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Abstract. Polymers occupy a major portion of materials used for controlled release formulations and
drug-targeting systems because this class of materials presents seemingly endless diversity in topology
and chemistry. This is a crucial advantage over other classes of materials to meet the ever-increasing
requirements of new designs of drug delivery formulations. The polymer architecture (topology)
describes the shape of a single polymer molecule. Every natural, seminatural, and synthetic polymer falls
into one of categorized architectures: linear, graft, branched, cross-linked, block, star-shaped, and
dendron/dendrimer topology. Although this topic spans a truly broad area in polymer science, this
review introduces polymer architectures along with brief synthetic approaches for pharmaceutical
scientists who are not familiar with polymer science, summarizes the characteristic properties of each
architecture useful for drug delivery applications, and covers recent advances in drug delivery relevant to

polymer architecture.
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INTRODUCTION

Since the original discovery by Folkman and Long (1) in
1964 that drug molecules, which are hydrophobic and small
in size (low molecular weight), diffuse through the wall of
silicone tubing at a controlled rate, polymers have occupied a
central status in drug release control as well as in the
fabrication of drug delivery systems. In comparison with
other classes of materials, polymeric materials, including
natural, seminatural, and synthetic polymers, present count-
less opportunities to modulate the properties of drug delivery
systems other than to meet several criteria such as biode-
gradability, biocompatibility, and reproducibility because of
their diversity in chemistry, topology, and dimension.

During the past decades, a large number of drug delivery
systems, mostly in the forms of microspheres, films, tablets,
or implantation devices, have been designed to achieve
sustained drug release by taking advantage of the peculiar-
ities of polymers. Today, the concept of “drug delivery” is not
limited to prolonging the duration of drug release; instead, it
implies at least two strategies for realizing temporal and
spatial distribution control in the body. Temporal control
stresses the selection of a predetermined kinetics of the drug
release during treatment, whereas spatial distribution control
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aims to precisely direct a drug vehicle to desired sites of
activity (2,3). For such controls, significant efforts have been
devoted to explore nanotechnology based on the intersection
of multiple disciplines of chemistry, biology, and engineering.
Nanotechnology focuses not only on formulating therapeutic
agents in biocompatible nanocomposites but also on exploit-
ing distinct advantages associated with a reduced dimensional
scale within 1-100 nm. Some examples of nanoscaled
polymeric carriers involve polymer conjugates, polymeric
micelles, and polymersomes (4). Because these systems often
exhibit similarity in their size and structure to natural carries
such as viruses and serum lipoproteins, they offer multiface-
ted specific properties in drug delivery applications (5). A
viral size minimizes their uptake by the reticuloendothelial
system (RES). In addition, the multifunctionality with
recognizable moieties and triggered drug release mechanisms
can be pursued to further enhance interactions with specific
cells and drug concentration in cells. In this way, polymeric
systems play a dominant role in drug and gene delivery
especially for cancer therapy.

As various nanosystems have been developed, the
importance of polymer architecture—property relationships
has gradually been realized and emphasized. Polymer
architecture describes the shape of a single polymer mole-
cule, which often determines its physicochemical properties.
For example, a hydrogel derived from cross-linking random
linear copolymers of a temperature-sensitive monomer,
N-isopropylacrylamide (NIPAAm), and a pH-responsive
monomer, methacrylic acid (MAA), has been extensively
studied. It has been found that the temperature response
disappears with a high-enough content of MAA. On the
other hand, the block copolymers with the same compo-
sition of NIPAAm and MAA can retain both temperature
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Table I. Polymer Architectures and Controlling Factors to Prepare Desired Drug Delivery Outcomes

Architecture Drug carrier

Property

Controlling factor

Water-soluble linear polymer Drug conjugate

Block copolymer Micelle

Injectable hydrogel
(sol-gel transition)

Polymersome

Hyperbranched polymer Micelle

Graft polymer Injectable hydrogel
(sol-gel transition)

Micelle

Star polymer Unimolecular micelle

Injectable hydrogel
(sol—gel transition)

Dendrimer Unimolecular micelle

Solubility

Biodistribution and
cytotoxicity

Degradation

Drug release
Shape, critical micelle
concentration, and size

Drug encapsulation

Biodistribution

Drug release

Sol-gel transition
temperature and critical
gel concentration

Shape

Membrane thickness
Shape, critical micelle
concentration, and size

Cytotoxicity and gene
transfection efficiency

Lower critical

solution temperature
Critical micelle concentration
Drug encapsulation

Lower critical solution
temperature and gel strength

Size, drug-loading capability,
and efficiency

Chain hydrophilicity
Solubilizing moiety
Drug content
Molecular weight
Electrical charge
Targeting groups
Backbone
Spacer
Spacer
Proportion of A block
to B block
Electrical charge
Intrinsic affinity between
drug and hydrophobic block
Molecular weight
Proportion of A
block to B block
Electrical charge
Surface hydrophilicity
Targeting groups
Interaction between drug and
hydrophobic block
Conjugation bond between
drug and polymer
Molecular weight
Proportion of A
block to B block
Proportion of A block
to B block
Length of hydrophobic chain
Proportion of hydrophilic
domain to hydrophobic domain
Electrical charge
Complexed Drug content
Molecular weight
Electrical charge
Surface hydrophilicity
Graft ratio
Molecular weight
Graft ratio
Dimension of hydrophobic core
Arm number
Arm number

Generation number
Electrical charge

and pH responsiveness, which is attributed to the micro-
phase separation of different units (6). This exemplifies the
significance of architecture and monomer sequence in
manipulating polymer properties. Any polymer selected for
drug delivery formulation is commonly classified according to
chemical nature [such as polyester, polyanhydride, poly
(amino acid)], backbone stability (biodegradable, nonbiode-
gradable), and water solubility (hydrophobic, hydrophilic)
(7). The polymer architecture as well as its related syntheses
and characterization, however, is relatively unfamiliar to
pharmacists. Thus, this review is organized on the basis of

polymer architecture and highlights its effect on drug

delivery.

Polymer architectures relevant to drug delivery applica-

tions are presented in Fig. 1. Linear polymers especially refer
to water-soluble polymers to create polymer—drug conju-
gates. Block copolymers used in building supramolecular
structures are linear but are classified as different architec-
tures. Branched copolymers are characterized by the pres-
ence of branch points and more than two end groups, which
comprise a class of polymers somewhere between linear
polymers and polymer networks. Numerous studies have
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main elements: polymeric backbone, drug, spacer, targeting group,
and solubilizing moiety.

revealed that branched polymers offer significantly different
physical properties from linear polymers and polymer net-
works, such as melt rheology, mechanical behavior, and
solution properties (8). Although undesirable branching
occurs in many polymerization reactions, here, branched
polymers only refer to those with branches prepared via
controlled polymerization techniques, including hyper-
branched, graft, star-shaped polymers and dendron/den-
drimers. Because the majority of cross-linked polymers,
including interpenetrating polymer networks (IPN) or semi-
IPN, involve chemical cross-linking techniques to form drug
delivery systems beyond nanoscale in size, they will not be
covered in this summary. Table I presents a brief summary of
polymer architectures and controlling factors attributing to
nanosized drug carrier properties.

LINEAR WATER-SOLUBLE HOMOPOLYMERS
OR COPOLYMERS

Linear polymers own the simplest architectural form.
Their two potential advantages connected to nanotechnology
have been specially noted. One is the formation of random-
coil structures of 5-15 nm in size in good solvents depending
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on molecular weight and polymer—solvent interactions; the
other is the ability of tailored multivalency by introducing
functional comonomers along the polymer backbone. Typical
applications of linear water-soluble polymers center on
polymer—drug conjugations.

Linking drugs onto polymers for drug-targeting purpose
was first reported in the 1950s. A general model for
polymer—drug conjugation was proposed by Ringsdorf (9) in
1975, which was based on the combination of chemistry and
biology and consisted of five main elements: polymeric
backbone, drug, spacer, targeting group, and solubilizing
moiety (Fig. 2). The most important aspect of this model lies
in the localization of the conjugates in target subcellular
compartments via cell-specific or nonspecific uptake mecha-
nisms. To date, almost all polymer—drug conjugates have been
derived from this symbolic model. This development has
promoted the rational selection of individual elements within
this model for improved drug efficiency in the body. Now,
more than ten polymer—drug conjugates have entered phase
I/II clinical trials, not only proving the value of linear polymers
as drug carriers but also encouraging further research and
translation from laboratory to clinical practice (10).

Polymer Main Chain

A representative list of polymers frequently used for
carrying antitumor agents or other drugs includes vinyl poly-
mers, polysaccharides, poly(amino acids), proteins, and poly
(ethylene glycol) (PEG). A number of reviews have addressed
the application of water-soluble polymers as drug carriers (7,11).

Considering radical polymerization mechanisms and
numerous options in chemical structure, vinyl polymers can
be tailor-made to acquire required properties for drug
delivery. At present, significant studies have focused on N-
(2-hydroxypropyl methacrylamide) (HPMA) copolymers
(12,13). The first polymer conjugate entered phase I clinical
trials as PK1 (FCE28068; Scheme 1) in 1994, which utilized
an HPMA copolymer as a carrier for the anticancer agent
doxorubicin. Later, PK1 reached phase II clinical trials for
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Scheme 1. Poly(N-(2-hydroxypropyl methacrylamide)) copolymer containing
doxorubicin PK1 (FCE28068).
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the treatment of breast, colon, and nonsmall-cell lung
cancers. Biodistribution, immunogenicity, and biological
activity studies have proven that polyHPMA (or PHPMA)
is nontoxic and nonimmunogenic in vivo. Poly(styrene-co-
maleic acid/anhydride) (SMA) is another proven vinyl poly-
mer in drug delivery. Its conjugation (SMANCS; Scheme 2)
with the antitumor protein neocarcinostatin (NCS) has
already been marketed in Japan to treat primary hepatoma
and secondary tumor of the liver (14). Poly(N-vinylpyrroli-
done) (PVP), with an active group on one chain end
introduced by a chain transfer agent during polymerization,
can conjugate with certain drugs (e.g., para-nitroaniline and
interleukin-6) to increase drug solubility and stability
(15-17). A noteworthy example of this kind of polymer is
poly(vinylpyrrolidone-co-dimethyl maleic anhydride) (PVD;
Scheme 3a) synthesized by Kishida (18). In vivo tests
indicated that it was specifically taken up by renal proximal
tubular epithelial cells, resulting in selective delivery of the
drug to the kidney. Poly(amino acids), such as poly(L-lysine),
poly(L-glutamic acid), and poly[(N-hydroxyalkyl) glutamine]
(Scheme 4), can be obtained by ring-opening polymerization
of the N-carboxy anhydride monomers (19,20). The func-
tional side groups of these polymers offer the possibility of
coupling with drug molecules. Proteins like serum albumin
have been used to prepare conjugates (21). The major
disadvantage of these molecules is their complicated chemi-
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cal compositions, which make it difficult to characterize the
products. As for polysaccharides, much attention has been
directed toward dextran, alginate, and chitosan/chitin deriva-
tives (22-24). These natural polymers have good biocompat-
ibility and contain functional side groups ready for drug
conjugation and/or modification. Their intrinsic chemical
structure and biodegradability offer some convenience to
design drug conjugates. PEG has most often been used to
modify a number of therapeutic proteins by enhancing their
stability, plasma half-life, and reducing their immunogenicity
in vivo. Besides, PEG has proven to improve the therapeutic
index of anticancer agents in a conjugate form (25,26).
Recently, a water-soluble polyacetal bearing amino-pendant
groups (APEG) for drug linkage (Scheme 5) was synthesized
by terpolymerization of PEG, divinyl ethers, and serinol (27).
Because this polyacetal displays pH-dependent degradation
with a faster hydrolysis rate at acidic pH and is not inherently
hepatotropic after intravenous injection, it has the potential
to be developed as biodegradable carriers for tumor targeting
of anticancer agents.

