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Polypeptides  derived  from  naturally  occurring  ˛-amino  acids  have  emerged  as  a unique  and
versatile  family  of bio-inspired  biomaterials  that  can  be  tailor-made  for  varying  biomed-
ical applications  such  as controlled  drug  release,  gene  delivery,  tissue  engineering  and
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remarkable  progress  has  been  made  in  controlled  NCA  polymerization,  which  offers  an
unprecedented  access  to  precision  polypeptide  and  hybrid  materials  by  combining  with
living  radical  polymerization,  click  chemistry,  and/or  post-polymerization  modification.
Notably,  several  micellar  anti-cancer  drugs  based  on  poly(ethylene  glycol)-polypeptides
have been  already  advanced  to  the  clinical  evaluation.  In  this  review  paper,  we  give  an
overview  on  de  novo  design,  controlled  synthesis  and  emerging  biomedical  applications  of

functional  polypeptide  and  hybrid  materials.

© 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

Proteins and oligopeptides produced by living orga-
nisms are the most versatile biological materials that
provide structural and mechanical support to cells, tis-
sues and organs (e.g. actin, myosin, collagen), catalyze
various biochemical reactions (e.g. enzymes, glutathione),
and regulate cell signaling, cell adhesion, and immune
responses (e.g. cell surface markers, receptors, peptide hor-
mones) [1–4]. The vastly different functions of proteins
and oligopeptides originate from a wide choice of ˛-amino
acid monomers as well as control of peptide sequences [5].
In the past decade, significant effort has been directed to

In comparison with aliphatic polyesters and polycarbon-
ates that are the prime synthetic biodegradable polymers
currently applied for various biomedical applications,
polypeptide materials have several potential advantages,
e.g. (i) they are inherently functional providing a vari-
ety of reactive groups ranging from hydroxyl, carboxyl,
thiol, to amino groups, which render them particularly
appealing in design and development of multi-functional
bioactive biomaterials; (ii) they offer excellent control
over hydrophilic and hydrophobic balance by constituent
˛-amino acid monomers, compositions, sequences and
molecular weights, which allow formation of essentially
any supramolecular structures spanning from nanoscale,
the development of de novo oligo- and polypeptides that
mimic  natural proteins possessing excellent biocompati-
bility and biodegradability in vivo for diverse biological,
medical and pharmaceutical applications [5–11].
microscale, to macroscale (Fig. 1); (iii) they can be
designed with varying charged groups including imidazole
in histidine and guanidino in arginine that play an indis-
pensable role in biological interactions in vivo including
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Fig. 1. Emerging biomedical applications

n cellular and subcellular pathways; and (iv) they have
xcellent stability against hydrolysis while undergo rapid
iodegradation in vivo into natural ˛-amino acids with
he help of specific enzymes. Hence, polypeptides are a
ersatile family of advanced bioinspired materials that
nherit many intriguing properties of proteins such as
xcellent biocompatibility, versatile structures and func-
ionalities, biodegradability to non-toxic products in vivo,
nd unique hierarchical assembly property [12–14]. In the
ast decade, polypeptides have been tailor-made for a wide
ange of biomedical applications such as controlled drug
elease, gene delivery, tissue engineering and regenerative
edicine (Fig. 1) [15,16]. In particular, polypeptide hybrid
aterials, which elegantly combine features of polypep-

ides (versatile functionalities, secondary structure, enzy-
atic biodegradability, etc.) with synthetic polymers

solubility, processability, nonfouling property, etc.), have
ignificantly broadened the scope of biomaterials [17–20].

Polypeptides are mainly synthesized by protein biosyn-

hesis, solid phase peptide synthesis (SPPS), and ˛-amino
cid N-carboxyanhydrides (NCA) polymerization. Protein
iosynthesis can be used to produce proteins with preci-
ion chain lengths and peptide sequences by introducing
tional polypeptide and hybrid materials.

an engineered recombinant plasmid into a bacterial host
[21], which suffers, however, from low yield, limited post-
translational modification, and complex production. SPPS
is a routine method that allows peptide backbone modifi-
cation, incorporation of unnatural amino acids, and access
to polypeptides that are difficult to express in bacteria. The
chain length and peptide sequence can be well-controlled
by successive coupling of amino acids. The maximum
chain length is, however, restricted to about 50 amino acid
residues due to the statistical accumulation of resin-bound
by-products from incomplete reactions and impurities in
the solvent, reagents, and protected amino acids used [17].
In addition, the tedious coupling, protection and depro-
tection reactions result in low productivity, high costs,
and possible racemization [22]. NCA polymerization tech-
nique is the most widely applied strategy for the synthesis
of polypeptide and hybrid materials, as it allows large-
scale preparation of high molecular weight polypeptides
with no detectable racemization at the chiral centers.

Moreover, polypeptide and hybrid materials with various
architectures (block copolymers, graft copolymers, random
copolymers, star-shaped polymers, and dendrimers), sec-
ondary structures and functionalities have been achieved
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s appro
Fig. 2. Synthesis of NCAs by Leuch

through the (co)polymerization of diverse NCA monomers
[14,23,24]. In this review, we will highlight up-to-date
development of precision NCA polymerization techniques,
de novo functional polypeptide and hybrid materials, and
their emerging biomedical applications.

NCA synthesis began with the Leuchs method in
1906 [25], which involved the reaction of N-carbamoyl
˛-amino acids with thionyl chloride (Fig. 2). Phospho-
rous pentachloride and phosphorus tribromide were also
explored as chlorinating agents due to their higher activ-
ity, which enabled to reduce the reaction temperature and
avoid decomposition of NCAs. The Fuchs-Farthing method
[26,27] involving direct phosgenation of ˛-amino acids in
inert polar solvents (such as ethylacetate, dioxane, tetrahy-
drofuran, and acetonitrile) with phosgene, diphosgene, or
triphosgene (Fig. 2) is most widely used because pure NCA
monomers with a good yield and no racemization can be
easily obtained. It was reported that washing NCA solu-
tions with water or aqueous sodium bicarbonate at 0 ◦C
and subsequent rapid drying is an efficient method for
NCA purification [28]. Hydrochloride scavengers like ˛-
pinene and limonene were proved effective in preventing
byproduct formation, especially in the large scale syn-
thesis of l-leucine NCA (Leu-NCA) [29]. Recently, Deming
et al. developed a rapid and general method for purifica-
tion of NCAs using flash column chromatography [30]. This
procedure is especially useful for the purification of NCA
monomers that cannot or are difficult to recrystallize.

NCA polymerizations are commonly initiated by a
nucleophile or base. Depending on the relative nucle-
ophilicity and basicity of initiator, NCA polymerizations
have been reported to follow a “normal amine” mecha-
nism (NAM) or an “activated monomer” mechanism (AMM)
[14,23]. In case of initiators such as metal alkoxides and
tertiary amines, which show stronger basicity than nucle-
ophilicity, NCA polymerization most likely proceeds via an
AMM mechanism in which initiation takes place by depro-
tonation of an NCA monomer and ensuing nucleophilic
attack of another NCA monomer. AMM  with a high propa-
gation rate could provide polypeptides with relatively high
molecular weights though plagued with a comparably high

polydispersity index (PDI) due to relatively slow initia-
tion. NAM mechanism is a nucleophilic ring-opening chain
growth process where polymer molecular weight grows
linearly with monomer conversion if side reactions were
ach and Fuchs-Farthing approach.

absent. Protonic nucleophiles such as primary amines, sec-
ondary amines, alcohols and water that display stronger
nucleophilicity than basicity promote NCA polymeriza-
tion most likely via an NAM mechanism. It is noted that
sterically unhindered primary amines (e.g. n-butylamine,
n-hexylamine, and benzylamine) are more nucleophilic
than the ω-amino groups of the propagating chains, afford-
ing faster initiation as compared to propagation. Hence,
polypeptides with tailored molecular weights and low PDI
could be obtained.

Although NCA polymerization by NAM mechanism
using primary amine initiators is promising, it could not
provide structurally well-defined polypeptides and copoly-
mers with high molecular weights and low PDIs due to
poor control over the reactivity of the growing polymer
chain ends. Deming et al. reported living NCA polyme-
rizations using zerovalent nickel and cobalt complexes
(e.g. bpyNi(COD) and (PMe3)4Co) as initiators (Table 1)
[31,32], in which polymerization involves activation of
NCA monomers into covalent propagating species. The
metal residues can be removed from the polymers by
precipitation or dialysis of the obtained polypeptides.
Schlaad et al. discovered that primary amine hydrochlo-
ride salts bring about a controlled NCA polymerization,
giving polypeptides with particularly low PDIs (<1.03)
(Table 1) [33]. The polymerization is usually incomplete
due to low reactivity of amine hydrochloride. Hadijichris-
tidis et al. reported that high vacuum polymerization of
�-benzyl l-glutamate N-carboxyanhydride (BLG-NCA) and
N-benzyloxycarbonyl-l-lysine NCA (ZLys-NCA) using a pri-
mary amine as initiator displays a living character (Table 1)
[34]. Giani et al. reported that primary amines initiate
a living polymerization of ε-trifluoroacetyl-l-lysine NCA
(TFA-Lys NCA) in DMF  at a low polymerization temperature
of 0 ◦C (Table 1) [35]. Notably, Cheng et al. recently reported
that secondary amine hexamethyldisilazane (HMDS) initi-
ates living polymerization of BLG-NCA, giving polypeptides
with high yield, prescribed molecular weight, and low
PDI (<1.2) (Table 1) [36]. In a subsequent study, various
N-trimethylsilazane (N-TMS) amines were developed for
controlled NCA polymerizations [37].
The advancement of controlled/living NCA polymeri-
zations facilitates the design and synthesis of functional
polypeptide and hybrid materials with increasing chemi-
cal diversity and complexity. In the early time, functional
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Table 1
Recent development of controlled/living NCA polymerization methods.

Methods Initiators Reaction conditions Indications Author/year Ref.

Transition metal
complexes

(L)nM
(bpyNi(COD), (PMe3)4Co)

RT, 30–60 min  NCAs except proline
NCA

Deming/1997, 1999 [31,32]

Primary amine
hydrochloride

R-NH2·HCl
(R = PS, PNIPAM, PEG,
PDMAM, 4-VB, butyl)

40–80 ◦C, 3 days ZLys/BLG/Phe-NCA Schlaad et al./2003 [33]

Primary amine and high
vacuum

R-NH2

(R = hexyl, PBLG, PEG)
High vacuum, RT Most NCAs Hadjichristidis et al./2004 [34]

Primary amine and low
temperature

R-NH2

(R = hexyl, benzyl, PBLG)
0 ◦C, 4 or 7 days Most NCAs Giani et al./2004 [35]

Silazane derivatives R-NHSi(Me)3

(R = allyl, TMS, propargyl,
RT, 24 h BLG/ZLys-NCA,

4-VB/AOB/CP-Glu-NCA,
Cheng et al./2007 [36,37]
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py, 2,2′-bipyridine; COD, 1,5-cyclooctadiene; PS, polystyrene; PEG, po
imethylacrylamide); 4-VB, 4-vinylbenzyl; TMS, trimethylsilyl; AOB, ally

olypeptides containing a pendant carboxyl or amine
roup, i.e. poly(l-glutamic acid) (PGlu), poly(l-aspartic
cid) (PAsp) and poly(l-lysine) (PLys), were obtained via
olymerization of protected NCA monomers followed by
eprotection. The tedious protection/deprotection proce-
ure often gives low overall yields. Furthermore, measures
hould be taken to minimize polymer degradation during
eprotection. In recent years, polypeptides bearing specif-

cally designed functional groups have attracted great
nterest due to their facile synthesis, high functional-
ty, and tunable physico-chemical characteristics including
ydrophilicity, degradation rate and stimuli-sensitivity.

n general, functional polypeptides can be synthesized
hrough following three strategies: (i) based on designed
unctional NCA monomers containing a protected pendant
roup (such as carboxylic acid, amine, thiol) or containing
n exotic functional group (such as oligo(ethylene glycol)
OEG), azido, alkyne, alkene and saccharide); (ii) based on
unctional initiators combining NCA polymerization with
ontrolled radical polymerization (CRP) or click chem-
stry; and (iii) via facile post-polymerization modification
f functional polypeptides. The current advancement in
unctional polypeptides has opened doors to many excit-
ng medical and pharmaceutical applications [38–42]. For
xample, hydrogels prepared from poly(l-lysine)-poly(l-
eucine) (PLys-PLeu) diblock copolypeptides are non-toxic,
njectable through 30-G needle, and could induce in-
rowth of blood vessels as well as nerve fibers in mouse
orebrain [39]. Several nano-scale anticancer drug release
ystems based on PEG-poly(amino acid)s have advanced
o different phases of clinical trials [40]. There are excel-
ent reviews on early synthesis and biomedical applications
f polypeptides via NCA polymerizations [5,14,23] as well
s development of stimuli-sensitive polypeptides for drug
nd gene delivery [16,43], however, none has focused
n functional polypeptide and hybrid materials. This
eview presents recent advances in functional polypep-
ide and hybrid materials, with a particular focus on their
ovel design, synthesis, and emerging biomedical applica-
ions. Here, we firstly give a comprehensive overview on
ynthetic strategies to various side-chain functionalized

olypeptides and chain end-functionalized polypeptides.
hen, biomedical applications of functional polypeptides
nd hybrid materials are discussed. At the end, conclusions
nd future perspectives are presented.
ne glycol); PNIPAM, poly(N-isopropylacrylamide); PDMAM, poly(N,N′-
zyl; CP, chloropropanyl.

