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Abstract

Stimuli-responsive synthetic polypeptide-containing block
copolymers have received considerable attention in recent years.
Especially, unique thermo-induced sol–gel phase transitions were
observed for elaborately-designed amphiphilic diblock
copolypeptides and a range of poly(ethylene glycol) (PEG)-polypep-
tide block copolymers. The thermo-induced gelation mechanisms
involve the evolution of secondary conformation, enhanced intra-
molecular interactions, as well as reduced hydration and
increased chain entanglement of PEG blocks. The physical param-
eters, including polymer concentrations, sol–gel transition temper-
atures and storage moduli, were investigated. The polypeptide
hydrogels exhibited good biocompatibility in vitro and in vivo, and
displayed biodegradation periods ranging from 1 to 5 weeks. The unique thermo-induced sol–gel phase transitions offer the feasibility of
minimal-invasive injection of the precursor aqueous solutions into body, followed by in situ hydrogel formation driven
by physiological temperature. These advantages make polypeptide hydrogels interesting candidates for diverse biomedical
applications, especially as injectable scaffolds for 3D cell culture and tissue regeneration as well as depots for local drug delivery.
This review focuses on recent advances in the design and preparation of injectable, thermo-induced physically crosslinked
polypeptide hydrogels. The influence of composition, secondary structure and chirality of polypeptide segments on the physical properties
and biodegradation of the hydrogels are emphasized. Moreover, the studies on biomedical applications of the hydrogels are intensively
discussed. Finally, the major challenges in the further development of polypeptide hydrogels for practical applications are proposed.
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Introduction
Synthetic polypeptides or poly(amino acid)s are a type of unique
polymers comprising amino acid residues linked by peptide bonds
[1]. Polypeptides have attracted progressive interest for biomedical
applications in recent years, due to their biocompatibility, biode-
gradability as well as compositions and secondary structures ana-
logical to natural proteins. Polypeptides are usually prepared by
solid phase peptide synthesis, protein biosynthesis, or the ring-
opening polymerization (ROP) of a-amino acid N-carboxyanhy-
drides (NCAs). Compared with other techniques, the synthesis
approach through the ROP of NCA allows large scale production of
polypeptides with high molecular weight (MW), and offers consid-
erable chemical diversity of the products [2]. Two representative
mechanisms for the ROP of NCAs are shown in Scheme 1 [3]. To
control the synthesis of polypeptides via ROP of NCA in a con-
trolled manner, various strategies have been developed. For in-
stance, Co- or Ni-based complexes developed by Deming [4, 5]

were used as initiators to prepare well-defined polypeptides and
diblock copolypeptides. Subsequently, ammonium halides [6] and
organosilicon initiators [7, 8] were reported to prepare polypeptides

for preventing chain end termination. In addition, low temperature
condition [9], high vacuum technique [10] and a nitrogen flow
strategy [11] have been explored to prepare polypeptides with pre-

dictable MWs and narrow polydispersity index.
Hydrogels are 3D materials consisting of hydrophilic polymers

and a significant amount of water. Due to their desirable physical
characteristics and biocompatibility, hydrogels can be used as drug

depots and cell culture scaffolds [12, 13]. In particular, polypeptide
hydrogels have been widely developed and tested for biomedical
applications recently, due to their good biodegradability, no acidic

microenvironment during degradation and similarity to native ex-
tracellular matrix (ECM) [14]. In addition, injectable polypeptide
hydrogels have attracted increasing attention, which are capable of

gelation in situ after injection into body through a syringe or
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catheter triggered by physiologically relevant stimuli or the forma-
tion of covalent crosslinking bonds [15]. This type of material
showed advantages in practical applications, such as minimal inva-
sive implantation procedure and easy handling process. In addition
to the formation of covalent crosslinking network by chemical reac-
tions, the formation of physically crosslinked polypeptide hydrogels
induced by physiologically relevant stimuli has attracted unique in-
terest, due to their good biocompatibility without involving any
chemical agents and the highly controlled manner of gelation pro-
cess. Especially, thermo-induced gelation of the precursor polymer
solutions may be achieved by simply adjusting the temperature
from a lower temperature to the physiological temperature, which
has advantages in the applications for in situ delivery of drugs, bio-
active agents and cells. Accordingly, in the past two decades, the
development of thermo-induced physically crosslinked polypeptide
hydrogels has received intense interest, and their potential biomed-
ical applications have been investigated.