During the development of various polymer carriers, it
was revealed that the molecular weight (MW), polydispersity,
charge, and the hydrophilic-hydrophobic character of the
polymer main chain impact drug biodistribution, clearance,
biological activity, and toxicity to a great extent. The ability
of a polymer to prolong the circulating duration (decreased
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Scheme 3. (a) Poly(vinylpyrrolidone-co-dimethyl maleic anhydride); (b) poly(vinylpyrrolidone-
co-acrylic acid); (c) poly(vinylpyrrolidone-co-vinylsulfonic acid); (d) poly(vinylpyrrolidone-co-
styrene); and (e) poly(vinylpyrrolidone-co-vinyl laurate).
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clearance rate) is the prerequisite to insure that a drug carrier
reaches and accumulates at its target sites by utilizing char-
acteristics of tumor tissues such as leaky vasculature with
increased permeability and poor lymphatic draining. This
leads to preferential extravasation and subsequent retention
of high molecular weight conjugates in the solid tumor, which
is known as the enhanced permeability and retention (EPR)
effect. The rationale of delivering a drug in polymer
conjugate form stems from the fact that an increase in
molecular weight significantly alters the biodistribution of the
conjugates, thus achieving passive targeting in a particular
tissue. As the molecular weight of a water-soluble polymer
increases, there is greater enhancement in circulation times
and better accumulation in tumor tissue by EPR (28). On the
other hand, because ~45 kDa molecular weight was demar-
cated as the limit for renal filtration, the molecular weight of
inert polymers generally should not exceed this limit;
otherwise, they will accumulate in the body. However, this
limit has not been stressed for biodegradable polymers (29).

Riebeseel et al. (30) investigated PEG MW-dependent
cytotoxicity of PEG-methotrexate (PEG-MTX). In vitro
cytotoxicity evaluation with two adherents and three suspen-
sions of human tumor cell lines revealed that ICs, values in-
creased with the size of the drug—polymer conjugates [ICs, for
PEG-MTX750, PEG-MTXzooo, and PEG-MTX5000 (the num-
ber is the MW of PEG): ~0.6-3 uM; for PEG-MTX oo and
PEG-MTXzO’oooi ~2-7 HM, and for PEG-MTX40’000I >6 },LM]
This result was attributed to the reduced rate of cellular
uptake for conjugates with a higher MW. In contrast to the
in vitro results, PEG-MTXy 0oo exhibited the highest in vivo
antitumor activity. At a dose of 20 mg/kg, PEG-MTXy0 000
showed superior efficacy compared with free MTX at its
optimal dose (100 mg/kg), whereas PEG-MTXsqo (at 40 and
80 mg/kg) and PEG-MTXy0 00 (at 20 and 40 mg/kg) were
either significantly or slightly less active than free MTX.
Herein, the prolonged circulation time and EPR effect of
high MW explain the increased targeting actions of the
polymer—drug conjugates on solid tumors. Similarly, in the
case of PEG—doxorubicin (Dox) conjugates, the conjugate
containing the highest MW of PEG revealed to have the
longest plasma residence time and consequently the greatest
tumor accumulation (Fig. 3) (31). When comparing in vivo
pharmacokinetics of polyacetal (MW 86,000 g/mol, higher
than the renal threshold)-Dox with PHPMA (MW 30,000
g/mol)-Dox, plasma levels of the former were significantly
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higher than that of the latter after 5, 48, and 72 h, and
polyacetal-Dox displayed elevated tumor accumulation lev-
els at 48 and 72 h (Fig. 4) (27).

As for PVD, it was found that molecular size between 6
and 8 kDa showed the highest renal accumulation compared
to either a lower molecular weight of 3 kDa or a higher
molecular weight of 14 kDa, which resulted from two
paradoxical effects of increasing molecular weight: extended
blood residence and increased difficulty in entering the
specific tissue (32). When PVD-superoxide dismutase con-
jugates with different drug contents were examined, it was
also observed that the specific bioactivity of the conjugates
gradually decreased with increasing degrees of drug modifi-
cation (increase in MW). Thus, selecting the proper molec-
ular weight for a given linear polymer is of primary
importance in controlling special distribution in vivo.

Chemical structure and electrical charge also influence
the biodistribution of polymer—drug conjugates. PVP showed
the longest mean resident time after an i.v. injection among
various polymers with similar molecular weights, e.g., poly-
acrylamide (PAAm), poly(dimethyl acrylamide) (PDAAm),
poly(vinyl alcohol) (PVA), and dextran. Its tissue distribu-
tion was extremely restricted (17). The elimination rate of
anionic PVP derivatives from the blood increased as the
number of anionic groups increased. PVP was effectively
retained in the blood and gradually excreted into the urine
instead of concentrating in the kidneys. The clearance of
carboxylated PVP [poly(vinylpyrrolidone-co-acrylic acid);
Scheme 3b] and sulfonated PVP [poly(vinylpyrrolidone-co-
vinylsulfonic acid); Scheme 3c]| from the blood was almost
similar (Fig. 5a). However, carboxylated PVP efficiently
accumulated in the kidney, whereas sulfonated PVP was
rapidly excreted in the urine. Renal levels of carboxylated
PVP were about fivefold higher than sulfonated PVP
(Fig. 5b) (33).

Solubility is another factor that needs to be taken into
consideration. A soluble polymer is used to vastly improve
the solubility of hydrophobic drug, but, in turn, the solubility
of the polymer itself would decrease. Therefore, the quantity
of drug in a conjugate should be optimized. The study on
hydrophobic PVP derivatives reflected the influence of
polymer solubility on biodistribution (34). Poly(vinylpyrroli-
done-co-styrene) [poly(VP-co-St); Scheme 3d] and poly(vi-
nylpyrrolidone-co-vinyl laurate) [poly(VP-co-VL); Scheme
3e] were synthesized by radical copolymerization. Poly(VP-
co-St) efficiently accumulated in the spleen, whereas poly
(VP-co-VL) accumulated in the liver. Their pharmacokinet-
ics was quite different from that of PVP.

Drug and Spacer

In polymer—drug conjugates, the drug can be included
either as a unit within polymer backbone or as a part of

«P{ O\E/\oH\o{/\/ Oﬁo‘ﬁ/\og\o/j\;\ok

Scheme 5. Structure of polyacetal (APEG) synthesized by terpolymerization of PEG,
divinyl ethers, and serinol.
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3 h, E: 6 h, W: 24 h after i.v. injection (33).

pendant groups. To facilitate the release or reaction of a drug
at a specific site, the majority of conjugates bear drugs as side
groups. If the polymer possesses multiple active groups for
linkage, the resulting conjugate can contain multiunits of a
drug, such as HPMA copolymer, poly(amino acid), and
polysaccharides. For vinyl polymers, there are two methods
to prepare polymer—drug conjugates. One method is copoly-
merization of a monomer, a monomer drug, and/or mono-
mer-targeting ligand. Radical polymerization requires careful
optimization processes to insure adequate control of the
molecular weight, molecular weight distribution, and drug
incorporation (composition). The other method, known as
polymer analogous reaction (conjugation of drug molecules
to an existing polymer backbone), has been applied more
frequently. The conjugation reaction is relatively uniform in
terms of reactivity. In some cases, presynthesizing peptidyl
prodrugs (or drug-peptidyl spacer) becomes the preferred
route, for this can insure the conjugation of well-character-
ized drug derivatives to polymers with shorter side chains. By
using this method, it is also easier to control the drug content
in the resultant conjugate by modulating the feed ratio of
polymer and drug (12).

The drug can be linked either directly or via a spacer
group to the polymer backbone. If a drug regains its
pharmacological activity only after its release from the
conjugate, the conjugates are termed macromolecular pro-
drugs. Polymer—drug conjugates that retain the activity as a
whole can be regarded as polymer drugs (35). Following
congregation at a specific site because of the EPR effect,
polymer—drug conjugates will be internalized into cells
through endocytotic pathways with or without the assistance
of targeting moieties. Endocytotic internalization involves
membrane invagination with concomitant capture of macro-
molecules, which are then transferred into the early endo-
somal compartment and later into a secondary lysosomal
compartment, via a series of vesicle fusion events. Like the
plasma membrane, the lysosomal membrane is a natural
barrier to macromolecular transfer and thus only allows low
molecular weight products to escape into the cytoplasm.
Ideally, macromolecular conjugates should be stable and
pharmacologically inactive while circulating in the blood

stream, but release the drug from the polymeric conjugate
after uptake into the cells. Most of the drug release from
polymer backbone is warranted through the controlled
hydrolysis of a spacer group. According to the different
hydrolysis mechanism, spacers can be designed to respond to
the passive hydrolysis, acid catalytic hydrolysis, and enzy-
matic hydrolysis, reviewed in detail by Soyez et al. (35).

Chemical bonds comprised of ester, carbonate, amide,
and urethane readily hydrolyze. The hydrolysis rate
decreases in order from ester to carbonate to urethane to
amide. Any drug combined into the polymer backbone or
linked to the spacer through such a bond will be released in
an aqueous environment. Hydrolysis without obvious cell
specificity is their main shortcoming.

More than 40 enzymes in the lysosomes have been
identified with the ability to break down almost all biolog-
ically important materials. Peptidyl spacers play an important
role in facilitating intracellular enzymatic degradation. Fur-
thermore, it has been emphasized that the structure of
peptidyl spacers directly affects the drug release rate from
the polymer. The following general conclusions have been
drawn for enzyme-sensitive polymer—drug conjugates used
for tumor cell targeting: (1) a tripeptide is the shortest
substrate for enzymatic cleavage; (2) the cleavage rate
increases with increasing spacer length for a similar amino
acid sequence; (3) the terminal moiety markedly alters the
rate of drug release; and (4) the type of drug and polymer
backbone will influence the enzymatic hydrolysis rate (36,37).
As an interesting example, a spacer containing an aromatic
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Scheme 6. (a) Hydrazone and (b) N-cis-aconityl spacer.
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azo bond has been used to link a drug to a polymer, achieving
colon-specific drug delivery by taking advantage of its
sensitivity to large intestinal azoreductase.

Polymers entering the endosomal or lysosomal compart-
ment are exposed to an acid environment. The pH drops
from physiological 7.4 to 5-6 in endosomes and 4-5 in
lysosomes (38). Using pH-sensitive spacers in polymer—drug
conjugates is relatively simple and economic. Shen and Ryser
(39) were the first to describe the linkage of daunomycin to
aminoethyl polyacrylamide beads or poly(D-lysine) through
the pH-sensitive spacer N-cis-aconityl or N-maleyl and
proved the pH-dependent hydrolysis. So far, hydrazones
and N-cis-aconityl (Scheme 6) have been used most fre-
quently for preparing polymer—drug conjugates (40,41). Less
attention has been paid to spacers containing substituted
trityl, acetal, or imino groups. These kinds of spacers have
been in-depth reviewed by Ulbrich and Subr (38). Recently,
acetals were investigated for their potential as acid-accele-
rating hydrolysis linkages in polymer—drug conjugations
(Fig. 6) (42). Acetals can be prepared using a variety of
hydroxy groups, and the hydrolysis rate can be tuned
according to the chemical structure. Polyacetal was reported
as an interesting polymer for releasing drugs in specific cells
through pH-sensitive hydrolysis of the backbone rather than
the spacer (27,43).