2. Side chain-functionalized polypeptides

2.1. Direct polymerization of side chain-functionalized
NCA monomers

2.1.1. NCA monomers containing a protected functional
group

Functional polypeptides have been prepared via direct
polymerization of NCA monomers that contain a protected
pendant group such as carboxylic acid, amine, hydroxyl,
thiol, imidazole, and guanidine followed by deprotection.
In particular, PGlu, PAsp, PLys have been most synthesized
due to facile synthesis and purification of corresponding
protected NCA monomers (Fig. 3A–C) and good solu-
bility of thus obtained polypeptides [44,45]. PGlu and
PAsp are usually prepared in following four steps: (i)
protection of the ˇ/ω-carboxyl groups of aspartic acid
and glutamic acid by benzyl groups, (ii) conversion of
amino acids into ˇ-benzyl-l-aspartate NCA (BLA-NCA) and
BLG-NCA monomers using triphosgene, (iii) preparation
of poly(�-benzyl-l-glutamic acid) (PBLG) and poly(ˇ-
benzyl-l-aspartic acid) (PBLA) by polymerization of NCA
monomers initiated by primary amine, transition metal
complexes, or silazane derivatives, and (iv) removal of
benzyl protection groups with strong acid (HBr/HOAc),
aqueous base or catalytic hydrogenation to obtain carboxyl
functionalized polypeptides (Fig. 4). In a similar way, PLys
has been prepared from ω-amine protected l-lysine NCA
monomers in which different protective groups includ-
ing benzyloxycarbonyl (Z), tert-butoxycarbonyl (Boc),
trifluoroacetyl (TFA), 9-fluorenylmethoxycarbonyl (Fmoc)
and 6-nitroveratryloxycarbonyl (Nvoc) were employed
[46].

Although the first synthesis and ring-opening polymer-
ization (ROP) of Nim-benzyl-l-histidine NCA could be dated
back to 1957 [47], controlled polymerization of Nim-DNP-
l-histidine NCA (Fig. 3D, DNP: dinitrophenyl) was only
reported by Bae et al. in 2003 [48]. Nim-benzyl-l-histidine
NCA was  purified by recrystallization and removal of
DNP group from imidazole amine was completed by
2-mercaptoethanol at room temperature. Interestingly,

poly(l-histidine) (PHis) with a pKa of 6.5 has been
exploited for tumor extracellular pH-sensitive actuators
for ligand exposure [49], and early endosomal pH-induced
micelle destabilization followed by endosomal membrane
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taining 
Fig. 3. Functional NCA monomers con

disruption due to its proton-sponge effect and fusogenic
activity [50].

The thiol group present in l-cysteine (Cys) can be
utilized for a wide variety of reactions such as Michael addi-
tion, cross-linking, thiol-ene chemistry and chain transfer
in free radical polymerizations. l-cysteine NCA (Cys-NCA)
are often prepared using a thiol protecting group like
S-benzyl-l-cysteine or S-Z-l-cysteine [51]. However, the
Z groups of poly(S-Z-l-cysteine) obtained could only be
removed by Na/NH3 or HBr/HOAc/TFA and the removal
of benzyl was even harder [19,52]. Recently, Heise et al.
synthesized S-tert-butylmercapto-l-cysteine NCA (tBMLC-
NCA) (Fig. 3E), which was copolymerized with BLG-NCA
at 0 ◦C with benzylamine as an initiator to yield a well-

defined copolypeptide with a controlled composition and
low PDI of 1.2. Notably, selective deprotection of ter-butyl
groups in copolypeptides was achieved in the presence

Fig. 4. Synthesis of side chain functionalized polypeptides from NCA
monomers containing a protected functional group.
a protected pendant functional group.

of dithiothreitol (DTT) in DMF  at 60 ◦C [53]. Yan et al.
reported synthesis of cystine NCA (Fig. 3F) from N,N′-
dicarbobenzoxy-l-cystine ((Z-cys-OH)2) and PBr3 in dry
dichloromethane. The copolymerization of l-cystine NCA
and BLG-NCA using mPEG-NH2 as an initiator gave a disul-
fide core cross-linked PEG-polypeptide nanogel with an
average size of 250 nm,  which was readily de-crosslinked
under reductive conditions [54]. Core cross-linked PEG-
polypeptide nanogels prepared from copolymerization of
l-cystine NCA and l-phenylalanine NCA (Phe-NCA) demon-
strated good stability in the circulation condition while
accelerating intracellular doxorubicin (DOX) release due to
the reduction-sensitivity [55].

Poly(l-arginine) (PArg) has been prepared by polymer-
ization of Nω,ω ′-dicarbobenzyloxy-l-arginine NCA (Z2-R
NCA, Fig. 3G) that was  crystalline and synthesized from
N˛,ω,ω ′-tricarbobenzyloxy-l-arginine (Z3-R) and thionyl
chloride in dioxane, followed by deprotection with
hydrogen bromide in glacial acetic acid [56,57]. Alter-
natively, PArg can be prepared by guanidization of
poly(l-ornithine) with 1-guanyl-3,5-dimethylpyrazole or
isomethylthiourea [57]. Poly(l-serine) has been obtained
via ROP of O-acetyl-l-serine NCA, O-benzyl-l-serine NCA
or O-tert-butyl-l-serine NCA (Fig. 3H). However, harsh
reagents such as sodium methoxide, HCl or HBr were
required for effective deprotection [58–60].
l-Dihydroxylphenylalamine (DOPA) is an important

component in adhesive precursor protein that is primar-
ily responsible for its chemisorption to wet  surfaces and
covalent crosslinking of the adhesives. Pure crystalline
O,O′-dicarbobenzoxyl-l-DOPA NCA (Z2-DOPA NCA, Fig. 3I)
was prepared from N,O,O′-tricarbobenzoxyl-l-DOPA (Z3-
DOPA) and phosphorous pentachloride at 0 to ca. −5 ◦C in
anhydrous ether. Yamamoto et al. synthesized and inves-

tigated the cross-linking and adhesive properties of DOPA
homopolymers and copolymers with l-lysine, l-glutamic
acid or tyrosine [61]. Deming et al. prepared adhesive
polymers consisting of DOPA and lysine that are similar
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ig. 5. Synthesis of side chain-functionalized polypeptides from NCA
onomers containing a compatible functional group.

o natural marine adhesive proteins displayed moisture-
esistant adhesive properties when suitably oxidized [62].
he crosslinking of DOPA polypeptide in water in the
resence of an oxidizing agent was also exploited to dra-
atically improve the membrane stability of vesicles [63].
The direct polymerization of NCA monomers containing

 protected functional group provides a straightfor-
ard pathway to natural functional polypeptides and

opolypeptides. This synthetic strategy, however, suffers
rawbacks of complex synthesis involving tedious protec-
ion and deprotection of functional groups, low yields, and
otential polymer degradation.

.1.2. Oligo(ethylene glycol)-functionalized NCA
onomers

In the past years, various functional polypeptides
ave been prepared from non-natural functional NCA
onomers in which the side chain functional groups

o not interfere with NCA polymerization (Fig. 5). This
ynthetic strategy is very attractive because it avoids labo-
ious protection and deprotection steps and furthermore
olypeptides with 100% functionalization can be easily
btained.

Oligo(ethylene glycol) (OEG) has been incorporated
nto natural amino acids to generate polypeptides and
olypeptide hybrids that have displayed thermosensitiv-

ty, non-fouling and self-assembly properties. Deming et al.
eported synthesis of diethylene glycol-functionalized PLys
poly(EG2-Lys)) from Nε-2-(2-(2-methoxyethoxy)ethoxyl)
cetyl-N˛-Z-l-lysine NCA (EG2-Lys NCA, Fig. 6A) [64].
oly(EG2-Lys) is nonionic, water-soluble, completely ˛-
elical in solution under different conditions and similar
o pure PEG resistant to proteases. Poly(EG2-Lys)-b-PLeu
lock copolymers were shown to self-assemble into spher-

cal vesicles, in which vesicle sizes and structures were
rimarily determined by the ordered conformations of the
olymer segments, in a manner similar to viral capsid
ssembly [57]. Replacing l-leucine with rac-leucine, Dem-
ng et al. synthesized poly(EG2-Lys)-b-poly(dl-leucine)
lock copolypeptides possessing an uncommon rodlike
ydrophilic segment and a disordered hydrophobic seg-
ent that formed highly stable, nanoscale polypeptide
icelles [65]. Klok et al. created non-fouling polypeptide

rushes with thicknesses of up to 40 Å through surface-

nitiated polymerization of EG3-Lys NCA or EG8-Lys NCA.
hese OEG-functionalized PLys brushes have an ˛-helical
econdary structure at pH 4–9 and showed effective pre-
ention of nonspecific protein adsorption [66].
cience 39 (2014) 330– 364

Deming et al. also prepared diethylene
glycol-functionalized poly(O-EG2-l-serine) and poly(S-
EG1/2-l-cysteine) from O-EG2-l-serine NCA monomer and
S-EG1/2-l-cysteine NCA (Fig. 6B and C), respectively [67].
Interestingly, poly(O-EG2-l-serine) while adopting ˇ-sheet
conformation in the solid state was  highly water soluble to
give random conformation in a wide pH range. Recently,
Li et al. prepared OEG-functionalized PGlu (PEGnGlu, n = 1,
2, 3) by polymerization of OEGn-l-glutamic acid NCA
(Fig. 6D) [68]. These OEG-functionalized PGlus displayed
lower critical solution temperature (LCST) behavior in
water, and the LCST can be tuned via copolymerization
with different NCA monomers. PEGnGlu copolypeptides
were also obtained by ROP of �-propargyl-l-glutamate
NCA (PPLG-NCA, Fig. 6E) and subsequent click reaction
between the pendant alkyne groups and EG2-N3 or EG3-N3
[69]. Dong et al. found that PEG2Glu mainly adopted
an ˛-helix structure, and could self-assemble into vary-
ing nanostructures in aqueous solution from spherical
micelles, to worm-like micelles, and to fiber micelles,
depending on its molecular weights [70].

2.1.3. Azido, alkyne, or alkene functionalized NCA
monomers

Click chemistry is widely used in the modification of
biomolecules and synthetic polymers due to its high effi-
ciency, specificity, mild reaction conditions and tolerance
to most functional groups. Hammond et al. synthesized
poly(�-propargyl-l-glutamate) (PPLG) from polymeriza-
tion of PPLG-NCA (Fig. 6E) [71]. The side chain alkyne
groups allowed efficient conjugation of PEG-azide or
amine-azide covering a range of pKa and hydrophobicities
via click reaction (Fig. 7) [72]. The amine-functionalized
polypeptides exhibited the ability to reversibly self-
assemble into micelles for nucleic acid encapsulation. Chen
et al. reported efficient glycosylation of PPLG with different
sugar azides via click reaction to give water-soluble gly-
copolypeptides (Fig. 7) [73]. Yang et al. demonstrated rapid
and highly efficient side-chain functionalization of PPLG via
thiol-yne photochemistry to obtain double hydrophilic or
amphiphilic block copolymers, which could be used to con-
trol the biomineralization of CaCO3 or to form vesicles with
a size of ca. 90 nm [74].

Zhang et al. reported synthesis of chloro-functionalized
PGlu through polymerization of �-chloropropyl-l-
glutamic acid NCA (CLG-NCA, Fig. 6F) in the presence of
HMDS [75,76]. The chloro functional group was  converted
to azido group that reacted readily with alkyne-containing
mannose and PLA-b-PEG via click chemistry to afford func-
tional copolypeptides with quantitative grafting efficiency
(Fig. 8A). These functional polypeptides adopted ˛-helical
conformation both in solution and in solid state. The
same author prepared azido and allyl dual-functionalized
diblock copolypeptides by sequential polymerization of
�-allyl-l-glutamic acid-based NCA (Fig. 6G) and CLG-NCA
followed by nucleophilic substitution of chloro groups
with NaN3 [77]. These dual-functional block copolypep-

tides can be readily functionalized by copper-mediated
alkyne-azide cycloaddtion and radical thio-ene addition
reactions, respectively, with quantitative efficiency, allow-
ing facile control over polymer bioactivity, solubility and
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Fig. 6. Side chain-functionalized NCA monomers.

Fig. 7. Click conjugation of poly(�-propargyl-l-glutamate) (PPLG).
[72,73], Copyright 2011 and 2010, respectively. Reproduced with permission from the Royal Society of Chemistry, and Wiley-VCH Verlag GmbH & Co. KGaA.
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Fig. 8. Synthesis of glycopolypeptides via combining NCA polymerization and click chemistry.
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elf-assembly properties. Very recently, Deming et al.
eported the synthesis of azido-l-lysine and azido-l-
rnithine NCA monomers (Fig. 6H) that undergo living
olymerization to afford clickable and well-defined
zidopolypeptides [78].

Cheng et al. prepared well-defined poly(�-(4-
llyoxylbenzyl)-l-glutamate) (PAOBLG) polypeptides
ased on �-(4-allyoxylbenzyl)-l-glutamate NCA monomer
AOB-l-Glu NCA, Fig. 6I), which could be converted
nto charged polypeptides via thio-ene reactions with
-aminoethanethiol [79]. Thus obtained charged polypep-
ides are water soluble and exhibit excellent helical
tability due to their elongated hydrophobic side chains
nd distally situated charges. Similarly, water-soluble
oly(l-serine)s with elongated and charged side chains
ere synthesized via ROP of O-pentenyl-l-serine NCA

Fig. 6J) followed by thio-ene reactions [80]. These charged
oly(l-serine) derivatives showed stable ˇ-sheet confor-
ations, membrane-penetrating capabilities in different

ell lines, and low cytotoxicity.
In addition to �-propargyl-l-glutamate and O-

entenyl-l-serine, alkyne-functionalized non-natural
mino acid, dl-propargylglycine (Fig. 6K), was  also
esigned and synthesized to afford alkyne-functionalized
olypeptides, which following reacting with azide-
unctional galactose by click chemistry yielded

olypeptide-galactose hybrid materials with a high
fficiency (Fig. 8B) [81]. Sun and Schlaad also demon-
trated that well-defined poly(dl-allylglycine) homo-
nd block copolymers prepared from dl-allylglycine NCA
(Fig. 6L) could be employed to synthesize glucopolypep-
tides through radical thio-ene click chemistry without
transition metal catalysis (Fig. 8C) [82].

