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PEGylation Technology in Nanomedicine

Yutaka Ikeda and Yukio Nagasaki

Abstract PEGylation refers to the covalent attachment of polyethylene glycol to
proteins to reduce immunogenicity and extend their time in blood circulation.
PEGylation is recognized as a promising method for increasing the therapeutic
efficacy of medicines in clinical settings. The main advantages of PEGylation are
(1) an increase in the size of drug molecule, resulting in reduced filtration by
kidneys, (2) an increase in solubility, and (3) protection from enzymatic digestion
and recognition by antibodies. A variety of molecules, such as small molecules,
peptides, proteins, enzymes, antibodies and their fragments, and nanoparticles have
been modified with PEG. Several PEGylated drugs have been approved by the US
Food and Drug Administration (FDA) and several more are being tested in clinical
settings. This review summarizes the methodologies and effects of PEGylation on
drug delivery and highlights recent developments in PEGylated drugs.
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1 Introduction

In 1977, Abuchowski et al. reported that covalent attachment of polyethylene glycol
(PEG) to albumin reduced the immunogenicity of albumin [1]. Subsequently, this
group also found that PEGylated biomolecules had a longer blood circulation time
than the corresponding normal biomolecules [2]. On the basis of this discovery,
PEGylation has been widely recognized as one of the more promising methods for
exploration of therapeutic drugs. This exploration includes developments in the
methodologies of PEGylation [3]. In the first generation of PEGylated molecules,
the target molecule was nonspecifically and irreversibly PEGylated with linear PEG
chains (Fig. 1). In the second generation, the molecule was PEGylated with
branched PEG chains at specific positions and covalently bound, so that PEG
could be released by stimuli from the outside environment. A variety of molecules,
including small molecules, peptides, proteins, enzymes, antibodies, antibody
fragments, and nanoparticles have been modified with PEG. At present, 11
PEGylated drugs have been approved for clinical use by the US Food and Drug
Administration (FDA) and several more trials in clinical settings are ongoing.

2 PEGylation Chemistry

At present, the most frequently used methods for PEGylation are chemical conju-
gation between reactive groups in the drug, such as the primary amine of lysine in
protein, and end-reactive PEG derivatives, such as the N-hydroxysuccinimide-
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Fig. 1 PEGylation
technologies. Nonspecific and
irreversible PEGylation is
associated with several
limitations, such as altered
drug properties. To overcome
this problem, a new
generation of PEGylation
technologies that enable
highly specific and reversible
PEGylation have been
developed

Fig. 2 Examples of activated
PEG derivatives commonly
used for PEGylation

¢ &

First generation Second generation
-liner PEG chain *branched PEG chain
-non-specificity * High specificity

-irreversible conjugation  “reversible conjugation

Amine conjugation o
lo] o]
H N/ —ReNH H )/\.)L R
06/\0);\)1\0’ o N
o}
H 0.0 H
06/\0):\/ T \©\ R-NH, H%/\O);\/OTN\R
(o]
NO, o}

0
HO(~ o);\)LH DRNH, HOE/\O);\/\H,R

2) Reduction

Thiol conjugation

(o] o)
Yy R-SH SR
HOV\ o};\/z? - HO‘/\ oh\,z?*
(o) o

o o
" R_S 11}
H%/\O)T\\/ﬁ_\ . Hoé/\o};\/g_\,sn
N/
|| r-sH
HO{\/\OK\/S..SQ——M HOL~ol~Svgr

Conjugation by click chemistry
H R‘N3 H )/\(\
Ry — 4ol NjN'N—R
N

- N=
HO A~ of N R:"HOV\OJT,\/'G N

terminated PEG derivative. These conventional methods are summarized in Fig. 2.
Amine-specific and thiol-specific reagents are efficient and afford a good yield of
PEGylated products. These simple methods can be applied to PEGylation of
various molecules. Indeed, several PEGylated drugs have been approved for
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clinical use by the FDA. However, nonselective conjugations of the amino and/or
thiol groups in protein molecules results in product heterogeneity, which often
causes significant deactivation of the product. For example, 20-70% of native
interferon-beta-1b (IFN-B-1b) antiviral activity was retained in mono-PEGylated
IFN-B-1b, but the activity was greatly reduced or disappeared almost completely in
multi-PEGylated IFN-B-1b [4]. Therefore, the development of site-specific
PEGylation technology is quite important for developing more active and safer
drugs.

