that the large relative differences in expression between diseased and normal
cells can still be utilized as an effective targeting strategy. Ideally, the target should also
facilitate endocytosis following binding of the conjugate, thereby allowing the agent to exert
it pharmacological action within the cell.

Sugars, hormones, growth factors, antibodies, antibody fragments, peptides, or other small
molecules can be utilized as targeting moieties189–192. The targeting moiety must include
the necessary functionality to facilitate conjugation, and should be conjugated in a manner
that will ensure its stability during systemic circulation. Different targeting moieties have
distinct advantages and disadvantages. Antibodies, for example provide excellent binding
affinity and target selectivity. However, their large size can drastically influence the
properties of the carrier. Also, the relative cost associated with antibody production,
conjugation, and concerns over their stability and immunogenicity remain important issues.
The use of antibody fragments (Fab′, single-chain variable fragments (scFvs)) can partially
address these concerns. These proteins retain the specificity of the original antibody, but are
reduced in size, and can often be synthesized in bacterial cultures and thus reduce synthetic
cost. Other targeting moieties such as peptides, sugars, and hormones can generally be
readily synthesized at low cost, but they typically have reduced binding affinity and
specificity as compared to antibodies and antibody fragments. These advantages and
disadvantages and the choice of carrier dictate targeting moiety selection. How the binding
affinity of the targeting moiety is affected following conjugation must also be evaluated.
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In an attempt to find an alternative, low cost, effective targeting strategy, Torchilin and
coworkers have described paclitaxel loaded polymeric micelles modified with a tumor-
specific phage protein193. The amphiphilic nature of the phage fusion coat protein enabled
stable incorporation into the polymeric micelles without the requirement for specific
conjugation chemistry and this approach relied completely on the inherent self-assembly of
the phage protein into the micelles, resulting in synthetic ease. In vitro evaluation of cellular
uptake and cytotoxicity demonstrated enhanced activity as compared for free paclitaxel and
non-targeted micelles193.

Work in our laboratory has focused on developing HPMA copolymers containing cyclic
Arg-Gly-Asp (RGD) peptides that target αvβ3 integrins expressed on angiogenic tumor
blood vessels and tumor cells68, 82, 194–196. Copolymers containing a derivative of the
anticancer and antiangiogenic agent geldanamycin (aminohexylgeldanamycin (AHGDM))
bound to the polymer backbone via the lysosomally degradable GFLG linker were
synthesized (Figure 8A) and characterized. Molecular weight was maintained below 40 kDa
to allow eventual renal clearance following administration. The conjugates demonstrated the
ability for drug release, binding to αvβ3 integrins, and introduced cytotoxicity in endothelial
and prostate cancer cells at concentrations similar to the free drug controls. To assess the
efficiency of targeting, the biodistribution of 125I-labeled copolymers was evaluated in
prostate cancer bearing mice. Significantly higher localization was observed in the tumor
following administration of the HPMA copolymer containing cyclic RGD peptides as
compared to an untargeted control (Figure 8C, 8D). In addition, the tumor accumulation of
released drug was quantified by tumor extraction followed by HPLC analysis. Significantly
higher concentrations of AHGDM were observed following administration of the targeted
conjugate. In vivo efficacy studies were performed in prostate cancer tumor bearing mice.
Percent tumor growth as a function of time was evaluated following a single dose of HPMA
copolymer-AHGDM-cyclic RGD, HPMA copolymer-AHGDM (untargeted control),
AHGDM (free drug control), or saline (negative control). The study also included a large
molecular weight HPMA copolymer-AHGDM conjugate so as to see how efficacy via RGD
targeting would compare to conjugates relying solely on “passive” targeting via the EPR
effect. Tumor growth was suppressed more for HPMA copolymers bearing cyclic RGD
peptides as compared to both untargeted controls (small and large molecular weight) and
free drugs (Figure 8B). The results demonstrate that an appropriately selected targeting
strategy can yield increased tumor delivery resulting in the increased efficacy of cancer
chemotherapy.