2.1.4. NCA monomers containing a protected saccharide
group

Though O-linked glycol-serine NCA monomers have
been known since 1960s, their application is hindered by
inefficient synthesis, purification and polymerization prob-
ably due to steric and H-bonding interactions between the
sugar substituents and the NCA rings. Deming et al. pre-
pared new glycosylated-l-lysine NCA monomers (Fig. 6M)
using glucose, mannose or galactose in five steps. The gly-
cosylated lysine NCAs could undergo living polymerization
to give well-defined high molecular weight glycopolypep-
tides with 100% glycosylation. The use of C-linked sugars
and amide linkage to lysine benefited NCA monomer
stability without sacrificing biochemical properties [83].
In a similar manner, glycosylated Cys-NCA monomers
(Fig. 6N) were synthesized in high yield by coupling of
alkene-terminated C-linked glycosides of d-galactose or d-
glucose to Cys using thio-ene “click” chemistry followed by
cyclization [84]. Interestingly, oxidation of the side-chain
thioether linkages in these polypeptides to sulfone groups
in water resulted in helix-to-coil transition without loss of
water solubility.
Recently, Gupta et al. have reported a facile three
step synthesis of O-glycosylated-lysine NCA (Fig. 6O)
using a stable glycosyl donor (propargyl 1,2-orthoester
of glucose and mannose) and a commercially available
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of gluco
y of Che
Fig. 9. Synthesis 

[85], Copyright 2011. Reproduced with permission from the Royal Societ

protected amino acid, Nε-Boc-N˛-Z-lysine benzyl ester
(Fig. 9) [85]. Notably, glycosylation and subsequent
deprotection reaction proceeded to completion. These
glycosylated NCAs were polymerized to yield well-
defined high molecular weight homo- and diblock
copolypeptides using amine initiators with the help of
1,8-bis(dimethylamino)naphthalene.

2.1.5. Other functional NCA monomers
Chloroethyl-containing polypeptides were prepared

from �-2-chloroethyl-l-glutamate NCA (CELG-NCA, Fig. 6F)
and used for atom transfer radical polymerization (ATRP)
of 2-(2-methoxyethoxy)ethyl methacrylate (EO2MA)
[86]. These polypeptide-synthetic polymer hybrids were
reported to form stimuli-responsive micelles with ˛-
helical core and thermo-responsive shell in water. Deming
et al. prepared high chain density, cylindrical polypep-
tide brushes based on allyloxycarbonyl-aminoamide
l-lysine NCA (alloc-aminoamide-l-lysine NCA, Fig. 6P)
through tandem cobalt and nickel catalysis [87]. The alloc-
aminoamide groups while inert toward cobalt-initiated
NCA polymerization formed active initiating species
with nickel for growth of brushes. Cheng et al. reported
synthesis of vinyl-containing polypeptides, poly(�-(4-
vinylbenzyl)-l-glutamate) (PVBLG), from corresponding
NCA monomers (VB-Glu NCA, Fig. 6Q) [88]. The vinyl
groups in PVBLG could further be converted into alco-
hol, aldehyde, carboxylic acid, allyl functions with high
efficiency. Recently, Deng and Zhong et al. designed and
prepared vinyl sulfone-functionalized polypeptides based
on vinyl sulfone-substituted l-cysteine NCA monomer
(VSCys-NCA, Fig. 6R), which provided an unprecedented
access to functional polypeptide-based materials including
glycopolypeptides, functional polypeptide coatings, and
in situ forming polypeptide hydrogels through Michael-
type addition chemistry under mild conditions [89].

Jing et al. developed a �-cinnamyl-l-glutamate NCA
monomer (CLG-NCA, Fig. 6S), based on which photo-
crosslinked PEG-polypeptide micelles were prepared via
photodimerization of the cinnamyl pendant groups [90].
The in vitro paclitaxel release studies indicated that
crosslinked micelles exhibited a slow drug release in
comparison with the non-crosslinked micelles. Dong

et al. prepared photoresponsive poly(S-(o-nitrobenzyl)-l-
cysteine)-PEO (PNBC-PEO) block copolymers from S-(o-
nitrobenzyl)-l-cysteine NCA monomer (NBC-NCA, Fig. 6T)
[91]. The release of DOX from PNBC-PEO micelles could
se-O-lysine NCA.
mistry.

be controlled by 365 nm UV irradiation. Recently, Amblard
et al. reported that specific peptide-grafted comb polypep-
tides could be prepared by polymerization of NCA
monomer bearing the peptide sequence on its side chain
(Fig. 6U) [92].

2.2. Post-polymerization modification

Post-polymerization modification is a powerful strategy
to introduce functional groups that are not compati-
ble with direct ROP of the corresponding NCAs [93].
Preparation of side chain functional polypeptides through
post-polymerization modification typically involves the
polymerization of side chain protected ˛-amino acid
NCAs, followed by deprotection and conversion to desired
functional moieties, or by direct aminolysis or transesteri-
fication to desired functional groups (Fig. 10).

Jing et al. developed PEG-PLA-PGlu triblock copolymers
by ROP of BLG-NCA using PEG-PLA-NH2 as a macroinitiator,
followed by catalytic hydrogenation to remove the pro-
tective benzyl groups [94]. The pendant carboxyl groups
of PEG-PLA-PGlu were conjugated with cell-adhesive RGD
peptide to yield RGD functionalized PEG-PLA-PGlu copoly-
mers. Jing et al. have also reported preparation of bioactive
scaffolds or tumor-targeting nanoparticles based on PEG-
PLA-PLys and PGlu-PLA-PGlu copolymers by conjugating
biomolecules like biotin [95], folic acid [96], and RGD pep-
tides [97]. Chen et al. synthesized PEG-poly(l-glutamic
acid) (PEG-PGlu) diblock copolymer by ROP of BLG-NCA
with PEG macro-initiators followed by removal of ben-
zyl groups [98]. The pendant carboxyl groups of PEG-PGlu
was conjugated with cinnamyl alcohol using DCC/DMAP
to afford copolymer mPEG-poly(l-glutamic acid-co-�-
cinnamyl-l-glutamate) (mPEG-b-P(Glu/CGlu)) (Fig. 11),
which could be employed to fabricate core-crosslinked
micelles via photodimerization of the cinnamyloxy pen-
dent groups under UV-irradiation at � = 254 nm.

Poly(l-homoarginine)60-b-poly(l-leucine)20 (PHArg60-
PLeu20) block copolypeptides were prepared by quantita-
tive guanidization of the lysine residues in poly(l-lysine)-
b-poly(l-leucine) (PLys60-PLeu20) with 3,5-dimethyl-1-
pyrazolyl-formaminidium nitrate [56]. Notably, vesicles
self-assembled from PHArg60-PLeu20 were shown able

to cross the cell membrane and transport encapsulated
cargos into different cell lines. In another study, fluores-
cein isothiocyanate (FITC) was  conjugated to PLys60-PLeu20
for facile imaging of polypeptide vesicles [99]. Thiol
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Fig. 10. Side chain-functionalized polypeptides via post-polymerization modification.

Fig. 11. Synthesis and cycloaddition reaction of polypeptide copolymer mPEG-b-P(Glu/CGlu) containing photopolymerizable cinnamyl groups.
[98], Copyright 2011. Reproduced with permission from the Royal Society of Chemistry.

Fig. 12. Synthesis of side chain functional polypeptides by thiol chemistry.
[53], Copyright 2009. Reproduced with permission from the Royal Society of Chemistry.
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Poly(l-methionine) was  readily prepared with controlled
and high molecular weights using (PMe3)4Co. The alkyl-
ation of methionine was reported to exhibit features of a
“click” reaction.
Fig. 13. (A) Synthesis of cationic polyaspartamide copolymers by aminoly
through ester exchange reactions.
[104], Copyright 2007 and 2009, respectively. Reproduced with permissio

chemistry including thio-ene addition, Michael addition,
radical reaction and cross-linking reaction was successfully
utilized by Heise et al. to prepare well-defined polypeptide
copolymers based on poly(l-cysteine) (PCys) (Fig. 12) [53].
While cross-linking reactions and Michael addition to the
thiol group are possible, the most promising reactions are
thiol-ene addition and radical grafting by chain transfer.

A very attractive post-polymerization modification
approach is aminolysis that avoids harsh deprotection
process. For example, Kataoka et al. reported facile and
quantitative aminolysis of PBLA via first formation of a
succinimide intermediate and then conversion to polyas-
partamide accompanying the ˛,  ̌ isomerization of the main
chain (Fig. 13A) [100]. The stereoregularity of polypeptides
was dependant on the polarity of solvents, in which an
optical purity of 95% was obtained by carrying out the
aminolysis in CH2Cl2. Notably, quantitative introduction
of various amines like N,N′-diisopropylethylenediamine
(DIP), 1,2-diaminoethane, 1,5-diaminopentane, N-(3-
aminopropyl)morpholine (APM) into PBLA could afford
pH and temperature dual-sensitive polymers [100,101],
cationic polymer for nucleic acid delivery [102], and

semipermeable polymesomes [103].

Ester exchange method has also been employed for
post-polymerization modification of polypeptides without
deprotection process. Huang et al. synthesized functional
nking benzyl ester groups of PBLA [100]; (B) synthesis of functional PBLG

Elsevier Ltd.

PBLG copolymers containing chloro, azido, allyl or propar-
gyl groups on the side chains through ester exchange
reactions of PBLG with functional alcohols (Fig. 13B)
[104]. The degree of substitution varied from 12.1 to
55.8% depending on ratio of alcohol to PBLG, reac-
tion temperature and time. Very recently, Deming et al.
reported versatile synthesis of multi-functional and multi-
reactive poly(l-methionine) via chemoelective alkylation
of thioether groups in methionine residues (Fig. 14) [105].
Fig. 14. Preparation of multi-functional and multi-reactive polypeptides
via methionine alkylation.
[105], Copyright 2012. Reproduced with permission from the American
Chemical Society.
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Fig. 16. Dual initiators capable of promoting NCA polymerization
and controlled radical polymerization. (A, B) Dual initiators for NCA
42 C. Deng et al. / Progress in P

. Chain end-functionalized polypeptides

.1. ˛-Chain end functionalized polypeptides prepared
rom designed initiators

˛-Chain end functionalized polypeptides can be pre-
ared from designed initiators that combining ROP of
CA with controlled radical polymerization (CRP), click
hemistry, or functional molecules (Fig. 15), avoiding
edious synthesis and incomplete transformation of ˛-
hain end in polypeptides. Moreover, the integration of
CA ROP and CRP or click chemistry could straightfor-
ardly generate a variety of block/graft/star polypeptide

opolymers.

.1.1. Dual initiators for NCA polymerization and
ontrolled radical polymerization (CRP)

CRP including atom transfer radical polymerization
ATRP), reversible addition-fragmentation chain-transfer
RAFT), and nitroxide-mediated polymerization (NMP)
nables facile synthesis of polymers with well-defined
rchitecture, controlled molecular weight, and low PDI.
ual hetero-functional initiators that are able to bring
bout ROP of NCA as well as CRP have been employed
o synthesize ˛-chain end functionalized polypeptides
nd further to prepare various block/star polypeptide
ybrids. This hetero-functional initiator strategy has
everal advantages: (1) avoid tedious synthesis and incom-
lete transformation of polymer chain ends for CRP, (2)
ombing various polymerization techniques (ROP/ATRP,
OP/RAFT, ROP/NMP), and (3) possibly conduct dual poly-
erization in one pot without intermediate purification

teps.
Menzel et al. synthesized PBLG-b-PMMA rod-coil

lock copolymers using a dual initiator containing a Ni
mido amidate complex for polymerization of BLG-NCA
nd a bromide group for ATRP polymerization of methyl
ethacrylate (Fig. 16A) [106]. Well-defined ˛-chain end

unctionalized polypeptides were obtained from BLG-NCA,
-benzyl-serine NCA, and ZLys-NCA using 2-bromo-N-(2-
minethyl)-2-methylpropionamide (BPA) as an initiator
Fig. 16B) [107]. These bromide-ended polypeptides could

e employed for ATRP polymerization of methacrylate
o produce plypeptide-polymethacrylate hybrid copoly-

ers. Zhang et al. prepared thermo- and pH-responsive
NIPAM-b-PGlu double hydrophilic block copolymers

ig. 15. ˛-Chain end functionalized polypeptides based on designed ini-
iators.
polymerization and ATRP polymerization; (C) dual initiators for NCA poly-
merization and RAFT polymerization; and (D) dual initiators for NCA
polymerization and NMP  polymerization.

(DHBCs) by sequential polymerization of BLG-NCA and
NIPAM using amino-functionalized RAFT agent as dual
initiator (Fig. 16C) [108]. These PNIPAM-PGlu copolymers
formed aggregates with varying morphologies from tree,
interconnected round-shape, to fiber depending on solu-
tion pH and temperature. PBLG-b-PS block copolymer
was  obtained with high structural control and low PDI by
combining ROP of BLG-NCA and NMP  polymerization (a
metal free CRP) of styrene using a dual initiator (Fig. 16D)
[109]. Interestingly, NMP  and NCA polymerization are so
compatible that polymerization can be conducted in one
pot without intermediate workup. The active nitroxide
end-groups in PBLG-b-PS block copolymers could further
be crosslinked with divinylbenzene to yield well-defined
cross-linked nanoparticles, which following removal of
benzyl in PBLG furnished water-dispersible pH-responsive
nanoparticles with a PGlu shell and a PS core [110].