2.1 Site-Specific PEGylation

PEGylation of drugs with an amine- or thiol-specific reagent is effective and thus
the most popular method in current use. The thiol group of cysteine is often used for
PEGylation of protein because PEGylation at cysteine is more specific than that of
the amino group of lysine. Generally, cysteine forms dithiol linkages and the free
thiol group is not available. To utilize the free thiol group for conjugation, it is
necessary to engineer a new and free cysteine into the protein via recombination
techniques. Although this approach works well, the genetic engineering involved in
the process requires high skill, and protein misfolding and aggregation often occur
during the purification process. To overcome this problem, Brocchini et al. developed
site-specific PEGylation technology [5, 6]. An outline of their technology is shown
in Fig. 3. Briefly, this technique involves the synthesis of a novel bis-thiol-specific
PEG reagent (PEG monosulfone) containing a thiol-specific bis-alkylating group,
which comprises an o, B-unsaturated carbonyl group possessing a sulfomethyl
group at the a-position of the unsaturated double bond. After the reduction of the
disulfide bond in the protein, both free reactive thiol groups react with the PEG
reagent to produce disulfide-bridging PEGylation with a three-carbon bridge.

Cysételne H—Cysteme Cystelne 2
é Reduction 3 -
Cysteine Cystelne Cysteme
: Cysteine
Vil Cys?:;el e ¥
S B’ -
& S Jl\fg >_<
I
Cysteine PEG Cystel ne

Fig. 3 Chemistry of site-specific PEGylation developed by Brocchini et al. [5, 6]. After cleavage
of the native disulfide bond between two cysteine thiols by reduction, the free cysteines are reacted
with an «, B-unsaturated PEG derivative to produce a PEG conjugate via a three-carbon bridge
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The N-terminal methionine residue of protein can also be employed for selective
PEGylation using aldehyde-terminated PEG via a reductive amination reaction,
because the N-terminal primary amine has a lower pKa of 7.8 than other amines
such as lysines, whose pKa is 10.1 [7]. After reaction with aldehyde-terminated
PEG at low pH, the resultant imine is reduced with sodium cyanoborohydrate to
provide PEGylated protein (Fig. 4) [8, 9]. This technique was used for the produc-
tion of Neulasta, which was approved for use by the FDA in 2002 [10].

2.2 Enzymatic PEGylation

Novel methods have been proposed by various researchers to achieve site-specific
PEGylation using enzymatic PEGylation reactions. Sato et al. utilized transglu-
taminase (TGase; protein-glutamine y-glutamyltransferase), an emerging enzyme
[11]. This enzyme catalyzes an acyl transfer reaction between the y-carboxyamide
group of the glutamine residue (acyl donor) in a protein and a variety of primary
amines (acyl acceptor) (Fig. 5) [12]. TGase is believed to require special sequential
structures of the acyl donor for efficient modification; however, it is interesting to
note that a variety of primary amines are accepted as acyl donors. Thus, TGase is a
very useful reagent for protein modification [13]. An amino derivative of PEG, such
as PEG-NH,, can be used as an acyl acceptor for PEGylation of proteins. Several

1. PEG aldehyde

N-terminal amine amines in lysine
= WV =0 Apyormn SN T
NH, NH - NH, NH,
pka =7.8 NH, 2 2. NaCNBH;,4 NH,
pka = 10.1

Fig. 4 PEGylation at the N-terminal methionine residue. The difference in pKa between the
N-terminal amine and other amines in the protein enables site-specific PEGylation. After reaction
with aldehyde-terminated PEG at low pH, reduction of the resultant imine produces PEGylated
protein

protein
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Fig. 5 Enzymatic site-specific PEGylation by transglutaminase (7Gase). The alkylamine deriva-
tive of PEG can be introduced into proteins in a site-specific manner
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clinically important proteins, including human growth hormone and interleukin-2,
have been PEGylated using TGase [14].