THERANOSTICS
In addition to their application as therapeutics agents, polymer-drug conjugates and other
nanomedicines are increasingly being studied for diagnostic purposes. The combination of
use of therapeutics and diagnostics has resulted in the term “theranostics” which defines
delivery systems bearing both therapeutic and imaging or contrast agents197. Such systems
allow for a more personalized medicine approach, wherein therapy can be directly
monitored and custom tailored. Multiple benefits may be realized from these multifunctional
systems. For example, biodistribution and accumulation at the target site of therapy can be
monitored in a non-invasive manner. In addition, localization at the target site can be used as
an accurate predictor of efficacy, thus relieving a patient from subsequent therapy that might
not prove efficacious. This can be achieved by first administering a tracer version of an
imaging agent labeled conjugate. Those patients who demonstrate abnormal or unfavorable
biodistribution, pharmacokinetics, or localization at the target site are then disqualified from
treatment with a therapeutic version of the conjugate. Imaging modalities such as optical
imaging, x-ray computed tomography (CT), dynamic contrast enhanced magnetic resonance
imaging (DCE-MRI), single photon emission computerized tomography (SPECT) and
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positron emission tomography (PET) are well established and provide the necessary tools to
allow spatial visualization and quantification of delivery. For example, during the initial
clinical evaluation of HPMA copolymer-doxorubicin conjugates (PK1, PK2), localization
was visualized in patients following treatment with 131I radiolabeled conjugates, allowing
information related to potential toxicities and tumor accumulation to be obtained early in the
development process. Details regarding the use of macromolecules in theranostic
applications are outside the current scope, but has been the subject of several reviews197, 198

and it is anticipated that going forward, multifunctional drug-polymer conjugates bearing
imaging agents will play a role in the future of image guided drug delivery and personalized
medicine.

CHALLENGES AND FUTURE OUTLOOK
All polymers exhibit some degree of heterogeneity. Traditional small molecular weight
therapeutics and proteins have well defined chemical structures. In contrast, individual
polymer-drug conjugate molecules vary with respect to molecular weight, drug loading, and
resulting conformation. In order to satisfy strict regulatory criteria, variations in such
properties must be minimized. It is therefore critical that polymeric conjugates be
synthesized in a reproducible fashion. As previously discussed, modern polymerization
techniques such as RAFT and ATRP provide better control over both molecular weight and
molecular weight distribution. Validated methods for physiochemical characterization must
also be developed to ensure reproducible product quality. As conjugates become more
complex (i.e. multifunctional nanomedicines), complexities in synthesis and characterization
are also increased. Those polymeric conjugates that have progressed to clinical evaluation
thus far have been synthesized in a relatively simple and straightforward manner (i.e. PK1,
OPAXIO). More complex conjugates currently being developed offer potential advantages
such as stimuli-sensitivity, active targeting, or inclusion of imaging agents. However,
increases in the complexities of synthesis and characterization need to be carefully weighed
against improvements in efficacy and/or safety to ensure that an appropriate “cost to benefit”
ratio is maintained. Ideally, conjugates should offer significant advantages in efficacy and
safety while maintaining simple and cost effective synthesis.

The rate of drug release is directly related to the efficacy and safety of polymer-drug
conjugates. As previously described, strategies for site-specific release via degradable
peptide sequences or variations in pH are used frequently. However, there is considerable
room for improvement with respect to linker design. The ideal linker should be stable during
systemic transport, but facilitate drug release at the intended site of action. Some examples
of linkers currently under investigation include a peptide based linker cleaved in the
presence of tumor-associated legumain199 and peptide based coiled-coil linkers200, 201.
Another interesting approach is the use of “self-immolative” linkers202 in drug conjugation,
wherein changes in a “trigger” moiety rapidly induces or amplifies degradation of additional
bonds. Novel approaches such as these and the design of new linker chemistries will help
facilitate further development of polymer-drug conjugates.

Although many polymer-drug conjugates based on chemistries such as PEG or HPMA have
progressed into clinical development, their progression towards market approval has
undoubtedly been hindered by the non-biodegradable nature. Those conjugates which have
been evaluated have primarily been low molecular weight conjugates, so as to allow renal
elimination. However, these conjugates are therefore unable to take full advantage of
potential benefits such as long blood circulation times and potential tumor accumulation via
the EPR effect. In addition, persistence of the polymer backbone following treatment is a
significant disadvantage, especially where drug loading is below 10%, which require high
quantities of the polymeric conjugates to be administered. As previously described in detail,
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a number of biodegradable chemistries are currently available. Biodegradable conjugates
have advantages in terms of: a) efficacy, due to the ability to fully optimize
pharmacokinetics via increases in molecular weight, and b) safety, due to their
biodegradation and elimination post-treatment. These advantages are significant, and it is
safe to assume that going forward, those conjugates which are biodegradable will have a
much higher probability of clinical success.