3.1.2. Functional initiators containing an azido, alkyne,
or alkene group to combine NCA polymerization with
click chemistry

˛-Azido-PBLG and ˛-alkyne-PBLG with expected Mw

and low PDI could be readily obtained by ROP of BLG-NCA
using ˛-azido-3-aminopropane and ˛-alkyne propargy-
lamine difunctional initiators, respectively (Fig. 17A and
B) [111]. The copper(I)-catalyzed 1,3-dipolar cycloaddition

coupling of ˛-alkyne or azido-PBLG with ˛-azido or alkyne-
poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA)
afforded well-defined PBLG-b-PDMAEMA diblock copoly-
mers, which following deprotection gave PGlu-b-PDMAEM
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Fig. 17. Synthesis of ˛-chain end functionalized polypeptides from initia-
tors containing azido groups (A), alkyne groups (B, C, D), or alkene groups
(D, E).

DHBCs [112]. The click reaction between ˛-azido-PBLG
and alkyne-terminated dextran or hyaluronan afforded
glycoprotein analogs, dextran-b-PBLG and hyaluronan-
b-PBLG [113,114]. These glycopolypeptides could be
self-assembled into vesicles with a controlled size, excel-
lent colloidal stability, and a high drug loading capacity.
The polysaccharide segment serves dual purposes, i.e. as a
hydrophilic block critical to vesicle formation and a target-
ing ligand for cancer therapy [114].

˛-Azide or ˛-alkyne functionalized poly(trifluoroace-
tyl-l-lysine) (PTFALys) was obtained by ROP of TFALys-
NCA using corresponding amino-containing functional
initiators, from which PBLG-b-PTFALys copolypeptides
were prepared via copper(I)-catalyzed click chemistry
with ˛-alkyne or azido-PBLG [115]. N-aminoethyl 3,5-
bis(propargyloxyl) benzamide was employed as func-
tional initiator for the ROP of ZLys-NCA to yield
dialkynyl-terminated poly(N-benzyloxycarbonyl-l-lysine)
(dialkynyl-PZLys, Fig. 17C), which following copper(I)-
catalyzed cycloaddition click reaction with ˛-azido-PBLG
yield Y-shaped miktoarm star polypeptide copolymer,
PZLys-b-(PBLG)2 [116]. Upon removing protecting groups,
water-soluble double hydrophilic miktoarm star polypep-

tide copolymer, PLys-b-(PGlu)2, was obtained. Depend-
ing on solution pH, PLys-b-(PGlu)2 copolymers could
form PGlu-cored or PLys-cored micelles. Savin et al.
developed polypeptide-based A2B lipid mimetics from
cience 39 (2014) 330– 364 343

˛-alkyne-PBLG/PZLys and dodecanethiol (DDT) via thiol-
yne chemistry. The copolymer after deprotection con-
taining a peptide block as the head group along with
two long alkyl chain DTT ‘legs’ could be used to produce
complex, lipid-mimetic polymersomes with a relatively
narrow size distribution [117]. This strategy was  extended
to conjugate PGlu with natural lipophilic moieties in cell
membranes such as cholesterol, which self-assembled into
pH-responsive vesicles in aqueous media [118].

Cheng et al. obtained ˛-allyl polypeptides with
controlled molecular weight and narrow PDI through
polymerization of BLG-NCA and ZLys-NCA using N-
trimethylsilyl allylamine as an initiator (Fig. 17D) [37].
Interestingly, TMS-containing functional initiators like
propargylamine and N-(aminoethylene)-5-norbornene-
endo-2,3-dicarboximide were also shown to bring about
a controlled BLG-NCA polymerization, providing vari-
ous ˛-chain end functionalized polypeptides that allow
facile post-polymerization via click chemistry or ring-
opening metathesis polymerization. ˛-Vinyl function-
alized PBLG was synthesized by polymerization of
BLG-NCA using 4-vinyl benzylamine as an initiator
(Fig. 17E) [119]. The vinyl-ended PBLG was  crosslinked
with divinyl benzene via RAFT polymerization into
high molecular weight star polypeptides, which after
deprotection could form water soluble pH-responsive
nanoparticles.

3.1.3. Functional initiators containing disulfide,
fluorophore or photosensitizer

Klok et al. reported synthesis of two series of four-
arm, star-shaped polypeptides with arm lengths ranging
from 10 to 200 ˛-amino acid residues through the
ROP of BLG-NCA and ZLys-NCA using a tetra-amino-
substituted perylene fluorophore as an initiator [120]. The
removal of protecting groups in polypeptides resulted
in water-soluble, perylene-functionalized, star-shaped
polypeptides (Fig. 18A) that showed strong fluores-
cence in aqueous solution. The conformation of the
arms in the water-soluble star polypeptides could be
reversibly switched from a random coil into an ˛-helix
by adjusting the solution pH. Star-shaped polypeptides
have been prepared based on hyperbranched polyethylen-
imine (PEI) or dendritic poly(amido amine) (PAMAM)
as core molecules and investigated for gene deliv-
ery, drug release and biomineralization applications
[121–126].

5-(4-Aminophenyl)-10,15,20-triphenyl-porphyrin
(APP), a photosensitizer for photodynamic therapy, was
used as an initiator for the ROP of ZLys-NCA and Leu-
NCA, which following deprotection afforded a series
of amphiphilc APP-P(Leu-Lys) diblock copolypeptides
(Fig. 18B) [127]. These APP-functionalized copolypeptides
possessed high fluorescence quantum yield and could
self-assemble into micelles with mean particle sizes less
than 30 nm in an aqueous medium. These micelles while
causing little cytotoxicity in vitro in the dark exhibited high

phototoxicity against HepG2 and HeLa cells. Gupta et al.
prepared disulfide-functionalized PBLG (Fig. 18C) with
low PDIs (<1.25) through polymerization of BLG-NCA in
anhydrous chloroform using N-lipoyl-1,3-diaminopropane



344 C. Deng et al. / Progress in Polymer Science 39 (2014) 330– 364

tiators c

a
f
m

3
v

p
f
a
t
c
l
o
g
r
e
c
t
w

c
t
w
i
p
c
c
a
m
t
f
i

[

Fig. 18. ˛-End functional polypeptides based on ini

s an initiator [128,129]. Interestingly, these disulfide-
unctionalized polypeptides could form self-assembled

onolayers on gold substrates at a time scale of minutes.

.2. ω-Chain end functionalized polypeptides prepared
ia post-polymerization modification

Polypeptides prepared via NCA polymerization usually
ossess an amino group at the end, which could be used
or polymerization of other NCA monomers to afford block
nd star copolypeptides. For example, ω-amino polypep-
ides obtained by ROP of ZLys-NCA or TFA-Lys NCA were
onjugated with N˛,Nε-di(9-fluorenylmethoxycarbonyl)-
-lysine (N˛,Nε-diFmoc Lys), which following deprotection
f the N˛,Nε-diFmoc groups afforded two primary amine
roups. The repetition of the ROP and deprotection
esulted in highly branched PLys [130]. Hadjichristidis
t al. reported synthesis of well-defined linear and star
opolypeptides by treating amine-terminated polypep-
ides (PBLG or PZLys) or copolypeptides (PBLG-b-PZLys)
ith diisocyanate or triisocyanates [131].

Functional polypeptides have also been prepared by
onjugating functional molecules to ω-amino polypep-
ides. For instance, Fluorescein isothiocyanate (FITC)
as conjugated to the ω-amino end of mPEG-SS-PLeu

n the presence of triethylamine to yield FITC-labeled
olypeptide hybrid copolymer [132]. These FITC-labeled
opolymers self-assembled into micelles with a fluores-
ent core, facilitating observation of micelle internalization
nd trafficking in the cells by confocal laser scanning

icroscopy (CLSM). Deming et al. reported quantita-

ive functionalization of ω-chain ends of polypeptides
rom NCA polymerizations using electrophiles, such as
socyanates, isothiocyanates, and acid chlorides [133].

Fig. 19. Synthesis of PEG-b-PBLG-b-PEG-b-PBLG-b-PEG pentablock copo
133], Copyright 2002. Reproduced with permission from the American Chemical
ontaining fluorophore, photosensitizer or disulfide.

The electrophiles can either be small molecules or
readily prepared isocyanate-terminated polymers result-
ing in highly complex PEG-b-PBLG-b-PEG-b-PBLG-b-PEG
pentablock copolymers (Fig. 19). Cornelissen et al. observed
that ω-chain ends of polypeptides prepared using Deming’s
catalyst [Ni(bpy)(cod)] were allowed to initiate the iso-
cyanide polymerization to afford PBLG-b-polysiocyanide
copolymers, which could be self-assembled into ordered
layers of hollow capsules upon drying [134].

4. Biomedical applications of functional
polypeptide and hybrid materials

4.1. Polypeptide-saccharide hybrid copolymers as
biomimetic analogs of natural glycopolypeptides

Glycopolypeptides are ubiquitous in nature and display
a wide range of biological functions, such as media-
tion of recognition events, protection from proteases, and
lubrication in eyes and joints [83]. In the past decade,
various glycopolypeptides have been developed to probe
carbohydrate-protein interactions and use as biomimetic
materials for controlled drug release and tissue engineer-
ing. Feng et al. synthesized PLys-polytetrahydrofuran-PLys
(PLTL) triblock copolymers by ROP of ZLys-NCA with
amine-terminated polytetrahydrofuran as a macroinitiator
followed by deprotection and glycopolypeptides by conju-
gating d-gluconolactone and d-lactobionolactone to PLTL
blocks [135]. These glycopolypeptides formed nano-sized

aggregates that were able to mediate controlled release of
DOX. It should be noted that the saccharides (e.g. galac-
tose) at the surface of nanoaggregates hold the potential
for targeting to specific cells.

lymers using NCA polymerization and isocyanate end-capping.
 Society.
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rods an
hemica
Fig. 20. Schematic illustration of multiple topologies (nano
[142], Copyright 2012. Reproduced with permission from the American C

Chen et al. reported facile preparation of glycopoly-
peptides by combining ROP of PPLG-NCA and click “gly-
cosylation” with diverse sugars including d-mannopy-
ranoside, d-glucopyranoside, and d-galactopyranoside
[73]. Thus obtained glycopolypeptides displayed almost
100% ˛-helix structure. The multivalent interactions
of glycopolypeptides containing mannose epitope with
lectin concavalin A decreased with decreasing mannose
eptope densities. Zhang et al. reported that water-
soluble mannose-polypeptide conjugates prepared from
click reaction between propargyl-containing mannose
and poly(�-azidopropylglutamate) (PAPLG) exhibited ˛-
helical conformations both in aqueous solution and
in solid state [75]. Heise et al. reported synthe-
sis of glycopeptides by Huisgen 1,3-dipolar cycloaddi-
tion of azide-galactose to alkyne-functionalized poly(dl-
propargylglycine) (PPG), poly(�-benzyl-l-glutamate-co-
dl-propargylglycine) (P(BLG-co-PG)), or PBLG-b-poly(dl-
propargylglycine) (PBLG-b-PPG) polypeptides [81,136].
Depending on relative block length and nanoprecipitation
conditions, PBLG-b-PPG glycopeptide block copolymers
self-assembled into spherical and wormlike micelles as
well as polymersomes displaying bioactive galactose units
at the surface as proven by selective lectin binding
experiments. Schlaad and Sun prepared glucopolypeptides
by conjugating 1-thiol-ˇ-d-glucopyranose to poly(dl-
allyglycine) via thiol-ene chemistry in the absence of
transition metal catalyst [82]. Interestingly, glucosylated
polypeptides were shown to adopt a random-coil con-
formation in neutral and basic media while an ˛-helical
conformation under an acidic condition [137]. These glu-
cosylated polypeptides displayed selective binding to the
plant lectin concanavalin A.

The polymerization of glycosylated NCA monomers
is a straightforward synthetic strategy toward gly-
copolypeptides. Synthesis of O-linked glycol-serine NCAs
was reported in 1966 though synthesis was inefficient
and toxic Hg salts were required for the glycosylation
[138,139]. The polymerization of O-linked glycol-serine
NCAs gave oligomeric glycopolypeptides due to steric
and H-bonding interactions between the sugar and the

NCA rings. Cameron improved the synthesis of glyco-
serine/threonine NCA using iodine instead of Hg salts as the
promoter, and also developed S-linked glycol-cysteine NCA
that showed higher stability toward glycosidases [140].
d micelles) based on glycopolypeptide-dentron conjugate.
l Society.

However, no polymerization was  reported. Deming et al.
reported synthesis of well-defined and high molecular
weight glycopolypeptides with 100% glycosylation by liv-
ing polymerization of C-linked glycosylated-l-lysine NCA
monomers (19) using transition metal [83]. This method-
ology overcomed the problems in the direct synthesis of
glycopolypeptides from NCAs relating to monomer syn-
thesis, purification, and polymerization and generated
polypeptides with 100% glycosylation. Recently, Gupta
et al. reported improved synthesis of O-glycosylated
lysine NCA (20,  21)  using a stable glycosyl donor and
a commercially available protected amino acid [85].
These glycosylated NCAs were polymerized using com-
mercially available simple amine or azide-PEG-amine as
an initiator to yield well-defined high molecular weight
glycopeptides or PEG-glycopeptide block copolymers in
high yields. The poly(˛-mannose-O-lysine) glycopolypep-
tide exhibited high binding affinity for lectin concavalin
A [141]. Interestingly, amphiphilic glycopolypeptide-
dendron conjugate was  prepared by “click” reaction
between a hydrophobic dendron and glycopolypeptides,
which formed gel in dimethylsulfoxide while nanorods
or micellar aggregates in aqueous solutions depending
on polypeptide chain lengths and dendron generations
(Fig. 20) [142].