2.3 Heterobifunctional PEG

Heterobifunctional PEG, which possesses different functional groups at the o- and
o-chain ends, is very useful in the field of drug delivery [15]. For example,
heterobifunctional PEG can conjugate drug-containing nanoparticles with a
targeting ligand (Fig. 6). In one study, a method for the synthesis of heterobi-
functional PEG by direct ring-opening polymerization of ethylene oxide (EO) using
a metal alkoxide initiator with a protected functional group was developed (Fig. 7)
[16, 17]. This useful method was further developed by Akiyama et al., [18-21].

Targeting ligand

Fig. 6 Utility of the
heterobifunctional PEG. Two
different components such as
drug and ligand can be

introduced at the different Small drug, protein,
ends of PEG nanoparticle
a
Protecting
rou
¢ po\. K-NaPh _ 1).0, O\.\F/\ ),H Deprotection .\{/\ ),H
2 " " (0] =
Functional 2) H+ n O/n
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Fig. 7 Synthesis of heterobifunctional PEG. (a) Nagasaki et al. developed a method for the
polymerization of EO using an initiator containing defined functionalities [16, 17]. (b) Akiyama
et al. further developed a synthetic route to prepare a series of heterobifunctional PEGs [18-21].
After the ring-opening polymerization of ethylene oxide, a second functional group was
introduced at the w-end of PEG
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Fig. 8 Examples of heterobifunctional PEGs popularly used for PEGylation

To date, a variety of heterobifunctional PEGs have been reported. Some popular
derivatives are shown in Fig. 8. Several PEG derivatives are now commercially
available from NOF, Japan.

2.4 Linear and Branched PEGs

Early PEGylation technology utilized linear PEG chains for conjugation. As stated
above, multiple and nonspecific conjugations often change the activity of native
proteins significantly, and it has been reported that the large molecular weight of
PEG causes a tendency to accumulate in the liver [22]. Branched PEG derivatives
are effective candidates for solving these issues. The same PEGylation effect on a
pharmaceutical can be obtained by introducing a smaller branched PEG with fewer
conjugation points. The second generation of PEGylation technology often utilized
branched PEGs because branched PEGylated products circulate longer in the blood
than linear PEGylated products [23]. This effect is thought to be because of the
steric hindrance of branched PEG [24]. PEGylation with branched-chain PEG has
been adopted in the development of FDA-approved drugs, including PEGASYS
[25], Macugen [26], and Cimzia [27].

Size-exclusion chromatography (SEC) showed no significant difference in size
between branched and linear PEGylated proteins [28]. Therefore, the longer in vivo
half-life of branched PEGylated drugs was not due to the size of the conjugate in
solution, but probably to the more effective masking of the protein surface by
branched PEGs.
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Although the detailed mechanism of the longer circulation time of branched
PEGylated protein is unclear, the architecture of PEG affects the release profile, the
pharmacokinetics of the drug [29], and the behavior of the protein at the interface
(e.g., protein absorption on hydrophobic surfaces [30]).

2.5 Releasable PEGylation

Although covalent attachments of PEG to drugs prolongs the lifetime of the drug
in vivo, they often have the opposite effect on biological and pharmacological
properties because the active site of drugs is inactivated due to shielding by massive
PEG chains [31, 32]. Even optimized site-specific PEGylation often results in
insufficient pharmacological properties. It also prevents internalization of the
drug into the cell [33]. New emerging technologies, such as de-PEGylation from
complex drugs, have been developed. Specific biodegradable linkages between the
drug and PEG chains are introduced to allow de-PEGylation. After the release of
PEG chains, drugs such as small molecules and proteins recover their original
structures, activities, and cellular-uptake capacities.