The field of polymer therapeutics and the rational design of polymer-drug conjugates have
seen much progress over the past 2 decades, with an increasing number of candidates
currently under clinical investigation. A number of different polymer architectures and
chemistries are being developed and new applications are being realized. The continued
development and success of this field in particular is dependent on a multidisciplinary
approach, where collaboration between polymer chemists, medicinal chemists,
pharmaceutical scientists, biologists, and clinicians is critical in the design, development,
and clinical translation of polymer-drug conjugates. Such collaboration, however, will
continue to yield success in the synthesis of novel biomaterials and further aid in the
development of controlled and site specific drug delivery technologies.
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Figure 1.
Rationale for drug delivery via polymer-drug conjugates.
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Figure 2.
The enhanced permeability and retention or “EPR” effect; increased tumor accumulation of
macromolecules occurs via a combination of increased extravasation and reduced lymphatic
drainage in tumor tissues.
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Figure 3.
A) Examples of commercially available functionalized PEGs. B) ENZ-2208, a 40 kDa
multiarm PEG conjugate currently under clinical investigation; SN-38 is bound to each PEG
arm via a glycine spacer. The use of a multiarm PEG allows a degree of biodegradation and
results in higher drug loading (3.7 wt% SN-38) than conjugation to linear PEGs (1.7 wt%
SN38). Adapted and reprinted with permission from Ref [21].
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Figure 4.
Representative structure of PK1 (FCE28068), a HPMA copolymer conjugate bearing the
anticancer agent doxorubicin bound via the lysosomally degradable Gly-Phe-Leu-Gly
(GFLG) linker (≠). PK1 was the first anticancer polymer-drug conjugate evaluated
clinically. Adapted and reprinted with permission from Ref [203].
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Figure 5.
A) Dendrimers are hyperbranched, star-link polymers. Drugs can be either conjugated to the
dendrimer surface or encapsulated within “void” spaces between adjacent branches. B)
Dendrimers grow linearly in size and exponentially in surface area with each successive
“generation.” They can be utilized as multifunctional nanocarriers, bearing drugs, imaging
agents, and/or targeting moieties. C) Synthesis of poly(amido amine) (PAMAM) dendrimers
occurs from a ethylenediamine core with alternating reactions with methyl acrylate and
ethylenediamine to produce each generation.
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Figure 6.
A) A typical example of polymeric micelle unimer structure composed of both hydrophilic
(mPEG) and hydrophobic (PCL) blocks. Hydrophobic drugs associate with hydrophobic
domains of the micelle following self assembly in aqueous conditions. B) Synthetic scheme
for mPEG-b-PCL-docetaxel micelle unimer. Adapted and reprinted with permission from
Ref [139].
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Figure 7.
A) Examples of bonds utilized in the synthesis of biodegradable polymer-drug conjugates.
Biodegradation typically occurs via hydrolysis (via reduction for disulfides). B) Overall
strategy for the synthesis of multiblock polyHPMA copolymers. HPMA copolymer blocks
are linked together via lysosomally degradable Gly-Phe-Leu-Gly (GFLG) linkages
introduced via a combination of RAFT polymerization and click chemistry. Adapted and
reprinted with permission from Ref [81].
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Figure 8.
A) HPMA copolymer conjugates bearing the antiangiogenic and anticancer agent
aminohexylgeldanamycin (AH-GDM) and cyclic Arg-Gly-Asp (RGD) peptides for targeting
angiogenic αvβ3 integrin expression blood vessels. B) Tumor regression as a function of
time in DU145 human prostate cancer tumor bearing nu/nu mice. RGD targeted HPMA
copolymers demonstrated significant efficacy as compared to untargeted HPMA copolymers
and free drug controls. C) Biodistribution in DU145 bearing mice of 125I-radiolabeled
HPMA copolymers bearing AH-GDM and cyclic RGD peptides. Increased accumulation
was observed in tumor tissues as compared to untargeted conjugate (D). Adapted and
reprinted with permission from Refs [82, 83, 195].
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