Targeting Groups
Prolonged plasma circulation is the driving force for

increased tumor targeting. Active targeting with tumor-
specific agents promotes the internalization of the carriers

into the cells. Thus, several reviews have expatiated a broad
spectrum of targeting moieties proposed as candidates for
tissue- or tumor-selective targeting: hormones, carbohydrates,
antibodies, antibody fragments, and epitopes (28,44,45); how-
ever, the details of this area are beyond the scope of this
review summary.

BLOCK COPOLYMERS

Block copolymers are defined as polymers that have two
or more blocks or segments arranging in the main chain and
can be classified according to their architecture as AB-type
diblock, ABA- or BAB-type triblock, and multiblock, where
A represents the soluble block in a selected solvent and B
designates the insoluble block (46). Because of the intrinsic
affinity interactions of those segments with the same
physicochemical properties, block copolymers often show a
tendency to form self-assemblies in solvents. However, block
mobility is quite restricted for steric reasons, and the self-
assembled domains composed of identical blocks consequent-
ly fall into nano- or microsized scale and are segregated into
the most entropically stabilized state. The detailed features of
self-assembled domains are sensitive to the architecture of
the block copolymer. It is practical to tune the physicochem-
ical properties of the polymer to endow new functionalities of
either the core or the surface of such a self-assembly.

Among block copolymers, linear amphiphilic block
copolymers play an essential role in carrying drugs on a
nanoscale level (47). Amphiphilic block polymers specifically
refer to those having both hydrophilic (water) and hydro-
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phobic (oil) blocks in the same polymer chain, which can
then build spherical polymeric assemblies in aqueous solu-
tion, called “polymeric micelles”, with nanosized and core-
shell segregated domains. Studies on polymeric micelles were
initiated in 1960s. But the first attempt to utilize block
copolymer micelles as drug carriers was not reported until
1984 by Bader ef al. (48) and Pratten et al. (49). Although
their study was limited to in vitro tests, they suggested that
the polymeric micelle would act as a drug carrier similar to
natural lipoproteins. A drug was conjugated to one segment
of the block polymer to form the core, and the other segment
PEG remained unmodified as a water-soluble shell. Kabanov
et al. (50) reported the enhancement of drug efficacy when a
neuroleptic drug was associated with a micelle composed of
polymeric amphiphile poly(ethylene oxide),s—poly(propylene
oxide)4o—poly(ethylene oxide),s (PEO-b-PPO-b-PEO)
known as Pluronic P-85. In the late 1980s, Kataoka’s group
(51-53) initiated their work on drug-conjugated micelles,
utilizing the condensation reaction between the glycosidic pri-
mary amino group of Dox and the carboxylic groups from the
anionic block copolymer poly(ethylene glycol)-b-poly(a,B-
aspartic acid) (PEG-b-Pasp; Scheme 7). Following the
animal experimentation, this micelle system is now undergo-
ing phase II testing. Since the 1990s, a significant increase in
the publication on this topic can be noticed. At present,
micelles formed by various amphiphilic block copolymers are
being developed for delivering anticancer, anti-inflammatory,
antiviral, antibacterial, imaging agents and DNA. Overall,
block copolymer-based drug delivery systems have been suc-
cessfully used to (1) target drugs to specific physiological sites
(organs, tissues, or cells), (2) solubilize hydrophobic drugs,
(3) increase drug stability, and (4) control drug release,
realizing the efficiency maximum and toxicity minimum of
drug (54).

In the past three decades, a large number of known
polymerization techniques, including radical, anionic, cation-
ic, photo, group transfer, and Ziegler/Natta polymerizations,
have been tried to obtain amphiphilic block copolymers,
which have been reviewed by Kumar er al. (46). Using
conventional radical polymerization, a block copolymer with
narrow molecular weight distribution is rarely produced
because of the termination modes (recombination and dis-
proportionation) and the presence of side reactions such as
chain transfer (54). To overcome this problem, living poly-
merization has become the most widely used technique. Fur-
thermore, this method provides additional advantages in that
the molecular weight of the individual blocks (variation of
initiator/monomer ratio), the volume ratio (variation of
monomer/monomer ratio), as well as the block arrangement
(AB-, ABA-, and BAB-type) can be adjusted to create the
structure desired. Generally, this technique is carried out by
sequentially adding monomers to obtain AB, ABC, and
ABA using a monofunctional initiating system or to obtain
BAB and CBABC architectures using a bifunctional initiator

Il Il
H,CH-OCH,CH, - NH-H-CCHNHJf CCH,CHNH—
CHzﬁOH Cﬁ‘OH

Scheme 7. Poly(ethylene glycol)-b-poly(a,B-aspartic acid).
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system. Adding different monomer at the same time is
applicable when the reactivity of the monomers is very
different and permits a mono- and bifunctional initiation,
which means that the block propagation of second monomer
does not begin until the polymerization of the more reactive
first monomer is complete (55). Coupling terminal function-
alized blocks is an alternative method in practice to syn-
thesize AB and ABA block polymers. However, a successful
synthesis depends on the following requirements: no side
reactions occur; 100% end-group functionality of copolymers
is necessary for a complete coupling reaction; and the
functional end groups of different blocks must be in the
exact mole ratio.

Types of Polymeric Micelle

To date, the three major types of micelle delivery sys-
tems based on linear block copolymers are (1) common block
copolymer micelle, (2) drug-conjugated block copolymer
micelle, and (3) block ionomer complex micelle (Fig. 7).

PEG is most often used as a hydrophilic segment
because of its flexibility, nontoxicity, and hydrophilicity.
However, the options available for the hydrophobic block
are much broader. For example, the AB-type block polymer
PEG-b-polyester, such as PEG-b-poly(D,L-lactide)
(PDLLA), PEG-b-poly(lactide-co-glycolide) (PLGA), and
PEG-b-poly(e-caprolactone) (PCL), is a popular family of
block polymers used for drug delivery (56). PEO-b-poly(y-
benzyl-L-glutamate) was developed later (57). Two long-
chain fatty acyl groups in phospholipids are hydrophobic, and
they have been used successfully as the hydrophobic core-
forming group. By changing the hydrophilic segments, a
series of lipid derivatives have been reported for preparing
drug-loaded micelles including PEG—phosphatidyl ethanol-
amine (PE), poly(2-alkyl-2-oxazoline)-PE, poly(acryloyl
morpholine)-PE, PVP-PE, and polyglycerol-phosphatidyl-
glycerol (Scheme 8) (58-60). Recently, Chang et al. (61,62)
reported several kinds of amphiphilic diblock copolymers
composed of PEG and hydrophobic poly[bis(ethyl glycinat-
N-yl) phosphazene| or poly[bis(trifluoroethoxy) phospha-
zene| (Scheme 9a), which were synthesized via controlled
cation-induced polymerization of a phosphoranimine at an
ambient temperature using a PEG—phosphoranimine macro-
initiator. In a similar method, using methoxyethoxyethoxyl
group (MEEP) as hydrophilic block, amphiphilic diblock
polystyrene—b-poly-[bis(methoxyethoxyethoxy) phospha-
zene| (PS-b-PMEEP; Scheme 9b) and MEEP-phenyl/MEEP
copolyphosphazene (Scheme 9c) were synthesized and char-
acterized (63,64).

Drug-conjugated block copolymer micelles are devel-
oped by taking advantage of the interaction between a drug
and one segment of the soluble block copolymer on various
mechanisms to build the hydrophobic polymer—drug core
of micelle. For example, cationic PEG-b-poly(L-lysine)
(PLL), PEG-b-poly(dimethylaminoethyl methacrylate)
(DMAEMA), and PEG-b-linear polyethyleneimine (PEI)
combine with DNA through electrostatic interaction to form
potential nonviral vectors for gene therapy (65-67). PEG-b-
Pasp or PEG-b-poly(L-glutamic acid) with carboxylates
facilitate to introduce cis-diamine dichloroplatinum (IT)
(CDDP) into a stable micelle core via chelation effect
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Fig. 7. Three major types of micelles based on linear block copolymer: (a) common block copolymer
micelle, (b) drug-conjugated block copolymer micelle, and (c) block ionomer complex micelle.

(68,69). Likewise, the imaging diagnostic moiety, iodine, was
loaded into a micelle by the specific chemical modification
between tridodobenzoic acid N-hydroxysuccinimide ester
and PLL block of PEO-b-PLL. X-ray computed tomography
investigation has demonstrated its efficacy in vivo, suggesting
a good method to circumvent the serious problems arising

from the rapid disappearance of low-molecular weight
contrast agents (70).

Polyion complex (PIC) micelles are comprised of two
block copolymers with opposite charges. The formation of
PIC micelles was first proposed by Harada and Kataoka (71)
for the pair of PEG-b-PLL and PEG-b-Pasp block copoly-
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Scheme 8. (a) PEG—phosphatidyl ethanolamine; (b) poly(2-alkyl-2-oxazoline)—
phosphatidyl ethanolamine; (c) poly(acryloyl morpholine)-phosphatidyl etha-
nolamine; (d) poly(vinylpyrrolidone)— phosphatidyl ethanolamine; and (e)

polyglycerol-phosphatidyl-glycerol.
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mer, creating a newborn hydrophobic domain in which drug
can be loaded. The PIC was totally water-soluble, and the
size distribution was extremely narrow.

Architecture—Properties Relationship

From a chemistry standpoint, it is feasible to synthesize
various block copolymers that form a micelle. When such a
micelle is used as a drug carrier in the body, many
performance-related issues must be addressed, including its
static and dynamic stability, morphology, size and size
distribution, biocompatibility, drug-loading capacity, release
rate, circulation time, biodistribution, and endocytosis mech-
anism. To a large extent, these properties are determined by
the architecture of the block copolymer.

Shape

Micellization is a procedure that minimizes the free
energy of an amphiphilic polymer solution through the
formation of selectively ordered structures. In the past years,
a large number of diblock polymer AB or triblock polymer
ABA have been proven to self-assemble micelles in a good
solvent for the A block. In general, when the soluble block
exceeds the length of the insoluble block, the particle
assumes a core/shell spherical form, evidenced by atomic
force microscopy (AFM), dynamic light scattering (DLS),
and regular and cryo-transmission electron microscopy
(TEM) (70). On the other hand, highly asymmetric diblocks
containing long insoluble blocks and very short soluble

blocks can be hardly dissolved in water to form micelle. A
special preparation is required that involves copolymer
dissolution in a certain organic solvent, followed by the
gradual addition of water. These micelles, consisting of a
hydrophobic core of the insoluble block surrounded by a thin
shell of the soluble block, are called “crew-cut” micelles.
Halperin (72) first proposed this term in 1990, but it was
Zhang and Eisenberg (73) and Yu and Eisenberg (74) who
carried out systematic experimental studies using PSt-b-
poly(acrylic acid) (PSt-b-PAA), PSt-b-PEO, and PSt-b-
poly-(4-vinylpyrinium methyl iodide) (PSt-b-P4VPMel)
micelles. A transfer to ellipsoid, rod, and lamellar micelles
may occur when altering the copolymer concentration, type,
and concentration of electrolytes in the medium, tempera-
ture, organic solvent, and the method of micelle preparation,
which have also been extensively studied by Zhang and
Eisenberg (75) and Zhang et al. (76). The influence of the
proportion of the core- to shell-forming blocks on the
aggregation shape will be further discussed in Polymersomes.