Roberts et al. reported the synthesis of PEG—drug conjugates via an ester bond
between the drug and PEG chain [34]. Despite its simplicity and efficacy, it is
difficult to regulate the release specificity because numerous esterases exist in the
cellular environment. In addition, many biologically active compounds often lack a
hydroxyl or carboxyl group, which is required for ester formation. In this system,
residues of linking reagent that connect PEG to the drug were left on the parent
molecules, even after the cleavage of PEG chains [34]. These residues may affect
the biological activities of the drug and might be a potential source of
immunogenicity.

Shulman et al. synthesized bifunctional linking reagents containing 2-sulfo-
9-fluorenyl-methoxycarbonyl (FMS) to produce a PEG conjugate that can be
cleaved by spontaneous hydrolysis under physiological conditions, on the basis of
the FMS cleavable system (Scheme 1) [35]. Amino groups in drugs can be utilized
for conjugation to PEG in this case.

Zalipsky et al. reported a drug—PEG conjugate via a benzyl carbamate linkage
(Scheme 2) [36]. This linkage is cleaved by a benzyl elimination reaction initiated
by the thiolytic cleavage of disulfide in the para or ortho position. Filpula et al.
developed a series of releasable PEG linkers that enable the controlled release of
drugs [37]. In their system, the cleavage reaction is initiated by a trigger reaction,
such as ester bond cleavage by esterase (Scheme 3). By controlling the rate-
determining step with an optimized linker structure, the release rate of PEG chains
can be controlled. For example, the introduction of steric hindrance, which slows
the triggered hydrolysis reaction of esters, results in a diminishing release rate [37].

ProLynx LLC has developed another type of releasable PEGylation technology
based on the B-elimination reaction shown in Scheme 4. In this system, the release
rate of the native drug is determined by the acidity of the proton adjacent to the
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modulator. Half-lives of molecules prepared using this approach range from several
hours to several weeks.

The concept of de-PEGylation can be applied to the development of nanoparti-
cle-based drug delivery systems. PEG is used for the modification of liposomes to
increase their blood circulation time [38]. However, it also prevents cellular uptake,
resulting in a decrease in therapeutic efficiency; thus, modifications of the liposome
surface with PEG interfere with membrane fusion to the cell membrane and
liposome decomposition [39]. One of the possible strategies to solve this problem
is to cleave the PEG chains after the nanoparticle reaches the target site (Fig. 9).
This system of de-PEGylation of liposomes is also useful in avoiding the immune
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response called the accelerated blood clearance phenomenon (ABC phenomenon),
in which the circulation time of a second dose of injected PEGylated liposome is
substantially reduced [40, 41]. Harashima et al. developed a multifunctional enve-
lope-type nanodevice (MEND) for a nonviral gene delivery system [39, 42]. In this
system, multiple device functions are assembled into a single system. In particular,
PEGs on the surface of liposomes were designed to be cleaved by enzymes such as
matrix metalloproteinases (MMPs) that are specifically expressed at tumor sites.
Removing PEGs resulted in an improvement of cellular uptake and subsequent
endosomal escape of the liposome.

3 Effect of PEGylation on Pharmaceuticals

3.1 Reduction of Renal Clearance

One of the remarkable properties of PEGylation is to increase the hydrodynamic
radius in order to decrease renal clearance. For example, Kubetzko et al. have
reported that antibody fragments (theoretically 29 kDa) showed retention volumes
corresponding to a size range of 200-300 kDa by SEC upon mono-PEGylation with
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a Cleavable by stimuli
Ligand PEG Lipid
b
Adhesion PEG cleavage M i
. embrane fusion
to target cell by stimuli and drug release

Fig. 9 Utility of de-PEGylation technology in liposomes. (a) PEG derivative possessing a lipid
moiety. The covalent bond between PEG and the lipid moiety can be cleaved by stimuli such as
those within the acid environment of cancer and inflammation. (b) After binding the target cell via
specific recognition of the receptor by the ligand, PEG molecules on the surface of the liposome
are cleaved. The release of PEG facilitates membrane fusion of the liposome and liposome
decomposition, resulting in efficient drug delivery

PEG (20 kDa) [43]. This demonstrates the strong hydrodynamic properties of
PEGylated molecules. The increase in hydrodynamic radius significantly decreases
renal clearance. Although the threshold of the molecular weight cut-off of renal
filtration of protein is about 65 kDa, the 30-kDa PEG demonstrates minimal renal
permeability [44].