Lecommandoux et al. synthesized diblock
polysaccharide-b-polypeptide glycopolypeptide copoly-
mers like dextran-b-PBLG and hyaluronan-b-PBLG by
Huisgen 1,3-dipolar cycloaddition reaction (Fig. 21A)
[113,114,143]. Hyaluronan-b-PBLG was  able to self-
assemble into small vesicles with a high affinity for the
surface glycoproteins of living cells (Fig. 21B). Hyaluronan
is a specific ligand for CD44 receptor and can be used to
target cancer cells overexpressing CD44 glycoproteins.
Flow cytometry results demonstrated much higher uptake
of DOX-loaded Hyaluronan-b-PBLG polymersomes by
CD44-overexpressing MCF-7 cells than U87 cells (negative
control). The in vivo studies showed that DOX-loaded
polymersomes exhibited more effective growth inhibition
of breast tumor in rats as compared to free DOX (Fig. 21C).
Jing et al. reported that PLys-grafted chitosan copolymers

exhibited much higher gene transfer ability than chi-
tosan and PLys [144,145]. These graft glycopolypeptide
copolymers have combined pDNA-binding ability of PLys
with good biocompatibility of chitosan. The transfection
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Fig. 21. Polysaccharide-b-polypeptide polymersomes for anticancer drug release. (A) Structures of dextran-b-PBLG and hyaluronan-PBLG block copolymers,
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B)  TEM image of a dried dispersion of the dextran-b-PBLG copolymer 

pproximately 20 nm), (C) tumor progression after single administration 

113,143], Copyright 2009 and 2010, respectively. Reproduced with perm

fficiency of these copolymers displayed a positive
orrelation with PLys chain lengths.

Another synthetic strategy toward glycopolyeptides is
CA polymerization using amine-terminated glycopoly-
er  as a macroinitiator. For example, Dong et al.

ynthesized (poly(l-glutamate)-poly(2-acryloyloxyethyl-
actoside)-poly(l-glutamate)) (PGlu-PAEL-PGlu) triblock
opolymers by ATRP polymerization of a protected lactose-
ased glycomonomer and ROP of BLG-NCA [146,147].
hese triblock glycopolypeptides self-assembled into
actose-installed aggregates that displayed specific inter-
ctions with RCA120 lectins.

In summary, glycopolypeptides can be designed by
acile combination of monosaccharide (glucose, galac-
ose, mannose), oligosaccharide (lactose), or polysac-
haride (dextran, hyaluronan, chitosan) with synthetic
olypeptides and synthesized by direct polymerization of
lycosylated NCA monomers, coupling between polypep-
ide and glycopolymer, post-polymerization modification
f polypeptides with saccharide, or NCA polymerization
ith glycopolymer as a macroinitiator. These synthetic

lycopolypeptides have displayed specific carbohydrate-
rotein interactions. Moreover, nanoparticles of gly-
opolypeptides with specific saccharide molecules on the
urface can be used for targeted tumor therapy.

.2. Functional polypeptide-based micelles for drug,
rotein and gene delivery

.2.1. PEG-polypeptide hybrid copolymer micelles for

rug delivery

PEG-polypeptide copolymer micelles are one of the
ost promising nanosystems for controlled drug release.
otably, several PEG-polypeptide micellar anticancer
t shows evidence of a vesicle structure with a membrane thickness of
OX and DOX-loaded hyaluronan-b-PBLG polymersomes.
om Wiley-VCH Verlag GmbH & Co. KGaA and Elsevier Ltd, respectively.

drugs developed by Kataoka et al. have advanced to
different phases of clinical trials. For example, DOX-
loaded PEG-b-PAsp block copolymer micelles (NK911),
paclitaxel (PTX)-loaded PEG-b-polyaspartate modified
with 4-phenyl-butanol (PEG-b-PAPB) block copolymer
micelles (NK105), SN-38 (the active form of irinotecan
hydrochloride)-encapsulated PEG-b-PGlu block copolymer
micelles (NK012), and cisplatin-incorporated PEG-b-PGlu
block copolymer micelles (NC6004) have entered phase II
clinical evaluations, while oxaliplatin-incorporated PEG-
b-PGlu block copolymer micelles (NC4016) have entered
phase I clinical studies [40,148]. These PEG-polypeptide
micelles have been reported to decrease drug toxicity,
improve drug tolerance, realize subcellular drug targeting,
and/or improve drug potency.

Taking advantage of complexation between (1,2-
diaminocyclohexane) platinum(II) (DACHPt) and car-
boxylic groups of PEG-b-PGlu, Kataoka et al. prepared
DACHPt-loaded PEG-b-PGlu micelles (Fig. 22A) [149]. CLSM
studies revealed that DACHPt/PEG-PGlu micelles were
extravasated and deeply penetrated into the tumor tissue
(Fig. 22B), internalized inside tumor cells, and dissociated
within late endosomes enhancing drug delivery to the
nucleus. These DACHPt-loaded micelles exhibited higher
antitumor activity than oxaliplatin alone and were shown
also effective against oxaliplatin-resistant tumors (Fig. 22C
and D). Moreover, DACHPt/PEG-b-PGlu micelles could also
efficiently penetrate and accumulate in an orthotopic scir-
rhous gastric cancer model, leading to effective inhibition
of tumor growth and lymph node metastasis [150].
Bae et al. developed PEG-b-PHis diblock copolymers
by coupling PEG to poly(Nim-DNP-l-histidine) via an
amide linkage using the DCC/NHS chemistry, followed by
removal of protecting DNP groups [48]. Ultra pH-sensitive
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Fig. 22. DACHPt/PEG-PGlu micelles for improving drug potency and efficacy via subcellular targeting. (A) Design of fluorescent-labeled DACHPt/PEG-PGlu
micelles for visualization of the localization and drug release in the cell (in the micelle state, only BODIPY (green) emits fluorescence, whereas BODIPY TR
(red)  remains quenched; as DACHPt is released from DACHPt/PEG-PGlu micelles in chloride ion-containing media, BODIPY TR is dequenched and emits
fluorescence); (B) in vivo CLSM observation of DACHPt/PEG-PGlu micelles in blood vessels and tumors at 12 h after intravenous administration (yellow
arrows,  tumor tissue; white arrow, blood vessel); in vivo effect of DACHPt/PEG-PGlu micelles on subcutaneous HT29 (C) and oxaliplatin-resistant HT29
(HT29/ox) (D) tumor cells (oxaliplatin: 8 mg/kg, DACHPt/PEG-PGlu micelles: 4 mg/kg; *P < 0.05, **P < 0.01). (For interpretation of the references to color in
this  figure legend, the reader is referred to the web version of this article.)
[149], Copyright 2011. Reproduced with permission from the American Association for the Advancement of Science.

Fig. 23. Folate conjugated pH-sensitive mixed micelles formed from PLLA-b-PEG-folate and PHis-b-PEG copolymers for the prevention of metastasis in
a  4T1 murine breast cancer model. (A) Tumor size, (B) survival curves, and (C) histopathologic examination of lung and heart of 4T1 tumor bearing mice
following treatment with DOX in PBS, DOX loaded in PLLA-b-PEG micelle, DOX loaded in PHis-b-PEG, and PHis-b-PEG/PLLA-b-PEG-folate micelles (�: tumor
metastasis).
[154], Copyright 2011. Reproduced with permission from Elsevier Ltd.
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icelles were prepared by mixing PEG-PHis and PEG-
LA block copolymers. The results showed that 25 wt%
EG-PLA containing mixed micelles were fairly stable at
H 7.0–7.4 but underwent a two-stage destabilization
pon decreasing pH, i.e. significant increase in micelle
ize when pH dropped to 6.8 and disruption of micelles
s pH decreased to 6.0 [151,152]. Notably, corresponding
olate-decorated DOX-loaded micelles exhibited high
ytotoxicity to drug resistant MCF-7 cells in vitro as well
s reversal of resistant MCF-7 tumor in mice [152,153].
ecently, folate-decorated DOX-loaded pH-sensitive
icelles based on PLLA-b-PEG-folate and PHis-PEG have

een investigated for prevention of tumor formation
nd metastasis [154]. The in vivo studies using a murine
ammary carcinoma cell of 4T1 which is one of the most

ggressive metastatic cancer cell lines, showed that mixed
icelles resulted in retarded tumor growth, no weight

oss, no death for 4–5 weeks and no apparent metastasis
ill 28 days, in comparison with significant metastasis to
he lung and heart on day 28 in the mice treated with
OX carried by PBS, PLLA-b-PEG micelles and PHis-b-PEG
icelles (Fig. 23). In a similar way, pH-sensitive micelles
ere also developed from a mixture of poly(l-histidine-

o-l-phenylalanine)-b-PEG and PLLA-b-PEG-folate for
ffective suppression of multidrug resistance (MDR)
varian tumors in mice for at least 50 days by three
.v. injections at a 3-day interval at a dose of 10 mg  of
OX/kg [155,156]. Kataoka et al. conjugated DOX into
EG-PAsp via an acid-labile hydrazone bond that released
OX under endo/lysosomal pH conditions [40,157]. The

esults showed that 75–85% substitution of hydrazide
Hyd) with DOX gave optimal drug release pattern with
linically relevant stability, while 100% substitution with
OX often inhibited drug release due to a high hydropho-
icity. In order to increase the micelle stability during
irculation while maintain endosomal pH-triggered
elease of drugs, pH-sensitive reversibly crosslinked
icelles were developed through reaction of carboxyl acid

roups of PAsp in PEG-PAsp-poly(l-phenylalanine)
PEG-PAsp-PPhe) micelles with ketal-containing
ross-linkers [158]. These ketal-crosslinked micelles
howed faster DOX release at endosomal pH than at
hysiological pH.

Chen et al. prepared pH and thermo-responsive poly(l-
lutamic acid-co-(l-glutamate-g-oligo(2-(2-(2-methoxy-
thoxy)ethoxy)ethyl methacrylate))) (P(Glu-co-(Glu-
-OMEO3MA))) graft copolymers by combining NCA
olymerization and ATRP polymerization of MEO3MA
86]. The resulting copolymers could spontaneously self-
ssemble into micelles in aqueous solutions at pH 7.0 with
h values of ca. 20.9–176.0 nm,  depending on copolymer
ompositions and temperature.

In addition to pH-sensitive micelles, redox-responsive
icelles have recently received great interests for active

ntracellular drug release due to a high concentration of
lutathione (GSH) tripeptides (about 2–10 mM)  in the
ytosol and cell nucleus, which is 100 to 1000 times higher

han that in the extracellular fluids and circulation (about
–20 �M)  [159,160]. For example, reduction-sensitive
icelles were prepared by conjugating camptothecin

CPT) to PEG-b-PGlu via a disulfide bond [161]. These
cience 39 (2014) 330– 364

micelles showed slow drug release under physiological
conditions whereas enhanced drug release in the pres-
ence of 3 mM dithiothreitol (DTT). Li et al. reported that
reduction-sensitive shell-sheddable micelles based on
PEG-SS-PZLys and PEG-SS-PLeu copolypeptides showed
accelerated DOX release in the presence of 10 mM DTT
and GSH-dependent inhibition of MCF-7 cells [132,162].
Park et al. reported that camptothecin (CPT)-loaded
PEG-SS-PBLG micelles released CPT completely within
20 h under 10 mM GSH, resulting in higher cytotoxicity to
SCCF7 cancer cells than CPT-loaded reduction-insensitive
counterparts [163]. Shuai et al. prepared mPEG-b-
PAsp(MEA)-b-PAsp(DIP) triblock copolymer (PAsp(MEA):
2-mercaptoethylamine-grafted PAsp, PAsp(DIP): 2-
(diisopropylamino) ethylamine-grafted PAsp, Fig. 24A) by
ROP of BLA-NCA followed by click and aminolysis reactions
[164]. These polypeptide copolymers self-assembled into
highly packed interlayer-crosslinked micelles with reduc-
tion and pH dual-sensitivity for intracellular DOX release.
Drug leakage could be avoided during micelle storage
and significantly reduced during circulation, whereas
release of drug was  triggered in an acidic and reductant-
enriched environment such as in lysosomes. The in vivo
studies revealed the DOX-loaded micelles accumulated
preferentially in tumors through the enhanced perme-
ability and retention (EPR) effect and exhibited obvious
therapeutic effect on decreasing tumor size (Fig. 24C
and D). Recently, Zhang et al. reported redox-sensitive
shell-crosslinked (PEG-PCys-PPhe) hybrid micelles for
controlled DOX release [165]. The in vitro release studies
showed that crosslinked micelles could reduce drug loss
in the extracellular environment and rapidly release drugs
in response to the intracellular GSH level. Deng and Zhong
et al. reported that reduction and pH dual-bioresponsive
reversibly core-crosslinked polypeptide micelles based
on lipoic acid and cis-1,2-cyclohexanedicarboxylic acid
decorated PEG-PLL (PEG-P(LL-CCA/LA)) block copolymer
could actively load and deliver DOX into the nuclei of
cancer cells [166].