Critical Micelle Concentration and Size

A critical micelle concentration (CMC) value is the
minimum concentration of a copolymer that will result in
micelle formation. This parameter is a very critical indicator
of micellization ability and micelle stability: the lower the
CMC value, the easier the formation of micelle, and the more
stable the micelle. Micelles are subject to extreme dilution
upon intravenous injection into humans. If kinetically stable,
slower dissociation allows polymeric micelles to retain their
integrity and perhaps drug content while circulating in the
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blood above or even below CMC for some time. Thus, a
lower CMC can warrant the micelle to retain its original
morphology until reaching the target site, which is a signif-
icant advantage of amphiphilic polymers over small molecu-
lar surfactants. CMC can be effectively measured using the
fluorescent probe method. The most popular free probe is
pyrene owing to its very low solubility in water (about 5 x
1077 M), its long lifetime (400 ns in hydrophobic media and
200 ns in water), and its sensitivity of emission and excitation
spectra to the polarity of its environment.

The size of the micelle is another critical factor that
should be taken into account. Long circulation times of
micelle are prerequisite to achieve depot effect. The high
molecular weight of polymeric micelles (>10° g/mol) can
ultimately prevent renal elimination unless the micelle
dissociates to unimers. On the other hand, supramolecular
structures with sufficient stability often end up accumulating
in the liver and spleen because of their large size or protein
adsorption, both triggering a rapid uptake by the RES. For
this reason, drug delivery to organs other than the liver and
spleen is limited for such carriers. Delivery systems that are
smaller than 200 nm can reduce uptake by the RES, prolong
the circulation time in the blood, and facilitate the extrav-
asation from the leaky capillaries (77).

So far, researchers have disclosed the noticed influence
of polymer architecture on CMC value and size of micelle.
Taking PEG-PLA and PEG-PCL diblock copolymers as
examples, it is observed that the CMC values of these
polymeric micelles are extremely low (~1.0 mg/l) and exhibit
a good inverse correlation with the weight ratio of the PLA
or PCL segment to the PEG segment in block copolymers.
Also, particle size and size distribution decline with an
increase in the weight percent of the PLA segment (78,79).
Analogously, the CMCs of PSt-PMEEP were determined as
1.8, 2.3, 10.0, and 13.6 mg/l with PSt/PMEEP ratios of 1:0.37,
1:0.58, 1:0.70, and 1:0.86, respectively (63). A set of amphi-
philic PVP attached to palmityl or stearyl with MW between
1500 and 8000 Da was synthesized (59,80). Increasing the
length of the PVP block also increased the CMC value and
rendered the particle size bigger. Domeselaar et al. (81)
recently described a simple but versatile solid-phase peptide
synthesis method for preparing micelle-forming PEO-b-
peptide for drug delivery. The CMC values for variable
lengths of PEO-b-polytyrosine decreased as the length of the
hydrophobic block increased.

Although it is true that for the majority of block co-
polymers, increasing the hydrophobic block chain length will
decrease the CMC but increase the micelle size if the
composition of chain is constant, it should be kept in mind
that this rule is not universal to all cases because the inter-
actions between the various chemical groups are so compli-
cated and influenced by many factors. For instance, there is
an apparent tendency of CMC values to decrease from 1.1 x
107> t0 6.2 x 107® M when the MW of PEG increases from
750 to 5000 for PEG-—(distearoyl)PE micelles (82). The
similar phenomenon was found for block copolymer
micelles composed of PEG-b-PLL (MW of PEG, 12,000)
and a 20-mer oligonucleotide (ODN). When the degree of
polymerization (DP) of PLL is 18, the micelles have a
hydrodynamic radius of 24 nm, whereas with a longer PLL
segment (DP of PLL 78), the radius is 37 nm (83). The
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dependence of micelle size on chain length is contrary to the
conventional tendency, which can probably be explained by
an increased repulsion when the chain gains more charges.
On the other hand, there are several micelle systems whose
size is constant regardless of the chain length, such as
PEG-b-P(Asp)/PLL and PEG-b-PLL/plasmid DNA
complex micelles (71,84).

Drug Encapsulation

There are two methods to load drugs: physical and
chemical encapsulation. The latter is carried out by forming a
drug—polymer conjugate core in the micelle as described in
Types of Polymeric Micelle. Compared to chemical encapsu-
lation, the physical encapsulation of drugs within the
polymeric micelle core is more attractive because many
polymers and drug molecules do not bear reactive functional
groups, and the pharmacological effectiveness of the drug is
maintained without chemical modification. Physical encapsu-
lation usually operates through dialysis or O/W emulsion
methods. Parameters including solvent type, concentration,
and duration can affect the morphology of the micelles and
its drug encapsulation. It is worth noting that polymer
architecture also greatly influences drug encapsulation. The
solubilization capacities of two micelles separately made
from diblock PEG-b-poly(styrene oxide) and PEG-b-
poly(1,2-butylene oxide) have been compared using a poorly
water-soluble drug, griseofulvin (85). The results showed that
the solubilization capacity of the same drug in a PEG-b-
poly(styrene oxide) micelle was approximately four times
that of PEG-b-poly(1,2-butylene oxide) because of the
increased hydrophobicity of poly(styrene oxide) block.
Micelles of PEG-b-PDLLA were investigated for their
drug-loading ability for a hydrophobic drug, paclitaxel.
Similarly, it was found that the loading weight portion of
paclitaxel in PEO-b-PDLLA micelles reached 25% and its
solubility increased 5000-fold, which contrasts with the
loading of 0.5% in Pluronic micelles because of higher
hydrophobicity and 7, of the PDLLA block (86). Further-
more, the solubilization test indicated that the loading
content of Sudan black B in the micelle was 63.9%, whereas
that of testosterone was only 0.74%, considering the higher
hydrophobicity of Sudan black B (87). However, when
PEO-b-PLA micelle was used to load a water-soluble drug,
the length of PLA block seemed not to affect their
encapsulation properties (88). Therefore, it is reasonable to
conclude that drug encapsulation mainly relies on the
intrinsic interaction affinity between drug and certain groups
of hydrophobic block.

Biodistribution

Biodistribution in the body is an integrative problem
related to the size, CMC, surface charge, and the targeting
moiety of the micelle. As discussed in Critical Micelle
Concentration and Size, low CMC and small size can insure
shape integrality to retain the drug and extend the circulation
time of micelle, which facilitates the accumulation of drug-
loaded micelle and subsequent drug release at the target site.
In addition, surface charge is another predominant factor
that affects micelle biodistribution. Having an electrically
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Fig. 8. Selective accumulation of PEG-PE micelles in Lewis lung carcinoma tumor in mice: (a)
pharmacokinetics; (b) area under the curve (AUC) (89).

neutral surface on the micelle should suppress the unspecific
uptake. Incorporating drugs into “stealthy” micelles, which
present a hydrophilic shell such as PEG, is the most effective
method to prolong plasma half-lives of the drugs by reducing
interactions with the blood components and RES uptake.
Additionally, the molecular weight of PEG has proven to
remarkably affect biodistribution. For example, when the
accumulation pattern of PEG-PE micelles with varying PEG
MW was evaluated, it was found that the highest MW PEG
used in the tested micelles resulted in the largest total tumor
uptake in an Lewis lung carcinoma tumor model (Fig. 8) (89).
Conversely, PEG-distearoylphosphatidylethanolamine
micelles using lower MW PEG (smaller size) exhibited
slightly better accumulation in another murine tumor model,
EL4 T cell lymphoma (Fig. 9) (90). These results were
possibly associated with the cutoff size of the tumor
vasculature. Kakizawa and Kataoka (91) specially illustrated
the effect of surface charge on micelle biodistribution for
gene delivery in their review because positively charged
blocks are necessary to complex with plasmid DNAs or
ODNs. PEG coating also keeps polycation/DNA complexes
in the blood for a longer time period and also enhances the
micelle stability, leading to improved gene delivery efficien-
cy. In such systems, N/P ratio is an important parameter,
which not only determines the {-potential of the micelle but

8] —W—PEG, DSPE. tumor
—4— PEG, ~DSPE, tumar

—O— PEG, ~DSPE, muscle
—O—PEG, =DSPE. muscle

a
3
T
k-
£ 64
k<)
=
s
e
o
k]
. ;
o 0— i
a — &
0+
o 5 10 5 20
Time, h

is also relevant to the stability of polycation/DNA complex.
In Agarwal’s study, the rate of DNase degradation decreased
significantly upon addition of a cationic pentablock copoly-
mer of poly(diethylaminoethylmethacrylate) (PDEAEM),
PEO, and PPO (PDEAEM-PEO-PPO-PEO-PDEAEM)
(Scheme 10) to the DNA solution. At or above N/P ratios
of 8:1, scarce change in absorbance was detected upon
addition of DNase I, suggesting the polymer protective
action to DNA (Fig. 10) (92).

Biodistribution actually implies two strategies, i.e., the
systemic level as mentioned above and the cellular levels.
Macromolecular entities cannot diffuse through the cellular
membrane but can be internalized inside the cells through
endocytosis. Three types of endocytosis mechanism have
been discovered including fluid-phase endocytosis, adsorptive
endocytosis, and receptor-mediated endocytosis (RME),
which are explained in the review by Kakizawa and Kataoka
(91). Tt is well established that micelles with a positive surface
charge can be effectively taken up by adsorptive endocytosis
through electrostatic interactions with the negatively charged
cell membrane. Fluid-phase endocytosis has a lower inter-
nalization rate compared to adsorptive endocytosis. The
RME requires specific ligand moieties to be installed on the
micelle surfaces. In addition, the hydrophilic block plays an
indispensable role in facilitating endocytosis of the micelle.
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Fig. 9. Selective accumulation of PEG-PE micelles in EL4 T lymphoma tumor in mice: (a) pharma-
cokinetics; (b) AUC (90).
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Scheme 10. Cationic pentablock copolymer of poly(diethylamino-
ethylmethacrylate), PEO, and poly(propylene oxide).

For example, the molecular weight of PEG was shown to be
important in mediating transfection for PEG-g-PLL micelle
with folate attached at the end of the PEG segments. A
significant enhancement of transfection was reported when
the MW of PEG exceeded 3400 (93). The addition of a PEG
spacer (MW 3400) between folate and PLL provided a 74-
fold increase in the transfection efficacy compared with
binding folate directly to PLL in view of the steric effects
of targeting moiety.