3.2 Molecular Recognition of PEGylated Molecules

Although PEGylated molecules in the blood stream have longer half-lives than the
parent molecules, studies have reported conflicting conclusions about changes in
the binding affinities of PEGylated molecules. Chapman et al. demonstrated that
site-specific modification of antibody fragments at the termini of PEG diminishes
the loss of activity of the antibody fragment [45]. In contrast, Kubetzko et al.
reported a fivefold decrease in apparent affinity upon attachment of the 20-kDa
PEG molecule at the C-terminus of the antibody fragment [43]. By analyzing the
binding kinetics, they found that the reduction in affinity was mainly due to a slower
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association rate constant, whereas the dissociation rate constant was nearly
unchanged. Using a mathematical model, intramolecular and/or intermolecular
blocking by tethered PEG were proposed as the main factors behind the decrease
in the observed association rate constant. The model suggested that more than 90%
of PEGylated ligands are not capable of binding the target, indicating that accessi-
bility to PEGylated molecules is significantly restricted [43]. This model can
partially explain the lower immunogenicity and higher enzymatic resistance of
PEGylated molecules.

Although the affinity was decreased fivefold upon PEGylation, PEGylated
antibody fragments showed an 8.5-fold higher accumulation in tumors than unmod-
ified antibody fragments, because of a longer serum half-life [46].

3.3 PEGylation on the Surface

PEGylation technology is also relevant for solid surfaces. Immobilization of
proteins, antibody fragments, and whole antibodies has been widely used in
biosensing and bioseparation systems [47]. There are several factors that affect
the ability of these systems. These factors include the quantity, density, conforma-
tion, and orientation of the immobilized molecules. A common method of immobi-
lization of a protein is based on the reaction between reactive residues in the
protein, such as lysine, and the reactive surface. Yoshimoto et al. immobilized
antibody fragments (Fab’) on a gold surface through S—Au linkage [48]. However,
after the initial absorption of Fab’ onto the gold surface, reactions between the
interactive residues of Fab’ and the gold surface changed the conformation and
orientation of Fab/, resulting in the inactivation of the antigen-binding function of

Inactive

Gold surface
PEG(5k)

Active ? PEG(5k) S\ Fab' Fragment

2
=

Fig. 10 PEGylation on the surface. A highly dense PEG layer composed of mixed-PEG prevents
nonspecific protein interactions and inactivation of Fab’
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Fab’. To overcome this problem, they used a mixed-PEG layer formation in which
different molecular weights of PEG (2 and 5 kDa) were used for the formation of a
densely packed PEG layer. Formation of a mixed-PEG layer was originally devel-
oped by our group [49]. A highly dense mixed-PEG layer almost completely
prevented nonspecific protein absorption and facilitated biospecific interactions
(Fig. 10) [48]. This methodology can be applied to the construction of targeted
drug delivery systems, in which a ligand is needed on the surface of nanoparticles to
bind the target molecule with high specificity and efficiency.

4 PEGylated Drugs

PEGylation technology has been applied to the development of various kinds of
drugs, including small molecules, peptides, proteins, antibody fragments, whole
antibodies, oligonucleotides, and macromolecules such as polymer micelles and
liposomes. Currently, there are ten PEGylated drugs, which utilize proteins,
enzymes, antibody fragments, and oligonucleotides, and a PEGylated nanoparticle
named Doxil available on the market (Table 1). PEGylated small drugs are cur-
rently under investigation in clinical tests; however, there are no approved drugs
available on the market. Sections 4.1-4.4 describe various PEGylated drugs that
have been approved or are in clinical trials.