Poly(propylene oxide)-b-PLys (PPO-b-PLys) block
copolymers were prepared using Huigen’s 1,3-dipolar
cycloaddition [167]. PPO-b-PLys exhibited a helix-coil
transition at around pH 8 and formed micelles or vesi-
cles depending on PLys weight fractions. PPO44-PLys62
polymersomes exhibited a loading efficiency of 35%
and sustained release of DOX·HCl. Lin et al. prepared
PGlu-PPO-PGlu triblock copolymers by ROP of BLG-
NCA using NH2-PPO-NH2 as a macroinitiator followed
by deprotection of benzyl groups [168]. These pH and
thermo-sensitive copolymers self-assembled into vesicles
or spherical micelles depending on PGlu block lengths
and solution pH. The size of aggregates decreased with
increasing temperature due to dehydration of PPO. Lecom-
mandoux et al. reported synthesis of Jeffamine-PGlu
double hydrophilic block copolymers by ROP of BLG-NCA
using amino-terminated Jeffamine as a macroinitiator
followed by hydrolysis [169]. These copolymers could

self-assemble into spherical micelles at a temperature
above the LCST of Jeffamine and size of micellar core
decreased with increasing temperature with complete
core dehydration at 66 ◦C.
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Fig. 24. Interlayer-crosslinked micelles with reduction and pH dual sensitivity for pinpointed intracellular drug release. (A) mPEG-PAsp(MEA)-PAsp(DIP)
structure, (B) formation and structural transitions of the dual-sensitive micelles, (C) in vivo DOX fluorescence images showing passive tumor accumulation

 the Bel-

lag Gmb
of  DOX-loaded micelles after tail-vein injection into nude mice bearing
Bel-7402 tumor after tail-vein injection of different formulations.
[164], Copyright 2011. Reproduced with permission from Wiley-VCH Ver

4.2.2. Polyester-polypeptide hybrid copolymer micelles
for drug delivery

Ouchi et al. synthesized poly(l-lactide)-b-PAsp (PLLA-
b-PAsp) diblock copolymer through ROP of BLA-NCA
using PLLA-NH2 as a macroinitiator followed by depro-
tection [170]. PLLA-b-PAsp diblock copolymer formed
PLLA-cored micelles with pH-sensitive PAsp shells in aque-
ous solution and particle sizes depending on relative
block lengths of PAsp and PLLA as well as solution pH.
The resulting micelles were non-toxic to L929 fibroblast
cells [171]. In another study, Poly(lactide-co-glycotide)-b-
PGlu (PLGA-b-PGlu) diblock copolymer was prepared by
carbodiimide coupling reaction between NH2-terminated
PBLG and COOH-terminated PLGA followed by removal
of protecting benzyl groups [172]. The morphologies of
PLGA-b-PGlu block copolymer aggregates varied from dis-
ordered forms to micelles, and further to vesicles as pH
increased from 3 to 9. Jing et al. prepared PEG-PLLA-PGlu
triblock copolymers via ROP of BLG-NCA in the presence
of PEG-b-PLLA-NH2 followed by removal of the benzyl
protection groups [173]. These copolymers self-assembled
into spherical micelles and connected rods in aqueous
media depending on PGlu lengths and solution pH [174].
Similarly, PEG-PLLA-PLys triblock copolymer was synthe-
sized and self-assembled into micelles in aqueous solution
[175]. The micelles formed following introduction of folic
acid into PLys block could deliver hydrophobically mod-
ified FITC (mFITC) into folate receptor over-expressing

HeLa cells [96]. The ex vivo fluorescence measure-
ments showed that these folate micelles preferably
accumulated at the tumor bed indicating good targeting
ability.
7402 xenograft, (D) tumor growth inhibition in nude mice bearing the

H & Co. KGaA.

Bae et al. developed multifunctional micelles based
on PLLA-b-PEG-b-PHis-biotin and PHis-b-PEG [49]. The
shorter PHis block in PLLA-b-PEG-b-PHis-biotin was
located at the interface of hydrophobic core and PEG
shell. These micelles were stable at and above pH 7.2.
However, at tumor pH (pH 7.0), biotin was  exposed on
the micelle surface facilitating biotin receptor-mediated
endocytosis. When pH was  further lowered to below 6.5,
micelles were destabilized resulting in disruption of endo-
somal membrane and enhanced cytosolic drug release. In a
similar way, TAT (a non-specific cell penetrating peptide)-
decorated micelles were prepared based on PHis-b-PEG
and PLLA-b-PEG-b-PHis-TAT [176]. The in vivo studies
using drug-resistant A2780/AD human ovarian tumor,
drug-sensitive human MCF-7 breast tumor, human A549
lung tumor and human KB epidermoid tumor in nude mice
showed significant tumor regression and minimum weight
loss by three bolus injection. Jing et al. prepared reversibly
shell-crosslinked micelles based on PCys-b-PLLA diblock
copolymer (Fig. 25) [177]. These micelles displayed facile
loading of rifampicin and drug release was  significantly
accelerated by DTT [178].

4.2.3. Polyacrylate-polypeptide hybrid copolymer
micelles for drug delivery

Various stimuli-responsive polypeptide micelles have
been constructed based on PNIPAM that presents a LCST
of ca. 32 ◦C. For example, Liu et al. prepared PNIPAM65-

b-PGlu110 diblock copolymer via ROP of BLG-NCA using
amino-terminated PNIPAM as a macroinitiator followed by
deprotection of benzyl groups [179]. PNIPAM65-b-PGlu110
copolymer was self-assembled into PGlu-cored micelles
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Fig. 25. Schematic representation of the formation of reversible shell cross-linked micelles from PCys-b-PLLA amphiphilic diblock copolymer for drug
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177], Copyright 2008. Reproduced with permission from the American C

t acidic pH and room temperature while PNIPAM-cored
icelles at basic pH and elevated temperature. Chen et al.

eported that PNIPAM-b-P(Glu-co-BLG) diblock copoly-
ers with 30 mol.% BLG content in P(Glu-co-BLG) block

xhibited hydrophilic-hydrophobic transition in response
o a narrow pH change from physiological pH to endosomal
H [180]. Temperature and pH-responsive PGlu-g-PNIPAM
raft copolymers were prepared through grafting amino-
erminated PNIPAM to NHS-activated PGlu [181]. These
raft copolymers formed core-shell aggregates at pH
.5–7.4, in which particle sizes decreased with decreasing
H. Chen and Chang demonstrated that PNIPAM-b-PLys
iblock copolymer could self-assemble into PLys-cored
icelles at basic pH and low temperatures while PNIPAM-

ored micelles at acidic pH and high temperature [182,183].
ecommandoux et al. reported well-defined PDMAEMA-b-

Glu DHBCs could self-assemble into spherical polymeric
icelles and polymersomes in aqueous solution by selec-

ive triggering a variation of either the pH or the
emperature (Fig. 26) [112]. Notably, the pH-sensitivity

Fig. 26. Schematic representation of the different morphologies obtain
112], Copyright 2010. Reproduced with permission from the American Chemical
 Society.

related to PGlu and the thermosensitivity related to
PDMAEMA that possess a LCST of around 40 ◦C, could be
independently varied, which facilitated the variation in size
and shape of nanoparticles.

4.2.4. Copolypeptide micelles for drug and gene delivery
Deming et al. reported the synthesis of nonionic block

copolypeptide, poly(Nε-2-[2-(2-methoxyethoxy) ethoxyl]
acetyl-l-lysine)-b-poly(rac-leucine) (P(EG2-Lys)-b-P(rac-
Leu)), which possessed an uncommon rodlike hydrophilic
segment and disordered hydrophobic segment, and were
able to form highly stable, nanoscale polypeptide micelles
[65]. The resulting micelles could efficiently encapsulate
cargos such as CPT. Very recently, Cheng et al. developed
water soluble cationic ˛-helical polypeptide via ROP of VB-
Glu NCA followed by subsequent ozonolysis and reductive

amination [184,185]. The resulting cationic polypeptides,
especially 2-(1-piperidinyl)ethanamine decorated PVBLG,
mediated effective gene transfection in a variety of cell
lines, including immortalized cancer cells and human

ed from multiresponsive PDMAEMA-b-PGlu block copolymers.
 Society.
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Fig. 27. Reactive and bioactive cationic ˛-helical PVBLG polypeptide for gene delivery. (A) Structure of 2-(1-piperidinyl)ethanamine decorated PVBLG
cell with

lag Gmb
(PVBLG-100-8 and PVBLG-267-8 in (B)), (B) in vitro transfection of COS-7 

as  controls.
[185], Copyright 2012. Reproduced with permission from Wiley-VCH Ver

embryonic stem cells (hESCs), likely due to their ˛-helicity
and membrane destabilization ability (Fig. 27) [185].

4.2.5. PEG-polypeptide hybrid copolymer micelles for
protein and gene delivery

PEG-poly(amino acid) polyionic complex (PIC) micelles
pioneered by Kataoka’s group are highly promis-
ing for intracellular protein and nucleic acid release
[13,40,186,187]. For example, Kataoka et al. prepared
a series of polyaspartamide like PAsp(DET), PAsp(TEP),
PAsp(DPT) (Fig. 13A) via the aminolysis of PBLA that facil-
itated endosomal escape of micelles as well as efficient
protein and nucleic acid release inside target cells [40].
Notably, PEG-PAsp(DET) PIC micelles have successfully
delivered plasmid DNA in several animal models including
a rabbit’s clamped carotid artery [188], a mouse skull
[189], and a rat lung [190]. PAsp(DPT) containing one
more methylene unit between the two amines in the side
chain exerted a similar endosome escape but presented
severe cytotoxicity, probably due to effective damage
of both cytoplasmic and endosomal membranes [102].
Further studies showed that polyaspartamides possessing
even-numbered repeating aminoethylene units in the side
chains (i.e. PAsp(DET) and PAsp(TEP)) achieved an order of
magnitude higher transfection efficiency without marked
cytotoxicity than those of polyaspartamides with an odd
number of repeating aminoethylene units (i.e. PAsp(EDA)
and PAsp(TET), Fig. 13A) [191].

pH-responsive PEG shell-sheddable micelles were
developed based on PAsp(Hyd-PEG)-b-PAsp(DET)
polypeptide for enhanced gene transfection [192]. The
results showed that while majority of the PEG chains
could be maintained on the polymer backbone for a long
period of time at neutral pH, PEG was rapidly shedded
off at acidic pH. These shell-sheddable micelles exhibited
1000 times higher transfection efficiency than those irre-
versibly PEGylated counterparts. Kataoka et al. prepared

a charge-conversion polyanion, PEG-poly(N-(citraconyl-
2-aminoethyl) aspartamide) (PEG-PAsp(EDA-Cit)), by
reacting PEG-PAsp(EDA) with citraconic anhydride
[193]. PEG-PAsp(EDA-Cit) formed stable PIC micelles
 cationic PVBLG polypeptides, 22 kDa PLys and 25 kDa PEI were included

H & Co. KGaA.

with positively charged lysozyme at pH 7.4 that were
dissociated to release proteins at pH 5.5 within 2 h.
Ternary polyplexes were prepared from DNA, PAsp(DET)
and charge-conversion polypeptide poly(N-(N′-((N′′-
cis-aconityl)-2-amnoethyl)-2-aminoethyl) aspartmide)
(PAsp(DET-Aco)) that expressed negative charges at neu-
tral pH while turned into positive charges at endosomal pH
to effectively disrupt endosomes, achieving appreciably
high transfection activity with low toxicity [194].

PEG-poly((3-morpholinopropyl) aspartamide)-PLys
(PEG-PMPA-PLys) triblock copolymer was  developed
by the successive ROP of BLA-NCA and ZLys-NCA using
mPEG-NH2 as an initiator, followed by aminolysis of the
benzyl ester of PBLA with APM and deprotection of Z
groups of PZLys [195]. PEG-PMPA-PLys formed micelles
with a three-layered structure, in which PLys with a
high pKa of ca. 9.4 was used to condense DNA, PMPA
with a low pKa of ca. 6.2 was  served to disrupt endo-
somes via the proton sponge effect, and PEG was  used
to improve the biocompatibility of DNA complexes. The
results showed that polyplexes of PEG-PMPA-PLys had
low cytotoxicity but comparable transfection efficiency
to that of PEI control. Cai et al. reported that cationic
PEG-PLys-PLeu polypeptide micelles with a diameter of
40–90 nm achieved two  to three times higher transfection
efficiency than that of 25 kDa PEI due to their capability of
promoting DNA condensation and cell internalization as
well as avoiding acidic lysosomes [196]. In another study,
PEG-b-PLys-b-PPhe micelles were developed for delivery
of both anti-cancer drugs and genes. PEG-b-PLys-b-PPhe
copolymers effectively condensed pDNA to afford compa-
rable transfection efficiency in 293T cells to 25 kDa PEI but
with lower cytotoxicity [197].

Various reduction-sensitive polypeptide micelles have
been designed to achieve active intracellular protein
and gene release. For example, PAsp(-SS-siRNA) obtained
through exchange reaction between siRNA-SH and 2-

pyridinyldithio-functionalized PAsp formed stable PIC
micelles with PAsp(DET) that demonstrated competent
internalization by cultured cells and efficient siRNA
release under intracellular reductive conditions [198]. PEG
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Fig. 28. Block catiomer polyplexes with regulated densities of charge and disulfide cross-linking prepared from thiolated PEG-PLys copolypeptides for gene
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icelles from Cy5-labeled siRNA with PEG-PLys(N2IM-IM) or PEG-PLys(M

201], Copyright 2011. Reproduced with permission from the American C

etachable polyplex micelles based on PEG-SS-PAsp(DET)
lock catiomer showed 1–3 orders of magnitude higher
ene transfection efficiency than their counterparts with-
ut disulfide linkages [199].