Drug Release

Typically, a drug exerts its action only after it releases
from the micelle core. But this does not mean the quick drug
release rate is optimal; otherwise, there would be serious
drug loss during circulation. Lavasanifar ef al. (77) addressed
some factors to control the drug release from micelles in their
review. When drugs are physically encapsulated in stable
polymeric micelles, the drug release rate is controlled by the
diffusion out of the micelle core and/or by dissociation of the
micelles. The diffusion rate may be quite low if the drug
prefers to interact with the core-forming block. The design of
block copolymer micelles with glassy cores under physiologi-
cal conditions (37°C) also favors release in a sustained
manner. PSt and poly(s-butyl acrylate) cores in a rigid state
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Fig. 10. Nuclease resistance of polyplexes against DNase I activity at
different N/P ratios. An amount of 20 pg of DNA/mI final con-
centration was used, and each sample was incubated with 5 IU
DNase I/ug DNA (92).
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have been proposed to reduce the release of pyrene from a
micellar carrier (94). The release rate of the encapsulant
from the micelle is accelerated with an increased content of
PEG but delayed with more hydrophobic chains (95). The
localization of the solute in the core/shell structure, micellar
size, and molecular volume of the drug are other factors that
also influence the rate of drug diffusion from the polymeric
carrier.

More attractive examples in this case refer to the pH-
sensitive micelles, thermosensitive micelles, and reversibly
cross-linked micelles. Based on the fact that many pathologi-
cal processes in various tissues and organs are accompanied
by local acidosis or temperature increases, pH-sensitive or
thermosensitive micelles can be designed to achieve targeted
drug release. The Bae group (96,97) has developed several
kinds of pH-sensitive micelles, e.g., poly(L-lactide)/PEG-
polysulfonamide (PLLA/PEG-PSD) and poly(L-histidine)-
PEG (polyHis-b-PEG; Scheme 11), and established new
drug release mechanisms triggered by the sharp solubility
transition of carriers at tumor pH. Sulfonamide is a weak acid
and its solubility in water decreases within a narrow pH range
(—0.2 pH units). PLLA/PEG-PSD micelles were stable with
a unimodal size distribution and aggregated below a pH of
7.0 owing to the deionized SD on the micelle surface, which
resulted in the loaded drug being squeezed out at a lower pH.
The drug release mechanism of polyHis—b-PEG is totally
different. As shown in Fig. 11, the CMC of polyHisSk—b-
PEG2k micelle was significantly elevated below a pH of 7.2
because the protonation of the imidazole group in the
polyHis at a lower pH caused a reduction in hydrophobicity.
Below a pH of 5.0, the CMC could not be detected, sug-
gesting failure in micelle formation. Consequently, below
the critical pH for destabilization of a micelle, Dox release
was greatly accelerated. Because of this complete disintegra-
tion after reaching the target site, such pH-triggered micelles
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Scheme 11. (a) Poly(L-lactide)-PEG-polysulfonamide and (b)
poly(L-histidine)-PEG.
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Fig. 11. The pH effect on the critical micelle concentration (CMC)
of polyHis5k—-b-PEG2K polymeric micelles that were prepared at
various pH values (pH 8.0-5.0) (97).

were supposed to improve the targeting effect of a multiple
dose administration. Okano et al. (98-100) have studied
thermosensitive micelles using polyNIPAAm (PNIPAAm) as
the thermoresponsive outer shell-forming block and PDLLA
or poly(n-butyl methacrylate) for the hydrophobic inner core.
Drug release can be enhanced when higher temperatures
beyond the lower critical solution temperature (LCST) of
PNIPAAm induce the shrinkage of the outer shell. In
addition, both drug release and in vitro cytotoxicity showed
a reversible thermoresponsive on/off switching behavior to
temperature change. These micelles can achieve both spatial
and temporal control for drug release. Interestingly, Kaki-
zawa et al. (101,102) explored a reversibly cross-linkable
micelle. They first introduced thiol groups into a small
number (10-20%) of lysine repeat units in PEG-b-PLL and
formed PIC micelles with a negatively charge electrolyte,
such as an ODN or Pasp. Automatic oxidation of the thiols to
disulfide bonds resulted in cross-linking of the micelle’s hy-
drophobic core to stabilize the association of ODN or other
loaded drugs. By taking advantage of the breaking of disul-
fide cross-links in cells containing abundant reducing agents
such as dithiothreitol or glutathione, a promising carrier for
targeting drug delivery using a triggering drug release mech-
anism of micelle reverse instability can be achieved.

In the case of drug conjugates, the covalent bonds
between therapeutic molecules and polymers have to be
cleaved for drug release. Because water penetration into
hydrophobic and rigid cores may be restricted, drug release
depends on the rate of micellar dissociation and the breakup
of the labile bonds as well. For a PEG-b-PAsp micelle
loaded with CDDP, increasing the PAsp content led to
prolonged release of CDDP, owing to the stronger interac-
tion between PAsp and CDDP (103).

Triblock Copolymers

Assuming constant chain length and composition, the
aggregation of BAB block copolymer, generally, is more
difficult than that of AB and ABA block copolymer in a
good solvent for block A. Relatively few studies have dealt

Qiu and Bae

with the aggregate properties of the BAB block copolymer in
water. Yuan et al. (104) synthesized a series of PSt-b-PEG-b-
PSt by atom transfer radical polymerization (ATRP). It was
found that the ordinary dialysis method is applicable to form
micelle in the water only for copolymers with a relatively
high PEG content (93%) and low total molecular weight
(10,800; PSty;—b-PEGy,7;-b-PSty; the numbers represent DP).
When the content of PEG became quite low, i.e., the
insoluble PSt block length was longer than the soluble PEG
block (PSt43—b-PEO45—b-PSt43 and Pstlg—b-PEO45—b-PSt18),
it was difficult to prepare micelle by dialyzing a polymer
organic solution against water. Thus, an innovative method
was employed to construct the micelle; that is, the polymers
were first dissolved in dimethylformamide (DMF), then
twice-distilled water was added dropwise, and lastly, DMF
was dialyzed off. The resultant polymeric micelle belongs to a
family of “crew-cut”-shaped aggregates (105). In addition,
they found an interesting phenomenon for PSt,—b-PEO,;-b-
PSty in that the size polydispersity was very high. As
discussed above, micelles made from the block copolymers
with a relatively large soluble block have a spherical shape
and a narrow size distribution. In view of the architecture of
BAB triblock polymers, it has been currently accepted that
the aggregation occurred through the linking of primary
micelles by chain ends from different micelles (Fig. 12). This
theory distinguishes the micelle model of BAB from that of
AB- or ABA-type block copolymers. Hence, it is not difficult
to understand the fact that for a composition of PCL-b-
PEG-b-PCL, micelle size increased when the ratio of PCL to
PEG became higher (106). In fact, BAB triblock polymers
are often used to fabricate hydrophobic drug vehicles. The
introduction of hydrophilic block A is simply to modulate the
degradation of the whole polymer.

ABA triblock copolymer can also construct self-assem-
bled micelles, but the reason why they have attracted pro-
gressing interest for controlled drug release is their
thermosensitive sol-gel reversible character. The commercial
PEO-b-PPO-b-PEO product, Pluronic (BASF) or Polox-
amer (ICI) series, with various molecular weights and PEO/
PPO block ratios has been widely used as a nonionic
surfactant. Aqueous solutions of some Poloxamers would
experience phase transition from sol to gel and to sol as the

Fig. 12. The aggregated micelle of PSt4-b-PEO227-b-PSt4 in
aqueous solution (104).
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temperature was increased monotonically when polymer
concentrations were above a critical value. These properties
have been utilized to fabricate in situ gelating subcutaneous
injections to achieve sustained drug release or create
scaffolds for cell immobilization and tissue regeneration.
However, because the gel dissociates in water, Poloxamers
can be used only for a short time period, within a single day.
In 1997, a novel triblock copolymer (PEG-b-PLLA-b-PEG),
which combined thermogelation, biodegradability, and no
toxicity, was introduced. Different from Poloxamer, PEG-b-
PLLA-b-PEG exhibited a single sol-to-gel transition in water
with decreasing temperature. The gelation concentration
(10-30 wt.%) and temperature (20-60°C) were influenced
by the length of the PLLA block when the terminal PEG
block was kept constant. When PLLA was replaced by
PLGA as the hydrophobic blocks in the triblock copolymer,
a noteworthy phenomenon happened. PEG-b-PLGA-b-
PEG dissolved in water at room temperature and became a
gel at body temperature. Both the sol-gel transition temper-
ature (AT) and the critical gel concentration (CGC) could be
controlled by changing molecular parameters of PEG-b-
PLGA-D-PEG triblock copolymers, such as the PLGA
length, the PEG length, and the ratio DLLA to GA in the
middle, which was reviewed by Jeong et al. (107). This
triblock polymer formed an in situ gel at the body tempera-
ture, which retains its integrity for more than 1 month.
However, the PEG-b-PLGA-b-PEG copolymer forms sticky
paste and cannot be lyophilized into a powder, bringing
about some difficulty for weighing and transfer. Particularly,
it takes several hours to dissolve it into aqueous media to
prepare an injection. In 2005, a new Poloxamer analog
PEG-b-PCL-b-PEG was synthesized (108). This is a powder
at or below room temperature, so it is convenient to handle
and easily lyophilized to powder form. Moreover, it can be
quickly dissolved in water, which is practical for clinic use.
The phase transition of PEG-b-PCL-b-PEG triblock copol-
ymer aqueous solution was similar to that of the PEG-b-
PLGA-b-PEG aqueous solution except for the presence of a
transparent sol phase around 52.5-53°C when the concentra-
tion of the PEG-PCL-PEG was greater than 25%. When the
concentration of the polymer was less than 25%, the upper
sol was turbid, similar to the PEG-b-PLGA-b-PEG. Parame-
ters related to the particular application, including CGC and
AT, can be controlled by varying the molecular weight of
each block.

Polymersomes

Amphiphilic block copolymers form a range of self-
assembled aggregates including spherical, rod-like, tubular
micelles, lamellae, or vesicles, depending on polymer archi-
tecture and preparation conditions. Polymer vesicles having a
liposome-like structure with a hydrophobic polymer mem-
brane and hydrophilic inner cavity are called polymersomes
(peptosome if one block of the copolymer is peptide) (109).
The polymersomes offer some advantages over liposomes,
not only in vesicle stability but also in the regulation of
membrane thickness. Current polymersome research involves
quite diverse fields such as drug delivery system, transfection
vectors, protective shells for sensitive enzymes, and micro-
reactors (110,111).
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Phospholipids can array into a bilayer membrane. Anal-
ogously, block copolymers can also assemble into a bilayer
as described in Fig. 13a. The polymeric bilayer is a unique
structure composed mostly of diblock copolymer-based ves-
icles. The recent development of amphiphilic block copoly-
mers for polymersome construction has been reviewed (112).
In general, amorphous hydrophobic blocks with a low glass
transition (7,) temperature are optimal for constructing a
lipid-like membrane with fluidity. Typically, hydrophobic
blocks are poly(ethyl ethylene) (PEE) and polybutadiene
(PBD), which can be cross-linked subsequently to enhance
stability (113). Biodegradable PLA and PCL have been util-
ized considering the need for disposal in vivo and con-
trolled drug release (114). Hydrophilic blocks involve
nonionic PEG and charged poly(acrylic acid) and various
peptides.

It has been proved that triblock copolymers can also
form polymersomes, but thus far, very few studies have been
able to clarify the molecular conformation of the hydropho-
bic membrane. Taking the molecular symmetry of triblock
copolymers into account, a diversiform model mixing U-
shaped (two hydrophilic chains on the same side of the
membrane) and I-shaped (two hydrophilic chains on the two
sides of the membrane) forms is proposed (Fig. 13b), derived
from the structure of Langmuir film (115). More works will
be needed in the future to validate this assumption. Recently,
Brannan and Bates (116) synthesized a novel ABCA tetra-
block copolymer, PEO-b-PSt-b-PBD-b-PEO (OSBO), and
studied polymersome dimensions via cryo-TEM using osmi-
um tetroxide solution staining. It is noteworthy that the
polymersome membrane structure changed with the PEO
content (W) in the copolymer (Fig. 14). When W, < 0.5, a
complexed hydrophobic membrane is observed, character-
ized by two levels of core contrast: the inner dark layer for
PB and the outer light for PSt. As W, > 0.5, however, the
dyeing distribution in the vesicle represented a completely
different feature. Herein, the water compatibility of each
hydrophobic block as well as the chain architecture should be
considered.