4.1 Small Molecules

PEGylation of small drugs has several advantages. First, PEGylation improves
pharmacokinetic properties due to the increased blood circulation time. Second,
the immunogenicity of immunogenic small drugs is reduced. Third, PEGylation
increases drug accumulation in tumors via the enhanced permeability and retention
(EPR) effect. Finally, the toxicity of the drug is reduced by the massive PEG
molecule.

Enzon pharmaceuticals have developed a PEGylated drug called SN-38
(7-ethyl-10-camptothecin) [50]. SN-38 is an active metabolite of irinotecan and is
produced by hydrolysis of CPT-11 [51]. Several problems arise in the development
of drugs using SN-38 or CPT-11. First, carboxylesterase-2 is thought to be the main
esterase that hydrolyzes CPT-11; however, the expression of this enzyme in the
blood is low. Accordingly, only 1-9% of injected CPT-11 is converted to the active
form SN-38. The second problem associated with CPT-11 is the opening reaction of
the lactone-E ring, which results in a form that is inactive against the target protein.
Finally, SN-38 cannot be used for systemic applications because of poor solubility.
This problem was solved by PEGylation of SN-38. PEGylation of SN-38 by
acylation of the 20-hydroxyl functional group improved water solubility and
preserved the active lactone form in the circulation. To increase the loading of
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the drug onto PEG, multi-arm PEG (a four-armed-PEG derivative) was used to
enable the conjugation of four drugs to one molecule [52]. This conjugate will now
be assessed in further preclinical development and clinical trials [53].

4.2 Peptides, Proteins, Antibodies, and Antibody Fragments

The majority of approved PEGylated drugs are categorized into this group. Eight
PEGylated proteins, including antibody fragment conjugates, have been approved
to date. Adagen is the first approved PEGylated product in which bovine adenosine
deaminase is randomly conjugated with a 5-kDa mono-methoxy PEG [54]. This
conjugate is synthesized using PEG succinimidyl succinate. This activated ester
group can be reacted with nucleophilic amino acid units such as lysine. Since the
approval of Adagen, seven other protein—PEG conjugates have been approved.
Although nonspecific PEGylation has been reported to decrease the activity of
protein in some cases, several approved drugs employ nonspecific PEGylation.
Krystexxa, which was approved in 2010 for the management of treatment-resistant
gout and hyperuricemia, was also prepared using nonspecific PEGylation. A conju-
gate containing six strands of 10-kDa PEG per subunit was found to have a
significantly longer half-life in blood and dramatic urate-lowering potency [55].

In contrast to nonspecific PEGylation, several protein-PEG conjugates have
adopted site-specific PEGylation. Cimzia is a PEGylated anti-tumor necrosis factor
(TNF)-o antibody fragment used for the treatment of Crohn’s disease and rheuma-
toid arthritis [27]. Recent progress in biotechnology has enabled low-cost produc-
tion of the recombinant antibody fragment by Escherichia coli expression [56].
However, such proteins, which are obtained and purified from E. coli, often possess
immunogenicity. PEGylation on the protein reduces the immunogenicity of the
recombinant non-human protein. To prepare Cimzia, the C-terminal cysteine is
reacted with maleimide, which is introduced at the end of the 40-kDa branched PEG
chain [27].

Another type of PEG—antibody fragment is PEGylated di-Fab, in which two
antibody fragments are attached to PEG [57]. CDP791 is prepared using a bis-
maleimide PEG and a humanized antibody fragment, resulting in a divalent
PEGylated Fab fragment. This unique architecture enables high affinity for vascular
endothelial growth factor receptor 2 (VEGFR-2), resulting in reduction of solid
tumors [58].