Kataoka et al. prepared a series of reversibly core-
rosslinked micelles based on thiolated PEG-b-PLys
lock copolymers to increase micelle stability during
irculation without compromising intracellular drug
elease [200,201]. The reaction of PEG-b-PLys with
-succinimidyl 3-(2-pyridyldithio)-propionate (SPDP),
-iminothiolane (Traut’s reagent), and dimethyl 3,3′-
ithiobispropionimidate (DTBP) yielded PEG-PLys(MP),
EG-PLys(IM), and PEG-PLys(MPA), respectively (Fig. 28A)
200,201]. The results showed that while polyplexes
f PEG-PLys(MP) and PEG-PLys(IM) exhibited similar
fficacy in introducing disulfide cross-links to prevent
olyplex dissociation in the extracellular conditions, only
EG-PLys(MP) polyplexes achieved effective intracellu-
ar pDNA release resulting in approximately 50 times
igher transfection efficiency in 293T cells than those of
EG-PLys(IM) likely due to balanced charge density [200].
EG-PLys(MP) following conjugating with cyclic RGD
eptide exhibited further enhanced transfection activity in
eLa cells expressing ˛vˇ3 integrins [202]. PEG-PLys(IM)
nd PEG-PLys(MPA) were investigated for siRNA delivery,
n which PEG-PLys(IM)/siRNA showed better stability
n buffer and blood stream while PEG-PLys(MPA)/siRNA

icelles exhibited higher gene silencing likely due to eff-
ient siRNA release under a reductive condition (Fig. 28B)
201]. In another study, disulfide-crosslinked polyplexes
ased on cationic PLys containing thiol groups, were

oated with a pH-sensitive membrane-active polyanion,
EG-PAsp(DET-aconitic acid) [203]. These polyplexes
xhibited low cytotoxicity and enhanced gene transfection
fficiency due to improved endosomal escape as observed
g PEG-PLys(MP), PEG-PLys(IM), and PEG-PLys(MPA); (B) the stability of
e bloodstream observed in mouse ear lobe dermis following i.v. injection.

 Society.

using CLSM. Murthy et al. developed disulfide-crosslinked
PIC micelles based on PEG-poly(l-lysine-dithiopyridine)
(PEG-P(Lys-DTP)) copolymer for protein delivery [204].
Notably, proteins were encapsulated under mild condi-
tions without the use of organic solvents. These micelles
though stable under extracellular conditions were able to
release proteins under intracellular reductive conditions.
Recently, Kataoka et al. obtained stable PIC micelles from
3-fluoro-4-carboxyphenylboronic acid (F-PBA) modified
PEG-PLys (PEG-P(Lys/F-PBA)) and 1,2 or 1,3-cis-diols on a
ribose ring of siRNA that are sensitive to ribose concentra-
tion for intracellular triphosphate (ATP)-triggered release
of siRNA [205].

4.3. Functional polypeptide-based polymersomes for
drug, protein and gene delivery

Polymersomes provide a highly promising platform
for mimicking biological membranes as well as for con-
trolled drug release. Compared to liposomes prepared
from small phospholipids, polymersomes formed from
macromolecular amphiphiles have usually thicker mem-
branes, superb colloidal stability, enhanced mechanical
strength, and reduced chemical permeability [206,207]. In
particular, membranes of polymersomes could be facilely
engineered with stimuli (e.g. pH, temperature and/or
redox)-sensitivity to modulate their drug release behav-
iors.

4.3.1. Copolypeptide polymersomes for protein and gene
delivery
Jing et al. reported that PLys-b-PPhe block copolymers
could directly self-assemble into giant vesicles with a diam-
eter of 1–3 �m in aqueous solution [208]. The carbonylated
hemoglobin (CO-Hb) encapsulated in PLys-b-PPhe
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Fig. 29. Structure (A) and intracellular fates (B-D) of charged PArg60-PLeu20 polypeptide vesicles (green). (B) Endosome antigen-1 (EEA-1, red); (C)
lysosomal-associated membrane protein-1 (LAMP-1, red); and (D) EEA-1 (red) with chloroquine treatment. (For interpretation of the references to colour

le.)
ssion fro
in  this figure legend, the reader is referred to the web version of this artic
[99,212], Copyright 2011 and 2007, respectively. Reproduced with permi
tively.

vesicles could be converted into oxygen-binding
hemoglobin (O2-Hb) following 2 h irradiation of visi-
ble light [209]. Similarly, Lee et al. prepared PBLG-b-PPhe
copolymers via sequential polymerization of BLG-NCA
and Phe-NCA using n-butylamine·HCl as an initiator
[210]. PGlu-b-PPhe block copolypeptides obtained from
deprotection of PBLG-b-PPhe could self-assemble into
vesicular nanostructures with a diameter of 150–300 nm
that displayed pH-sensitivity due to changes in the PGlu
ionization state.

Deming et al. reported that uncharged diblock
copolypeptide amphiphiles based on P(EG2-Lys)-PLeu
could self-assemble into large vesicles (2–15 �m to
50 �m)  and flat membrane sheets depending on lengths
of hydrophilic P(EG2-Lys) block [57]. These vesicles with
ethylene glycol coatings were inert toward different
ionic media, variations in pH, and presence of large
macromolecules such as proteins in serum. The ˛-helical
structure of both hydrophilic and hydrophobic segments
yielded very stiff membranes that were impermeable to

water, ions or other small molecules. Polypeptide vesicles
with membrane fluidity and controlled sizes of tens to
hundreds of nanometers were obtained from charged block
copolypeptides, PLys60-PLeu20 and the PGlu60-b-PLeu20,
m the American Chemical Society, and Nature Publishing Group, respec-

by extrusion through polycarbonate membranes [211].
These charged polypeptide vesicles were amenable to facile
functionalization of vesicle surfaces through chemical con-
jugation to amine or carboxylic acid. PArg60-PLeu20 block
copolypeptides (Fig. 29A) were shown able to cross the
cell membrane and transport encapsulated dextran into
epithelial (T84) and endothelial (HULEC-5A) cells [212].
PArg60-PLeu20 vesicles were taken up by cells mainly via
macropinocytosis. Immunostaining experiments demon-
strated that most vesicles were trapped within the early
endosomes and addition of chloroquine helped release of
vesicles into the cytosols (Fig. 29B–D) [99]. Low stability
of peptide vesicles has limited their use for encapsulation
and controlled release of therapeutic agents. Deming
et al. reported that crosslinked vesicles based on l-3,4-
dihydroxyphenylalanine (DOPA)-containing amphiphilic
copolypeptide PLys60-poly(DOPAx/Leuy)20 had dramati-
cally improved membrane stability against freeze-drying,
organic solvent, osmotic stress and complex media [63].

Hadjichristidis et al. reported that amphiphilic PLys-

b-PBLG-b-PLys triblock copolypeptides containing 19–75%
PBLG block formed vesicles with a diameter of ca. 130 nm
at neutral pH [213]. Notably, these vesicles were pH and
temperature-responsive as the secondary structure of PLys
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ig. 30. PLys-b-PBLG-b-PLys vesicles for gene encapsulation. (A) Schemat
isrupted copolypeptide vesicles loaded with pDNA, (C) magnification of
213], Copyright 2007. Reproduced with permission from the American C

hanged from a random coil at pH 7.4 to an ˛-helix at
H 11.5 and 25 ◦C, and to a ˇ-sheet at pH 11.5 and 37 ◦C
214]. The encapsulation of DNA showed that DNA was par-
ially encapsulated on the PLys shell and partially inside
he vesicles (Fig. 30) [213]. Recently, He et al. reported
irosome-like nanoparticles mimicking viral capsids
hrough cooperative hierarchical self-assembly of globular
Lys polypeptide dendrimers and carboxyl-functionalized
inear PLeu polypeptides via electrostatic interactions
nd/or hydrogen bonds [215]. These peptidesomes exhib-
ted comparable gene-transfection activity to 25 kDa PEI
n the absent of serum. Lecommandoux et al. prepared a
hort zwitterionic diblock copolypeptide, PLys15-b-PGlu15
Fig. 31A) by sequential ROP of trifluoroacetyl-l-Lysine NCA
nd BLG-NCA using n-hexylamine as initiator followed by
emoval of the protective groups [216]. This copolypep-
ide while molecularly dispersed in aqueous solution at pH
–9 was self-assembled into small schizophrenic vesicles
t pH < 4 or pH > 10 (Fig. 31B).

.3.2. Polypeptide hybrid copolymer polymersomes for
rug and protein delivery

Kataoka et al. prepared polymer vesicles with a
iameter up to 10 �m named PICsomes by simple mix-

ng of a pair of oppositely charged block copolymers,

.e. PEG45-P(Asp)100 and PEG45-poly([5-aminopentyl]-˛,ˇ-
spartamide)100 (PEG45-P(Asp-AP)100) or PEG45-poly([2-
minoethyl]-˛,ˇ-aspartamide)100 (PEG45-P(Asp-AE)100) in
n aqueous medium [103]. These PICsomes had a unique

Fig. 31. The structure (A) and self-assembly (
216], Copyright 2005. Reproduced with permission from the American Chemical
sentation of pDNA encapsulation, (B) typical 3D height picture of AFM of
eight picture of a rupture vesicle, (black arrow: encapsulated DNA).

 Society.

three-layered structure with semipermeability and were
stable in proteinous medium. Myoglobin (Mb), which
forms stable oxygen adducts in muscle, was  readily encap-
sulated as a compartmentalized protein in these PICsomes
[217]. Loaded Mb  was smoothly reduced to deoxy Mb
by S2O4

2− that had permeated through the PIC mem-
brane, and reversible oxygenation of the Mb  in the PICsome
occurred even in the presence of trypsin in the outer
medium (Fig. 32). A pair of oppositely charged PEG block
aniomer PEG-P(Asp) and homocatiomer Homo-P(Asp-AP)
spontaneously formed nano-PICsomes in the range of
100–400 nm in an aqueous medium [218]. Moreover, cross-
linking of amino and carboxylic acid groups in the vesicle
membrane with EDC allows enhancement of stability and
facile tuning of permeability under physiological condi-
tions.

Recently, Kataoka et al. reported polypeptide poly-
mersomes with uniform size (∼100 nm)  self-assembled
through the complexation reaction of DACHPt with a
Y-shaped block copolymer of ω-cholesteroyl-PGlu and
two-armed PEG (PEGasus-PGlu-Chole) (Fig. 33) [219]. The
in vivo studies of antitumor activity in C-26-bearing
mice showed that considerable reduction in the tumor
growth rate without showing significantly body weight
loss was achieved for mice treated with 6 mg/kg of

DACHPt-loaded polymersomes, while no inhibition of
the tumor growth was  observed for free oxaliplatin
under otherwise the same conditions. Moreover, DACHPt-
loaded polymersomes were also able to encapsulate

B) of PLys15-b-PGlu15 copolypeptide.
 Society.
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elf-asse
lag Gmb
Fig. 32. Reversible Mb  oxygenation inside the PICsomes s
[217], Copyright 2007. Reproduced with permission from Wiley-VCH Ver

water-soluble agents like Alexa 680-labeled dextran,
which allowed in vivo noninvasive tumor imaging by
near-infrared fluorescence imaging. Lecommandoux et al.
synthesized amphiphilic poly(trimethylene carbonate)-b-
PGlu (PTMC-b-PGlu) copolymers by ROP of BLG-NCA using
amino-functionalized PTMC (PTMC-NH2) as an initiator
and subsequent hydrogenation [220,221]. PTMC-b-PGlu
copolymers self-assembled in water into pH-responsive,
size-tunable and stable vesicles. Interestingly, PTMC22-
b-PGlu14 vesicles exhibited reversible thermo-responsive
behavior in aqueous solution due to change of PTMC con-
formation with temperature [222]. Vesicle budding and

fission were observed when temperature was increased to
above the PTMC melting temperature (34 ◦C) and fusion
events occurred when temperature was decreased. PTMC-
PGlu vesicles co-loaded with DOX and superparamagnetic

Fig. 33. Polypeptide polymersomes formed through the complexation
reaction of DACHPt with a Y-shaped PEGasus-PGlu-Chole block copoly-
mer.
[219], Copyright 2012. Reproduced with permission from the American
Chemical Society.
mbled from a pair of oppositely charged block ionomers.
H & Co. KGaA.

iron oxide nanoparticles (USPIO) revealed improved cyto-
static effects toward HeLa cells when a high frequency AC
magnetic field was  applied [223].

4.4. Functional polypeptide-basde nanogels for drug
delivery

Various PEG-polypeptide copolymers were covalently
crosslinked to prepare nanogels for controlled drug and
protein release. For example, Bae et al. prepared pH-
responsive PEG-PAsp polypeptide nanogels by crosslinking
of PAsp side chain with 1,6-hexanediamine [224]. These
nanogels remained stable in the pharmaceutically rele-
vant pH ranges between 4 and 9 and were able to load
DOX·HCl. The drug release was  accelerated in acidic con-
ditions (pH 5.0) due to increased solubility of DOX. Chen
et al. demonstrated that pH-responsive PEG-b-P(Glu/CGlu)
nanogels crosslinked via the photodimerization of the
cinnamyloxy groups could be utilized for rifampin deliv-
ery [98]. The in vitro release studies demonstrated that
drug release was  much faster at pH 7.4 than at pH
4.0. pH- and thermo-responsive polypeptide microgels
with a diameter of 570 nm were obtained by copolym-
erization of NIPAM with 2-hydroxylethyl methacrylate
(HEMA) functionalized PGlu (P(Glu-g-HEMA)), and demon-

strated shrinkable behaviors upon increasing temperature
or decreasing pH [225]. In another study, pH-  and
thermo-responsive nanogels were developed based on
P(Glu-g-HEMA/PNIPAM) graft copolypeptides, in which
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ig. 34. (A) The structure of virus-mimetic nanogels consisting of a hydro
B)  migration of DOX-loaded nanogel from infected A2780/AD cells to unt
ells,  b-1: co-culture with a for 20 h, b-2: co-culture with b-1 for 20 h, b-3
50], Copyright 2008. Reproduced with permission from Wiley-VCH Verla

anogels shrinked when increasing temperature to above
heir LCST (33–36 ◦C) or decreasing pH from 10.0 to 6.0
226].