In cases where block copolymers contain PEO, the
amount of PEO is considered to be a predominant factor in

b
Fig. 13. Molecular assembly modes for polymersome based on (a)

diblock copolymer: bilayer form, and (b) triblock copolymer: mixing
U-shaped and I-shaped forms.

a
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Fig. 14. Structural models for vesicles above and below the
morphological transition composition (116).

determining the supramolecular formation of block polymers
into micelles, or in vesicles, or something else. As usual,
increasing the weight fraction of PEO (fgo) in the copolymer
will result in the tendency to form curved micelles rather
than stable polymersomes. Take the diblock copolymer
PEO-PLA as an example (114). When smaller hydrophilic
PEG fractions of fgo < 20% were used, the copolymer
exhibited a strong propensity to form solid-like particles.
Increasing fro to ~20-42% generally switched the assembly
to a polymersome. After further increasing the fgo to within
42 and 50%, both worm micelles and some spherical micelles
were observed. Above a fgo of 50%, spherical micelles are
primarily noticed. Figure 15 illustrates the conformation
transform of PEG-PLA from cylinder to cone shape, which
clearly explains the relationship between the fzo and the
assembled structure (114). Yu and Eisenberg reported the
relationship between the block ratio and the morphology of
PS-b-PAA crew-cut aggregates. Using dioxane as the organic
solvent to dissolve the copolymer in the preparation process,
aggregates of spheres, cylinders, or vesicles were obtained,
respectively, when the corresponding ratio of hydrophilic
PAA block was 26.0, 15.1, or 10.4 mol% (117). A similar
phenomenon was observed in the study on the ABCA-type
block copolymer OSBO (116). Using the film rehydration
method, OSBO-36 (the number refers to fgo%) and OSBO-

A
Jeo~0.20-0.42

Jro~ 0.42-0.50

Jfeo> 0.50

. : [ i _

Fig. 15. The relationship between copolymer conformation and result-
ing shape of PEO-PLA self-assemblies as a function of PEO fraction
(feo)- (A) lllustration of copolymer chains molecular, and (B) cryo-
transmission electron microscopic images of morphologies (114).
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Scheme 12. Poly(2-methyloxazoline-block-dimethyl-siloxane-block-
2-methyl oxazoline).

46 almost exclusively formed vesicles in the water, whereas
OSBO-52 and OSBO-66 had some cylindrical micelles
accompanying a minority population of polymersomes. The
feo of 0.5 is regarded as the boundary where polymersomes
switch to micelles. For ABA-type amphiphilic poly(2-meth-
yloxazoline-block-dimethyl-siloxane-block-2-methyl oxazo-
line) (PMOXA-b-PDMS-b-PMOXA; Scheme 12) (118), the
morphology of self-assemblies was largely controlled by the
weight ratio of hydrophobic PDMS to hydrophilic PMOXA.
A ratio below 1.5 favored the vesicle formation, above which
the tendency to form nanotube became obvious.

The thickness of the polymersome membrane is obvi-
ously influenced by the length of the hydrophobic chain in
the copolymer (119,120). For example, in the system of
PEO-PBD (Scheme 13), the hydrophobic membrane thick-
ness (d) increased from 9.6, 10.6, to 14.8 nm when the
molecular weight of BD increased from 3600 to 5200 to
10,400 g/mol (121). Likewise, in other series of PEO-b-PBD,
d was gradually enhanced from 8-9, 9-10, to 12-13 nm with
the increase in MW of BD from 1.8, 2.5, to 5 kDa (122).

Instead of directly dissolving block copolymer in water,
specific techniques are generally required to fabricate
polymersomes. Electroformation has proved to be the most
useful method for preparing the giant polymeric vesicles with
diameters in the range of 10-200 pm. In this process, a thin
film of polymer on adjacent electrodes is phoresed by
alternating current into an aqueous solution (123,124).
Vesicle size can be readily controlled by varying the voltage
and frequency of the electric field. As for nanoscaled
polymersomes, film rehydration is preferred, just like the
typical preparation method for liposomes (125). The polymer
is dissolved in a certain volatile solvent such as chloroform or
tetrahydrofolate and dried in a round-bottom flask by rotary
evaporation of the solvents to obtain a thin polymer film. The
addition of water or buffer to the flask will lead to
spontaneous budding of vesicles off the round-bottom glass
surface into solution. The size and size distribution of
polymersomes can be regulated by further sonication or
extrusion or even with several freeze-thaw cycles. Another
method is called injection, where the organic polymer
solution is slowly injected into an aqueous solution to
precipitate the polymersome (126). Sometimes, adding water
directly into the organic polymer solution is also useful (127).

HYPERBRANCHED POLYMERS

A typical example of a branched polymer used in drug
delivery systems is PEI, a large family of water-soluble

TSNP

Scheme 13. Poly(ethyl ethylene)-b-polybutadiene.
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Scheme 14. Synthesis of PEG-b-PEI-b-poly(y-benzyl L-glutamate).

polyamines with varying molecular weights and degrees of
chemical modification. Extensive progress has been made in
understanding the polymerization mechanism, control of
polymer branching, and alternative routes to these polymers.
This branching polymer presumably yields spheroid-shaped
molecules possessing primary, secondary, and tertiary
charged amine groups. PEI can function as a cationic
polyelectrolyte and strongly attracts anionically charged
organic and inorganic materials, colloids, and surfaces, which
leads to its extensive applications for anionic DNA delivery.
A series of graft copolymers based on hyperbranched PEI
(hy-PEI) with nonionic and hydrophilic block were synthe-
sized, where the task of PEI was to condense nucleic acids,
while the hydrophilic block was supposed to increase the
solubility of the interpolyelectrolyte complex and stabilize it
against opsonization.

Two series of PEI-g-PEG copolymers were synthesized
using an elegant two-step method; one series contained a
grafted PEI (MW 25,000) with varying numbers of PEG
(MW 5000), and the other series contained equal amounts of
PEI and varying MW PEG (128). In the first series,
cytotoxicity was reduced as the graft number of PEG
increased, and in the second series, an increase in the MW
of PEG from 550 to 20,000 significantly increased the
cytotoxicity, suggesting that excessive membrane destruction
always occurs when the cationic domain is accessible.

Shuai et al. (129) prepared the biodegradable amphi-
philic copolymer (hy-PEI-g-PCL-b-PEG) by grafting acti-
vated PCL-b-PEG onto hy-PEI. Complexation of plasmid
DNA with various copolymers created particles of 200 nm in
diameter. Copolymer composition was found to significantly

1 M,

Scheme 15. Synthesis of amphiphilic scorpion-like macromolecule
(AScM) (131).

affect the gene transfection efficiency of polyplexes in that
lower graft density and higher molecular weight PEI favored
higher gene transfection efficiency.

More recently, the micelle character of biodegradable
PEG-b-PEI-b-poly(y-benzyl L-glutamate) (PBLG; Scheme 14)
was investigated (130). The copolymer self-assembled in
water with CMC in the range of 0.00368-0.0125 g/l depending
on the hydrophobic block content in the copolymer and the
ionic state of PEI. The CMC decreased when the PBLG
block content was increased. Micelle size decreased and
CMC increased simultaneously, depending on the protonated
degree of PEI through the addition of HCI.

Novel amphiphilic scorpion-like macromolecules
(AScMs; Scheme 15) were designed comprising acylation of
mucic acid with acyl chlorides of varying chain lengths as the
branched hydrophobic domains whereas PEG as hydrophilic
domains (131,132). Low CMC values (10"°-10~7 mol/l) and
small particle sizes (10-20 nm) of AScMs were observed.
Furthermore, the CMC and the particle size can be well
controlled by the length of PEG or acyl chains. These unique
properties of AScMs will be useful for encapsulating and
delivering lipophilic drugs. Later, Frauchiger et al. (133) and
Djordjevic et al. (134) constructed a novel amphiphilic
starlike macromolecule (Scheme 16) by simply taking
advantage of this vagarious branched polymer and greatly
approved of its potential to work as a drug carrier.
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Scheme 16. Amphiphilic starlike macromolecule composed of
AScM.
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Scheme 17. (a) Graft polyphosphazenes bearing o-amino-o-
methoxy-PEG; (b) poly(4-methylphenoxy phosphazene)-g-poly(2-
methyl-2-oxazoline).

GRAFT POLYMERS

Except for those like hy-PEI graft polymers, most graft
polymers can also be called comb-type copolymers, which
contain extensive branching along a linear polymer back-
bone. Two general methods have been applied to synthesize
the graft polymers according to the properties of backbone
and branching. One method refers to the direct copolymer-
ization of two or more than two monomers, one of which
must already have a branching (135). The other method uses
the polymer as a backbone in the presence of polyfunctional
active sites, which are used to couple with new branches or to
initiate the propagation of branching (136). For example, Ito
et al. (137) used a macromer technique to synthesize a graft
copolymer of PSt with uniform PEG side chains. They
obtained PEG macromers using potassium tertiary butoxide
as the initiator and methacryloyl chloride or p-vinyl benzyl
chloride as the terminating agent to obtain PSt-g-PEG. An
apparent decrease in the reactivity of both PEG macromers
and comonomers was ascribed to thermodynamic repulsion
between the macromer and the backbone. On the other
hand, Candau et al. (138) obtained PSt—g-PEG by reacting a
living monofunctional PEG with a partly chloromethylated
PSt backbone. Using this method, PSt needs to be activated
first to form coupling sites for PEG.