4.3 Oligonucleotide-PEG Conjugates

Oligonucleotide-based drugs such as antisense drugs, aptamers, and small
interfering RNA (siRNA) have attracted considerable attention as promising thera-
peutic agents for the treatment of various human diseases [59]. To develop
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therapeutic oligonucleotides, several issues must be addressed [60]. These issues
include the instability of native oligonucleotides and their rapid clearance from the
blood. To overcome these problems, PEGylation of the oligonucleotide is very
useful. For example, Macugen, which is used for the treatment of the wet form of
age-related macular degeneration (ARMD), is an aptamer drug modified with
branched 40-kDa PEG at the 5'-terminus [26]. A number of PEGylated
oligonucleotides are now at various stages of clinical trials.

4.4 PEGylated Nanoparticles

Precise design of the surface of nanoparticles is very important for the efficient and
specific delivery of the drug by the nanocarrier. Surface modification of
nanoparticles, such as micelles and liposomes, with PEG represents an essential
strategy for reducing nonspecific interactions with serum proteins and endothelial
cells in the blood stream, as well as avoiding recognition by immune system
components such as the reticuloendothelial system (RES) [61]. Thus, stabilized
nanocarriers tend to yield long blood circulation times and facilitate accumulation
in the tumor tissue through the effects of EPR. Tamura et al. reported the influence
of the surface PEG density on nanoparticles in the blood circulation [62] by using a
nanogel composed of chemically crosslinked poly[2-N,N-(diethylamino)ethyl
methacrylate] (PEAMA) gel cores surrounded by PEG palisade layers [63].
Because of their chemically crosslinked polyamine gel core, the PEGylated
nanogels show higher stability against extremely dilute and high salt conditions
than self-assembled nanocarriers such as liposomes and micelles. This stable
nanoparticle is suitable for studying the influence of the physicochemical properties
of nanoparticles on pharmacokinetics. The density of PEG on the surface of the
nanogels was controlled by the post-PEGylation method. It was clearly
demonstrated that the blood circulation time of the post-PEGylated nanogels was
definitely prolonged as the PEG content was increased [62].

4.4.1 PEGylated Liposomes

Several liposome-based drugs have been approved for clinical application [64]. One
of the clinically approved liposomes is Doxil, a PEGylated liposome containing
doxorubicin (DOX), which is used for the treatment of a number of diseases [65].
As shown in this case, in the field of liposome drug development, PEG is widely
used to protect the liposome from recognition by opsonins, thereby reducing
liposome clearance.

A number of PEGylation reactions with liposomes have been developed [66].
One of the methods utilizes lipophilic compounds that possess reactive groups such
as amino and carboxyl groups. By incorporating these components into the bilayer
membrane, 500-2,000 functional groups can be introduced onto the liposome
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Fig. 11 Methods for the construction of PEGylated liposomes. (a) Liposomes possessing reactive
groups, such as amino and carboxyl groups, can be prepared by incorporating lipophilic
components containing these functional groups into a bilayer membrane. Functionalized
liposomes can be PEGylated by reaction with activated PEG derivatives. (b) Preparation of
PEGylated liposomes using PEG derivatives possessing lipid moieties

surface. This functionalized liposome can be used for the preparation of PEGylated
liposomes (Fig. 11).

Another method for the preparation of PEGylated liposomes utilizes PEG, which
possesses a lipid moiety at one end, in conjunction with low molecular weight lipid
molecules during the preparation of the liposome (Fig. 11). This method was
originally reported by Kilbanov et al. in 1990 [67]. They conjugated phosphatidyl-
ethanolamine with PEG possessing activated carboxyl groups. For liposome prepa-
ration, 7.4 mol% of the PEG lipid was incubated. At this ratio of components, no
increase in the leakage of the entrapped compound was observed. This methodol-
ogy was adopted for the preparation of Doxil.