Reduction-sensitive core-crosslinked PEG-polypeptide
anogels were obtained by copolymerization of Cys-NCA
nd BLG-NCA/Phe-NCA using PEG-NH2 as a macroinitia-
or [54,55]. The results showed that DOX-loaded nanogels
ave enhanced intracellular DOX release and higher cel-
ular proliferation inhibition to GSH pretreated HeLa cells
s compared to non-pretreated cells [55]. Chen et al.
eported that pH-responsive disulfide-crosslinked PEG-
(Cys-co-Glu) nanogels displayed improved DOX loading
ia electrostatic interaction [227].

A virus-mimetic nanogel vehicle consisting of a P(His32-
o-Phe6) hydrophobic polymer core, a PEG hydrophilic
nner shell and a bovine serum albumin (BSA) capsid-like
uter shell was developed by Bae and coworkers (Fig. 34A)
50]. The nanogel sizes could be reversibly switched from
5 nm to 355 nm by cycling pH between pH > 7.4 (extracel-

ular and cytosolic pH) and pH < 6.4 (endosomal pH) due to
eversible deionization/ionization of PHis, which allowed
ontrol of drug release in an on-off manner. Interestingly,
OX-loaded nanogels following effectively kill tumor cells
ould migrate to neighboring cells to carry on anti-tumor
ffect as viruses do (Fig. 34B).

.5. Funtional polypeptide hydrogels for tissue
ngineering and drug delivery

Deming et al. reported that amphiphilic diblock
opolypeptides consisting of a charged, water soluble
omain (PLys or PGlu) and a ˛-helical hydrophobic domain

PLeu) or ˇ-strand hydrophobic domain (poly(l-valine),
Val) could be self-assembled into hydrogels by direct dis-
olution in water (Fig. 35A-B) [228–230]. The resulting
ydrogels though containing over 95% water possessed a
ore P(His32-co-Phe6) and two layers of hydrophilic shells (PEG and BSA),
ells (a: cells pretreated with DOX-loaded nanogel for 4 h, b-0: no infected
ture with b-2 for 20 h).

 & Co. KGaA.

network structure with nanoscale to microscale porosity
and significant material rigidity. Their physical proper-
ties including hydrogel strength, porosity, stability, as
well as functionality could be tuned independent of
each other. Moreover, they were injectable through a
30-G needle and were non-toxic to cells [231]. Inter-
estingly, PLysm-PLeun-PLyso triblock copolypeptides and
PLysm-PLeun-PLyso-PLeun-PLysm pentablock copolypep-
tides were shown to from hydrogels with greater strength,
better salt tolerance and more controllable morphology
than diblock copolypeptides at similar concentrations
[232,233]. The in vivo studies on PLys-PLeu copolypep-
tide hydrogels showed that hydrogel depot formed by
directly injecting into mouse forebrain elicited no more
gliosis, inflammation, or toxicity to neurons, myelin or
axons than did physiological saline [39]. Notably, depot of
PLys-PLeu exhibited time-dependent in-growth of blood
vessels, glial cells, and nerve fibers (Fig. 35C–F). PLys-PLeu
and PGlu-PLeu hydrogels were also investigated for sus-
tained local delivery of bioactive nerve growth factor (NGF)
in the central nervous system, which was  shown to main-
tain hypertrophy of local forebrain cholinergic neurons for
at least 4 weeks and induce hypertrophy a further distant
away (up to 5 mm)  from injection sites [234].

Jeong et al. developed thermal-reversible hydrogels
based on PEG-poly(l-alanine) (PEG-PAla) [235] and PAla-
poloxamer-PAla copolymers [236]. These polypeptide
copolymers exhibited sol-gel transition temperature in
the range of 20–40 ◦C. There existed various amounts
of nanofibers depending on secondary structure and ini-
tial polymer concentration. These polypeptide hydrogels
were proven to be excellent 3D matrices to preserve the

phenotypes as well as enhance the proliferation and dif-
ferentiation of chondrocytes [237,238]. PEG-P(Ala-co-Phe)
copolypeptides with significantly lower sol-gel transition
temperature and concentration as compared to PEG-PAla
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Fig. 35. Hydrogel scaffolds from self-assembling block copolypeptide amphiphiles. (A) Structure of diblock copolypeptide PLys-PLeu; (B) confocal micro-
graph  of PLys-PLeu at 1.0 wt% in H2O with heterogeneous microstructure visualized using DiOC18 hydrophobic dye, scale bar, 20 �m;  (C) electron microscopic
image  of 3% PLys-PLeu at 2 weeks after injection into the center of the caudate putamen nucleus (CPN) of the mouse forebrain; (D) light-microscopic survey
image  of a PLys-PLeu deposit after 8 weeks and examined in a semi-thin (0.3 um)  plastic section stained with toluidine blue, note that many cells and
blood  vessels are scattered throughout the deposit; (E, F) magnified electron microscopic images of ultrathin sections of the tissue shown in B. (m indicates

ates intr
ssion fro
microglia, b.v. indicates blood vessel, e indicates endothelial cells, * indic
[39,228], Copyright 2009 and 2002, respectively. Reproduced with permi

were used for sustained insulin release [239]. Interestingly,
the results showed a hypoglycemic effect over 18 days after
a single injection into diabetic rats.

Dong et al. reported a versatile strategy for fabricat-
ing supramolecular polypeptide-based normal micellar
hydrogels as well as reverse micellar hydrogels based on
PGlu-b-poly(ethylene oxide) (PGlu-PEO) copolypeptides
(Fig. 36) [240]. PGlu-PEO was synthesized via combina-
tion of ROP of BLG-NCA and click chemistry followed
by the removal of protecting benzyl groups. Notably,
these hydrogels exhibited temperature and pH sensitiv-
ity, and the reverse micellar hydrogels achieved sustained
DOX release for 45 days. The polypeptide-shelled reverse
micelles were obtained from dendron-like PGlu-PEO (Dm-
PGlu-PEO) block copolymers and ˛-cyclodextrin (˛-CD) in
alkaline solution by supramolecular self-assembly [241].
The micelles of Dm-PGlu-PEO copolymer exhibited a higher
DOX loading capacity and longer time (∼70 days) of sus-
tained drug release than linear PGlu-PEO counterparts.

Chen et al. fabricated thermo- and pH-responsive
polypeptide hybrid hydrogels based on PGlu-g-P(NIPAM-
co-HEMA) graft copolymers that were prepared from PGlu
and amine-terminated P(NIPAM-co-HEMA) via carbodi-

imide chemistry [242]. The in vitro protein release studies
demonstrated that hydrogels with a lower crosslinking
density and P(NIPAM-co-HEMA) content had a faster
release rate at pH 7.4 and drug release rate was
acellular vacuoles).
m Elsevier Ltd and Nature Publishing Group, respectively.

slower at pH 4.0 than that at pH 7.4. In a follow-
ing study, stimuli-responsive PGlu-hydroxypropycellulose
(PGlu-HPC) hybrid hydrogels were prepared by free-radical
copolymerization of pH-sensitive P(Glu-g-HEMA) and
temperature-sensitive acrylic acid grafted hydroxypropy-
cellulose (HPC) (HPC-g-AA) [243]. Interesting, release of
BSA from PGlu-HPC hydrogels was  very slow in artificial
gastric juice (pH 1.2) and significantly accelerated in arti-
ficial intestinal liquid (pH 6.8) due to protonation of the
P(Glu-g-HEMA).

4.6. Functional polypeptide and hybrid materials for
tissue engineering scaffolds

Whittaker et al. developed PEG-PLA-PLys triblock
copolymer for enhancement of osteoblast attachment
and growth [244]. Human osteoblast tests revealed that
PLLA films modified with PEG-PLA-PLys were much more
effective in promoting cell adhesion and proliferation
than the parent PLLA films and PLLA films modified with
PEG-PLLA diblock copolymers. Moreover, the free amino
groups of PEG-PLA-PLys can potentially be used to immo-
bilize cell recognition motifs or growth factors to induce

specific cellular responses. Jing et al. reported that matrix
based on PLLA and PEG-PLLA-P(Glu-g-RGD), which was
obtained by grafting RGD tripeptide onto PEG-PLA-PGlu
using carbodiimide chemistry, exhibited significantly
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Fig. 36. Schematic illustration of the proposed structures and gelation mechanism of supramolecular hydrogels: (a) normal micellar hydrogels, and (b)
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3)  the reverse micellization of copolymer, and (4) the reverse micellar hy
240], Copyright 2010. Reproduced with permission from Wiley-VCH Ver

mproved adhesion, spreading and proliferation of human
hondrocytes and 3T3 cells compared to the parent PLLA
ounterparts [94]. In a follow-up study, porous scaffolds
ere prepared from PEG-PLLA-P(Glu-RGD), PLGA and
ydroxyapatite (HA) using solvent casting/particulate

eaching method (Fig. 37) [245]. The in vivo studies on
abbit radius bone defects demonstrated that PEG-PLLA-
(Glu-RGD) induced increased bone formation, better
usion interface and enhanced bone ingrowth. Recently,
in et al. empolyed polyelectrolyte complex scaffolds
ased on PGlu and chitosan for delivery of adipose-derived

tem cells to repair full thickness articular cartilage defects
246]. Histological observations showed that articular
efects were recovered with newly formed cartilage 6

ig. 37. Schematic illustration of PEG-PLA-P(Glu-RGD)/PLGA/HA compos-
te scaffolds for the repair of rabbit bone defects.
245], Copyright 2011. Reproduced with permission from the American
hemical Society.
al micellar hydrogel induced by supramolecular inclusion complexation,
tion.
H & Co. KGaA.

weeks post-implantation, and the regenerated cartilage
had integrated well with the surrounding native cartilage
and subchondral bone in 12 weeks.

5. Conclusions and future perspectives

The past decade has witnessed significant progress in
the de novo design and synthesis of functional polypep-
tide and hybrid materials with precise control over
molecular weights, architectures and functions. These
protein-mimicking polymers offer several unique features
such as excellent biocompatibility, in vivo biodegradabil-
ity, versatile functionality, as well as bioactivity. Notably,
various advanced nano-carriers including micelles, poly-
mersomes, and nanogels have been developed based on
functional polypeptides and hybrid materials for controlled
and/or targeted delivery of anti-cancer drugs, proteins and
nucleic acids, among which several micellar drugs (e.g.
NK911, NK105, NK012, and NC6004) have entered differ-
ent phases of clinical trials. The polypeptide hydrogels with
elegant control over gel porosity and strength, degrada-
tion rate, adhesive property, growth factor release rate, etc.
have great potentials as depots for sustained local drug
or protein release as well as functional scaffolds for tis-

sue engineering. The synthetic glycopolypeptides, similar
to their natural analogs, display fast and selective biorecog-
nition of proteins and furthermore drug nanocarriers based
on glycopolypeptides possess high affinity for the surface
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glycoproteins of living cells. It should be further noted
that functional polypeptides are also promising in vari-
ous biomedical coatings, e.g. mussel adhesive-mimicking
polypeptides have been developed for stent coatings [247],
protein-releasing multilayer polypeptide coatings for the
prevention of infections [248], and coating of adenoviruses
with polypeptides to augment their gene transduction and
in vivo stability [249].

The development of functional polypeptide and hybrid
materials for biomedical and pharmaceutical applications,
however, remains at its infancy. Despite the fact that a vari-
ety of functional polypeptides have been constructed, most
of them are very primitive and have no obvious biological
activity. In principle, with proper design, virus-mimicking
multifunctional vehicles and cell-responsive tissue scaf-
folds could be developed based on functional polypeptide
and hybrid materials for targeted and controlled delivery of
pharmaceutics and tissue regeneration, respectively. This
might be realized by combining functional polypeptides
with complementary functional synthetic polymers or
designing de novo multifunctional polypeptides. For exam-
ple, by combining membrane-disrupting cationic ˛-helical
polypeptide with oleyl-conjugated chitosan and oleyl-PEG-
mannose, multifunctional nonviral gene delivery systems
that outperform commercial transfection reagents by 1–2
orders of magnitude in vitro and by 1.5–4 fold in vivo
have recently been reported [250]. It has been found that
polypeptide nanocarriers responsive to one single stimu-
lus though show in general a better release profile than
their non-responsive counterparts are not optimal in terms
of therapeutic efficacy. In the future, dual and multi-
responsive polypeptide nanocarriers will attract increasing
attention as they promise to offer greater temporal and spa-
tial control over drug release [251]. To be applied as tissue
scaffolds, multifunctional polypeptides and hybrid mate-
rials that possess good mechanical property, appropriate
biodegradation rate as well as cell-instructive behavior
should be developed.

It  should further be noted that there is lack of ade-
quate biocompatibility and biodegradation studies on
functional polypeptide and hybrid materials in vivo. Func-
tional polypeptide and hybrid materials are structurally
different from natural polypeptides, which possibly results
in altered biocompatibility and enzymatic degradation
behaviors. In addition, the synthesis of functional polypep-
tides might also introduce potentially cytotoxic elements
such as copper catalysts in the click chemistry. In the future,
special cares should be taken to maintain biocompatibil-
ity and functions of natural polypeptides in the design and
development of novel functional polypeptide and hybrid
materials. The in vivo fate of functional polypeptide and
hybrid materials should be investigated in detail. We  are
convinced that functional polypeptide and hybrid materi-
als as advanced biomaterials will play a more and more
important role in biomedical technology.
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