When considering biodegradation along with the syn-
thesis method, several water-soluble polymers are typically
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selected as the backbone for graft polymers, taking advan-
tage of their multiple active groups along the backbone, such
as chitosan, alginate, dextran, and poly(L-glutamic acid).
PEG is the most popular side chain for these polymer
backbones because it always facilitates the formation of
thermosensitive gels. For example, when more than ~40
wt.% of PEG was grafted to chitosan chains via covalent
bonding, the aqueous solution of the resultant copolymer was
an injectable liquid at low temperature and transformed into
a semisolid hydrogel at body temperature. After an initial
burst release in the first 5 h, a steady linear release profile for
a protein from the hydrogel was achieved for a period of
~70 h (139). PNIPAAm is another popular side chain with
the aim to construct a thermosensitive gel because of its
intrinsic water solubility change with temperature (140).
Recently, a number of reports have focused on the
biodegradable graft polyphosphazene. Lee et al. (141) and
Lee and Song (142) synthesized a series of graft polyphos-
phazenes bearing o-amino-o-methoxy-PEG (AMPEG;
Scheme 17a) and different hydrophobic amino acid esters,
which exhibit reversible sol-gel properties. The gelation
properties of the polymer were affected by several factors,
such as the composition of substituents, the chain length of
AMPEG, and the concentration of the polymer solutions.
The more hydrophilic composition of polymers offered
higher gelation temperatures. Increasing the chain length of
AMPEG also gave higher gelation temperatures (Table II).
In addition to thermosensitive gels, graft polyphosphazenes
have also been modified to construct micelles in water.
Poly(4-methylphenoxy phosphazene)-g-poly(2-methyl-2-oxa-
zoline) (Scheme 17b) is a typical example, and its micelle
characterization has proven to be related to the polymer
architecture (143). When the graft ratio of poly(2-methyl-2-
oxazoline) was held at 5%, the CMC was found to be
0.025%. Above CMC, the polymer solution showed surface
tension of 46 dyn/cm. In the case of the 20% grafted polymer,
the polymer also formed micelles but showed poor surfactant
behavior with high surface tension (65 dyn/cm) above a CMC
of 0.05%. It is noteworthy that Qiu’s group synthesized
several series of amphiphilic polyphosphazene-g-PNIPAAm
containing hydrophobic amino acid esters or ethyl 4-amino-
benzoate (Scheme 18) with different composition using
macromolecular reaction. These graft polyphosphazenes
exhibited thermosensitivity attributed to the property of
PNIPAAm. Consequently, the polymers had the capability
to form self-assembled nanoparticles at temperatures below

Table II. Characteristics of Poly(organophosphazenes) (141)

Tass Tmax TLCST sz\x Mwe
Polymer Structure (cO)* (cCy’ (°O)* (Pa s)¢ (10%)
1 [NP(AMPEG350) s7(IleOEt); 13, 29 37 116.9 39
2 [NP(AMPEG350)1 95(IleOEt).94]x 11 38 55 28.6 2.1
3 [NP(AMPEG350); 45(IleOEt)g 55],, 74 6.0
4 [NP(AMPEGS550)076(1leOEt)1 24],, 35 61 75 5.0 2.0

“The association temperature at which the viscosity of the polymer solutions (10 wt.%) begins to increase sharply.
b The temperature at which the polymer solutions (10 wt.%) reach their maximum viscosity.
“The lower critical solution temperature (LCST) was identified as the temperature at which the polymer solutions (10 wt.%) became turbid.

4The viscosity of the polymer solutions at Ty

“The molecular weight of the polymers was measured by GPC using tetrahydrofolate solutions containing 0.1% (w/v) tetrabutylammonium

bromide.
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Scheme 18. Amphiphilic polyphosphazene-g-PNIPAAm containing
various hydrophobic groups: (a) ethyl glycinate; (b) ethyl 4-amino-
benzoate; (c) ethyl tryptophan.

LCST with the proper amount of grafted chains, whereas
they aggregated once the temperature exceeded LCST
(144,145). They further investigated the architecture—proper-
ty relationships of those polymers in detail. The more
hydrophobic groups a copolymer contained, the lower its
LCST. Furthermore, the critical association concentration
(CAC) of copolymers decreased by increasing the content
of hydrophobic side groups (146). The effect of hydrophobic
groups on CAC was similar to the amphiphilic block
polymers discussed above. More recently, they achieved a
novel amphiphilic polyphosphazene-g-PNIPAAm contain-
ing a unique fluorescence feature (Scheme 18c), which will
facilitate the tracking of the fortune of drug-loaded nano-
particles in the body (147). Owing to the flexibility of this
synthesis method, graft polyphosphazene offers a broad plat-
form to design biomaterials with versatile adaptability for
applications.

STAR POLYMERS

Star polymers have a three-dimensional hyperbranched
structure where linear arms of the same or different
molecular weight emanate from a central core. Star polymers
can be produced either by arm-first or core-first methods
(148). The arm-first method involves the use of a multifunc-
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Scheme 19. (a) Poly(lactic acid) and (b) poly(acrylic acid) star polymers
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tional termination agent or cross-linking of linear polymer
chains prepared by living controlled polymerization. Geor-
giou et al. (149) reported that the synthesis of the arms of a
star polymer was accomplished by group transfer polymeri-
zation of DMAEMA, initiated by a monofunctional initiator.
Subsequently, cross-linking took place in situ by the poly-
merization of a bifunctional methacrylate, which led to
interconnection of the “living” linear chains at one end to
give an “arm-first” star polymer. In the core-first method,
polymer chains are propagated from a multifunctional
initiator. Generally, the latter method is more popular
because of better control. For instance, ATRP has been
applied recently as a controlled radical polymerization
procedure that allows control over both molecular weight
and architecture. One of the most popular multifunctional
initiators is polyamidoamine (PAMAM) dendrimer (150,151)
(see Dendrimers) and multihydroxyl-terminated PEG
(152,153). The arm number of a star polymer is determined
by the number of end groups in the core molecule. For
PAMAM, the arm number increases proportionately with
the addition generation. Three- and four-arm PEGs can be
prepared by anionic polymerization of ethylene oxide
initiated with potassium alkoxides of trimethylolpropane
and pentaerythritol, respectively (154). Now, multihydroxyl-
terminated PEGs with a controlled arm number and molec-
ular weight per arm have been commercialized by Shearwa-
ter, Inc. (Huntsville, AL, USA). In most cases for star
polymers, PEG not only plays the role as an initiator but is
also the hydrophilic part of the polymeric system. Other
initiators with multiple active groups were reported, includ-
ing pentaerythritol (148) and 1,2,3,4,6-penta-O-isobutyryl
bromide-o-D-glucose (155). Johnson and Fraser (156) pre-
pared poly(lactic acid) and poly(acrylic acid) star polymers
with luminescent ruthenium tris(bipyridine) centers (Scheme
19) to couple drug delivery and imaging functionality. Kovar
et al. (157) also presented an interesting star structure
polymer composed of HPMA copolymer—doxorubicin con-
jugates and targeting B1 monoclonal antibodies (Scheme 20).
This is a more homogeneous and better characterized
polymer than the classic hyperbranched antibody-targeted
conjugates. Furthermore, they revealed that the star structure
of the targeted conjugate has a remarkably higher antitumor
effect than the classic structure, which may result from its
higher cellular internalization rate and longer blood-elimina-
tion profile.

Compared with linear block polymer or polymer conju-
gation, research on star polymers as drug vectors seems
rather limited so far. It has been shown that star-shaped
polymers exhibit a smaller hydrodynamic radius and lower
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luminescent ruthenium tris(bipyridine) centers.



22

Qiu and Bae

a b
H Ancbody B Doxomboen
/\;\, HPMA copolymer backbons =ooo= Tetrepeptidic spacer

Scheme 20. (a) Antibody-targeted HPMA copolymer-bound doxorubicin conjugate and (b)
the star structure polymer (157).

solution viscosity when compared to linear polymers of the
same molecular weight and composition. The smaller hydro-
dynamic radius of PEG is important for complete renal
excretion after acting. The structure of the star polymer
makes it feasible to using PEG with higher molecular
weights; thus, the system would be improved at controlling
the hydrophilic/hydrophobic balance and core protection.
However, the most significant point for star polymer-based
unimolecular micelles is its higher stability compared with
micelles formed from amphiphilic molecules because these
unimolecular micelles contain covalently fixed branching
points. It has been noticed that drug loading in the micelle
can be obtained, but it is controlled by the dimension of
hydrophobic core. Liu ez al. (158) developed a three-arm star
polymer composed of mucic acid substituted with fatty acid
as a lipophilic inner block and PEG as the hydrophilic outer
block. It could encapsulate a hydrophobic model drug in
aqueous media, but because of structural constraints, only
one or two drug molecules could be encapsulated inside each
micelle. When using a dendrimer as the drug-loaded core, it
was also demonstrated that micelles with a larger dendrimer
core had higher encapsulation ability than those with smaller
cores (159,160). To promote drug loading, lipophilic PCL
inner blocks were linked to PAMAM dendrimer (Scheme 21)
(151). An increased loading capacity of up to 22% (w/w)
achieved with etoposide, a hydrophobic anticancer drug, was
attributed to the enlarged core volume. Recently, charged
star polymers have also been developed for gene delivery.
Georgiou et al. (149) synthesized nanoscopic cationic meth-
acrylate star homopolymers with varying degrees of poly-
merization of the arms from 10 to 100 using the arm-first
method and evaluated the effect of polymer architecture on
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Scheme 21. Star polymer dendrimer—-PCL-PEG.

gene transfection. It was found that the pK’s of all star
polymers were calculated to be between 6.7 and 7.0,
independent of the arm DP. In contrast, the hydrodynamic
diameters of the star polymers strongly depended upon the
DP of the arms. All of star polymers were evaluated for
their ability to transfect human cervical HeLa cancer cells
with plasmid pRLSV40 modified with enhanced green
fluorescent protein as a reporter gene. Results showed that
as the DP of the arms of the DMAEMA star homopolymers
increased from 10 to 100, the overall transfection efficiency
decreased.

Different from star polymers mentioned above, a series
of star copolymers composed of a central hydrophilic PEG
segment and temperature-responsive PNIPAAm terminal
segments with arm numbers of 2, 4, and 8 have been
prepared (152). Such polymers did not form micelles in
aqueous media below the LCST of PNIPAAm because both
blocks are hydrophilic; instead, they exhibited a reversible
sol-gel transition process via a physical cross-linking mech-
anism upon warming to body temperature. Their structures
and properties relationship were examined in detail. Com-
parison of the rheological results for the two-, four-, and
eight-arm structures showed that polymers with four-arm
structure formed gel in the highest strength. These materials
look promising for in situ gelation applications such as
injectable drug delivery and tissue engineering scaffolds.
Star-shaped poly(ether-ester) block copolymers with the
number of arms ranging from three to eight have also been
studied systemically where PEG acted as the inner hydro-
philic block and PLA or PCL as the outer hydrophobic block
(154). Such polymers cannot form micelles because the
hydrophilic block is located in the interior of the star.
Polypeptide-loaded microspheres were prepared using these
star-shaped polymers, and their drug release profiles were
investigated in vitro. Physical properties because of molecu-
lar architecture influenced the microsphere preparation and
drug release. As the number of arms increased, drug release
was found to increase correspondingly that resulted from
accelerated degradation of the highly branched polymer.
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DENDRIMERS

Dendrimers represent a relatively new class of macro-
molecules having a unique three-dimensional structure in
which a series of layered branches regularly extend from a
central core (161,162). The term “dendrimer” is derived from
the Greek words “dendra” for tree and “meros” for part. A
typical dendrimer comprises three main structural compo-
nents: a multifunctional central core, branched units, and
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surface groups. The repeated layers are called “generations.”

Most dendrimer syntheses involve the repetition of a
two-step reaction sequence, which consists of a generation
growth step and an activation step. To obtain dendrimers
without structural defects, both of these reactions must be
clean and occur in high yields without any noticeable side
reactions. Two general synthetic strategies have been devel-
oped to prepare dendrimers (Scheme 22): the divergent
approach initiated by Tomalia et al. and Newkome et al.
and the convergent approach by Hawker and Fréchet (163).
Both synthetic approaches possess relative advantages and
disadvantages, and the appropriate route depends mainly on
the kind of monomer employed and the desired polymer
structure. The most obvious difference between the two
approaches is in the direction of dendrimer growth. In
divergent synthesis, dendrimer growth starts from a polyfunc-
tional core and expands outward with the stepwise addition
of successive layers of building blocks. In contrast, in the
convergent approach, dendrimer construction begins at what
will eventually become the outer surface shell of an ideally
branched macromolecule and proceeds inward by a step
addition of branching monomers, followed by the final
attachment of each branched dendritic subunit (or dendron)
to a polyfunctional core. A comparison of the two methods
suggests that the convergent approach affords better control
over the ultimate dendritic architecture than the divergent

Scheme 23. (a) Polyamidoamine dendrimer; (b) polypropyleneimine (PPI) dendrimer; and
(c) polyester dendrimer based on glycerol and succinic acid.
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approach. On the other hand, the divergent approach has
been shown to be suitable for larger-scale production of
dendrimers. However, both methods involve stepwise pro-
cesses that are tedious and time consuming. During the early
stages, studies in dendrimer chemistry focused mainly on the
development of synthesis methods, as well as the investiga-
tion of their physical and chemical properties. As a result, a
large number of dendrimers with a variety of architectures
have been prepared. Since the 1990s, numerous research
groups have begun to explore various potential applications
of dendrimers including drug delivery. The precise synthesis
technique facilitates the emergence of several kinds of
dendrimer backbones with good water solubility and bio-
compatibility.