4.4.2 Micelles

Polymeric micelles containing anticancer drugs were originally developed by
Kataoka and Kabanov, independently [68, 69]. Anticancer drugs are incorporated
into micelles via physical entrapment or chemical conjugation. A number of
micelles are being assessed in clinical trials [70], and progress on the polymer
micelle system is emerging. Nishiyama et al. reported the development of a
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Fig. 12 Cisplatin-loaded micelle developed by Nishiyama et al. [71]. Cisplatin is bonded to block
polymers via coordination by carboxylate groups in the core of the micelle

Fig. 13 The structure of
DOX-conjugated PEG-b-poly
(aspartic acid) diblock
copolymer. DOX molecules
are covalently bonded to a
diblock copolymer via
hydrazine linkage, which can
be cleaved in acidic
conditions, enabling the
release of DOX in a site-
specific manner

cisplatin-loaded micelle [71], in which platinum is coordinated by carboxylate
groups in block copolymers consisting of PEG and polyaspartate (Fig. 12). DOX
has been also loaded into micelles by chemical conjugation. Bae et al. developed a
novel method for the conjugation of DOX with PEG-b-poly(aspartic acid) diblock
copolymers [72], via a hydrazine linkage, which enables the release of DOX in
acidic environments such as acidosis and endocytosis. This property facilitates the
stimuli-responsive delivery of the drug (Fig. 13).

4.4.3 Inorganic Nanoparticles
Inorganic nanoparticles have also attracted interest in the field of drug delivery [73].

These inorganic nanoparticles include calcium phosphate, gold, silicon oxide, and
iron oxide. They can be prepared easily with controllable size and can be readily
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functionalized. Inorganic nanoparticles, however, are generally unstable and may
be toxic in biological systems. Accordingly, surface modification is needed to
improve the biological stability and biocompatibility.

Surface modification of inorganic nanoparticles with PEG is a very useful way to
overcome this problem. For instance, thiol groups are suitable anchors on gold
nanoparticles. A variety of drugs, such as small compounds, oligonucleotides, and
proteins, have been delivered by gold nanoparticles that carry drugs co-
immobilized with thiol-PEG [74, 75]. For instance, recombinant human TNF-a
was immobilized on PEGylated colloidal gold nanoparticles [76] to facilitate
preferential accumulation of TNF-a in tumors and minimal uptake in healthy
organs. This TNF-o-immobilized gold nanoparticle has been evaluated in a Phase
I clinical trial [77]. Our group has investigated the stabilization of nanoparticles
by block copolymers possessing PEG as one of the segments. For example,
PEG-b-poly[2-(N,N-dimethylamino)ethyl methacrylate] significantly improves
the stabilization of gold nanoparticles under physiological conditions [78, 79].
Multi-anchoring of amino groups in the poly[2-(N,N-dimethylamino)ethyl methac-
rylate] segment strongly improves adsorption efficiency. Luminescent nanoparticles
have also been modified by several block copolymers [80, 81].

5 Conclusions and Future Prospects

Since PEGylation of proteins was first reported in the 1970s, extensive research on
PEGylation technology and pharmaceutical development of PEGylated molecules
has been conducted. A variety of molecules, including small organic molecules,
proteins, antibody fragments, and nanoparticles have been modified with PEG.
Currently, 11 PEGylated drugs have been marketed, and many other PEGylated
drugs are in clinical trials. In recent years, the success rate for bringing new drugs to
market has been decreasing [82]. One of the reasons for this is that the FDA is
highly focused on the safety of new drugs. In this regard, PEGylation is very useful
because PEG is categorized as “generally regarded as safe” (GRAS) by the FDA.
Although there are potential concerns regarding non-degradability, product hetero-
geneity, and accumulation of large linear PEG chains in the liver [22], PEG
provides substantial benefits, such as reduced immunogenicity and antigenicity of
the drug. As in the cases of PEG-INTRON, Neulasta, and Doxil, emerging drugs
can be developed by PEGylation of previously commercialized non-PEGylated
drugs. By further development of cost-effective PEGylation technologies that
enable more controlled release of PEG from the drug and site-specific modifications
to deliver homogeneous products, the market of PEGylated drugs will continue
to grow.
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