PAMAM dendrimers (Scheme 23a) synthesized by
divergent approach are the first complete dendrimer family
to be commercialized. They have proven to be nonimmuno-
genic and have low mammalian toxicity, especially when
their surface is modified with anionic or neutral groups such
as carboxylic or hydroxylic moieties (150). Polypropylenei-
mine (PPI) dendrimer (Scheme 23b) is another commercial-
ized material. Its shortcoming stems from the presence of
multiple cationic amine groups, which relate to its high
toxicity. Because biodegradation is always one of the crucial
factors for biological materials, some biodegradable den-
drimers have been designed to undergo metabolism. For
example, peptide-based dendrimers, such as polylysine, have
been developed as potential biomaterials (164). Polyester
dendrimers incorporating monomers, such as glycerol, suc-
cinic acid, phenylalanine, and lactic acid, have been prepared
by Grinstaff (165) (Scheme 23c), and their potential uses in
tissue engineering have been demonstrated. These biode-
gradable dendrimers may provide numerous opportunities to
deliver drugs via various parenteral routes. Given PEG’s
characteristics, it has been often introduced into the den-
drimer molecules to obtain PEG dendritic analogs.

As described in several recent reviews, the application of
dendrimers in the field of drug delivery has been explored
ranging from anticancer, antiviral, antibacterial drugs and
vaccines to gene and magnetic resonance imaging contrast
agents. In addition, drug-contained dendrimer systems have
been designed to achieve targeted injection, oral, ocular, and
transdermal delivery (166-171). Compared to linear poly-
mers, dendrimers exhibit unique architecture, which can
provide several advantages for drug delivery applications.
First, the internal cavity of the dendrimer provides a location
for hydrophobic drug to achieve noncovalent encapsulation
with the possibility of subsequent controlled release. Second,
the controlled multivalency of dendrimers can be used to
attach combination of drug molecules, targeting groups and
solubilizing groups to the periphery of the dendrimers in a
well-defined manner. Third, the more globular shape of
dendrimers, rather than the random coil structure of most
linear polymers, could affect their biological properties, and
the low polydispersity of dendrimers should provide repro-
ducible pharmacokinetic behavior. Lastly, unlike polymeric
micelles, dendritic micelles are quite stable at any concen-
tration because such unimolecular covalently bound micelles
do not dissociate.

Dendrimer drug delivery offers a uniform and promising
protocol for drug entrapment, conjugation, and controlled
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release. It is worth noting the relationship between den-
drimer architecture and pharmacokinetics or drug bioavail-
ability. Dendrimer architecture covers factors such as the
chemical property and size of branched units, i.e., generation
number (G), which always exerts the most critical influence
on the quality of the resultant system, such as size, drug-
loading capability, efficiency, and safety.

Based on its open and extending linkage mode of
repeated units, the dimensional scale of dendrimers univer-
sally exhibits a simple dependence relationship on the
generation number. PAMAM dendrimer is just a typical
example to illustrate. The diameters of PAMAM spherical
molecules are 40, 53, 67, and 80 A, respectively, which is
exactly proportional to generation numbers of 4, 5, 6, and 7
(172). When the dendrimer works as a host to physically
entrap the guest drug, relatively high generation is expected
to strengthen the interaction between the dendrimer and the
drug, especially under conditions when hydrogen bonding or
hydrophobic interactions drive the drug loading (155,173).
Studies show that the generation will also affect drug release
to a certain extent. For PAMAM dendrimer, core-tethered
amplifications transform dendrimers from flexible scaffolding
(G0-3) to semirigid container-type structures (G4-6). These
container-type host structures exhibit guest-molecule perme-
ability. In contrast, rigid surface-scaffolding structures
(G7-10) manifest limited surface permeability, which conse-
quently is supposed to sustain drug release (172). Bhadra
et al. (174) prepared PPI dendrimer loaded with primaquine
phosphate, an antimalarial drug, using an equilibrium dialysis
method. There was an increase in drug entrapment by 5-15
times with increasing generation. Moreover, as expected,
drug release is obviously retained by dendrimers with a large
generation because with increased generations, the structures
become more compact and peripherally closer. Similar
results were reported with paclitaxel-loaded polyglycerol
dendrimers (155). In the second strategy of chemically
conjugating drugs to dendrimers, the greater the generation,
the larger the dendrimer size, which produces more end
groups for the drug to bind. Moreover, drug release can be
controlled by incorporating hydrolysis linkages between the
drug and the dendrimer. Zhou et al. (175) have described the
influence of generation on the amount of 5-fluorouracil
(5FU) in SFU-conjugated PAMAM dendrimers with differ-
ent generations.

Several research groups have revealed that drug-loaded
dendrimers can facilitate penetration into the cell and bypass
drug efflux transporters, therefore increasing drug bioavail-
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Scheme 24. Hydra-amphiphiles that consist of a dendrimer as the
nonpolar component and a PEG chain as the polar component.
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ability (176,177). In the boronated starburst dendrimer—
monoclonal-antibody immunoconjugates system (178), the
zero-generation starburst dendrimer with three terminal
amino groups had the lowest hepatic and spleenic uptake of
the injected dose of radioactivity at 72 h, with 1 and 0.01%,
respectively. Higher-generation dendrimers (G2-4) have five
times higher hepatic uptake than zero-generation den-
drimers. Using an everted rat intestinal sac system, the effect
of PAMAM dendrimer size on uptake and transport across
adult rat intestine in vitro was investigated (179). The results
showed the size or conformation sensitivity of the transport
mechanism, indicating that a generation 5.5 dendrimer
displayed higher tissue accumulation compared with that of
either a generation 2.5 or 3.5 dendrimer. Patri et al. (180)
concentrated on this in their review.

As Malik er al. (181) revealed, the biocompatibility or
safety of dendrimers in vivo is dominated by its charge. In
general, regardless of structure, cationic dendrimers were
hemolytic and cytotoxic even at relatively low concentra-
tions. Moreover, in the case of PAMAM dendrimers,
hemolysis was generation-dependent, increasing with higher
generations. Conversely, dendrimers with carboxylate-termi-
nal groups were neither hemolytic nor did they cause
cytotoxicity across a panel of cell lines studied in vitro.

Recently, a new series of architectures derived from
dendrimer has been reported. Chapman et al. (182) presented
hydra-amphiphiles that consist of a dendrimer as the
nonpolar component and a PEG chain as the polar compo-
nent (Scheme 24). The amphiphilic polymers described by
Zhong and Eisenberg (183) can be regarded as the first
approach toward PSt-dendrimer structures with variable
polar head-group size. PPI dendrimers were used as the
polar portion in amphiphilic block copolymers because
of their good hydrophilicity and highly branched structure.
van Hest et al. (184) reported on the synthesis and
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Scheme 25. Block copolymer with a polystyrene chain and a PPI
dendrimer.
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Scheme 26. Dendrigraft with a PSt core and PSt-b-poly(methyl vinyl
ether) (PMVE) as external branches. PCEVE: poly(chloroethyl vinyl
ether) (186).

characterization of a well-defined class of hybrid PSt-
dendrimer block copolymers (Scheme 25) for which the
head-group size varied by five different generations, from
PSt-dendr-NH, up to PSt-dendr-(NH,);,. The results showed
that in aqueous phases, PSt-dendr-(NH,)3, formed spherical
micelles, PSt-dendr-(NH,),¢ formed micellar rods, and PSt-
dendr-(NH,)s formed vesicular structures. Lower generations
of this class of macromolecules show inverted micellar
behavior.

Zhu et al. (185) prepared an asymmetric linear-dendritic
block copolymer of polyether dendrimer and PNIPAm by an
ATRP method. It was found that a thermosensitive phase
transition took place at 37.5°C, whereas spherical aggregates
of this block dendritic polymer simultaneously grew into
larger entangled nanotubules. These unique temperature-
sensitive supramolecular aggregates may be especially useful
as intelligent capsules for drug delivery systems and as
chemical sensors.

Schappacher et al. (186) constructed a water-soluble
dendrigraft with a PSt core and PSt-b-poly(methyl vinyl
ether) as external branches (Scheme 26). The dendrigrafts
were observed by AFM and TEM to be egg-like or long
cylindrical objects, which could self-organize intramolecular-
ly into segregated subdomains, forming flowerlike or strings
of flowerlike objects. In addition, the dendrigrafts in water
showed an LCST above 30°C.

CONCLUSIONS

The ultimate goal for controlled drug release is to
maximize therapeutic activity while minimizing the negative
side effects of the drug. In this regard, versatile nanoscale
delivery approaches based on novel biomaterials have
already been established to seek the distinct advantages in
drug treatment and diagnosis. Numerous efforts have ren-
dered this point much clearer that nanotechnology utilized in
the controlled drug systems does not simply imply the
dimension reduction, but instead emphasizes significant
functions related to the decreased size. The architecture—
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property relationship is at the heart of this rational concept
because the architecture of the polymer markedly influences
not only the physicochemical properties of the polymer itself
under the request of in vivo application, but it also influences
various aspects of the drug itself, including drug-loading
efficiency, drug release rate, biodistribution, and even
interaction with specific tissues or cells in vivo. So far,
several specific criteria of polymers have been addressed to
fabricate novel drug delivery systems related to nanotech-
nology (Table I). Optimizing polymer architecture is an
intelligent strategy to develop desired pharmaceutical prod-
ucts. However, the study experience on some relatively new
drug carriers, such as dendrimer and polymersome, is still
quite limited, and there are not enough experimental data to
comprehensively understand the influence of these polymer
architectures on the fate of drugs. Therefore, more extensive
work is urgently required. In addition, some properties of
drug delivery systems, such as yield and stability, which have
to be considered during practical manufacture, also need
further investigation from the view of polymer architecture.
In a word, studies on polymer architecture would be beneficial
to further elucidate the action mechanisms of drug delivery
systems, and more importantly, it would also offer a valuable
feedback to properly tune-make and optimize biopolymers of
a new generation for high-quality drug products.

With the advances in polymer synthesis chemistry and
technology, more defined, controlled, and biocompatible
polymers are becoming available, and such polymers will
contribute to new generations of biomimetic nanostructures
and vehicles for carrying diagnostic and imaging agents,
therapeutic drugs, prognostic reagents, and multiagents in the
future. Thus, controlling polymer architecture will be one of
the most crucial technologies for future drug delivery. The
new polymers and nanocarriers definitely require extensive
consideration of toxicological and immunological issues,
which are often ignored during the research phase.
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