In this review, the recent advances in the design and prepara-
tion of thermo-induced physically crosslinked polypeptide hydro-
gels are introduced, which are largely based on amphiphilic
polypeptide-containing block copolymers including diblock copoly-
peptides with thermosensitive side chains and poly(ethylene gly-
col) (PEG)-b-polypeptide block copolymers. The stimuli-responsive
gelation mechanisms and physical properties of the hydrogels are
discussed. The potential biomedical applications of the polypeptide
hydrogels, including scaffolds for 3D cell culture, depots for local
delivery of antitumor agents and antibacterial materials, are em-
phasized (Scheme 2). In addition, some challenges for the further
development of polypeptide hydrogels are proposed.

Preparation and gelation mechanisms of
physically crosslinked polypeptide
hydrogels
Physically crosslinked hydrogels can be formed in situ through a
sol–gel phase transition in response to external stimuli such as

temperature, pH, redox, ion, light and enzyme [3]. Physical gela-
tion is free from any chemical reaction since the formation of
crosslinking networks is driven through various physical interac-
tions including hydrogen bonds, hydrophobic interactions, elec-
trostatic interactions, host-guest interactions, p–p stacking and
so on [16]. Therefore, the crosslinking process is generally
regarded to be biocompatible since potentially toxic chemical
compounds and reactions are avoided [15]. It is noteworthy that
the temperature-dependent sol–gel phase transitions have
advantages in practical applications, since the bioactive agents
can be mixed with the precursor solutions at a lower temperature
and the hydrogel formation may be spatio-temporally controlled
by simply changing the temperature. The chemical structures of
typical polypeptide block copolymers are listed in Scheme 3, and
their physical properties are listed in Table 1.

Block copolypeptide hydrogels
Molecular self-assembly process plays an important role in su-
pramolecular structure formation, such as micelles, vesicles,
nanoparticles and hydrogels [27]. The self-assembly process can
be driven by various non-covalent interactions including hydro-
phobic interaction, hydrogen bonding, ionic interaction and
guest–host interaction. The self-assembled ordered structures
are usually stabilized in aqueous solutions by hydrophilic seg-
ments. Polypeptides are attractive building blocks for construc-
tion of supramolecular structures due to their unique secondary
structures such as a-helix and b-sheet and their responsiveness
to external stimuli including temperature and pH [1, 28, 29]. To
construct stable physical networks in aqueous systems, amphi-
philic polypeptide-containing block copolymers are the most
studied building blocks for the formation of polypeptide hydro-
gels.

One kind of injectable hydrogels based on chemically synthe-
sized polypeptides are amphiphilic block copolypeptide hydro-
gels. Deming and co-workers synthesized a type of diblock
copolypeptide hydrogels (DCH), which are comprised of a

Scheme 1. ROP of NCAs via (a) ‘normal amine mechanism’ and (b) ‘activated monomer mechanism’.
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hydrophilic polyelectrolyte block such as poly(L-lysine) (PLLys) or
poly(L-glutamic acid) (PLGlu) and a hydrophobic block such as
poly(L-leucine) (PLLeu), poly(L-valine) (PLVal) or poly(L-alanine)
(PLAla) (Scheme 3a) [30]. It was believed that the secondary struc-
tures including a-helix and b-sheet promoted gel formation,
which is superior to a random coil conformation. The critical ge-
lation concentrations (CGCs) of the block copolypeptide hydro-
gels were as low as 0.25–1 wt%, and the storage moduli (G0) of the
hydrogels ranged from <0.1 kPa to near 1 kPa, depending on the
composition and relative block length. It was found that the block
copolypeptides tended to assemble into twisted fibrils instead of
spherical micelles like many other amphiphilic block copolymers,
such as PEG-polyester block copolymers [31]. These block copoly-
peptide hydrogels can be injected through a syringe due to their
shear-thinning property and re-assemble into hydrogels in vivo
after injection [32].

Due to existence of ionized polypeptide segments, the second
structure and gelation ability of block copolypeptide hydrogels
can be affected by pH and ion strength. Tsitsilianis and co-
workers synthesized a poly(L-alanine)-b-poly(L-glutamic acid)-b-
poly(L-alanine) (PLAla-b-PLGlu-b-PLAla) triblock copolymer con-
taining a central pH-responsive PLGlu block [33]. At low pH, the
carboxyl groups in the PLGlu segment are not ionized and the co-
polymer forms a-helical plates which can further assemble into
giant nanobelts as the concentration increases. In contrast, at
high pH, the carboxyl groups are ionized and the copolymer turns
into random coils and forms b-sheet nanostructures when ionic
strength is increased, which can further assemble into twisted
superfiber to form a hydrogel at elevated concentrations. The
results indicate that hydrophobic association, secondary struc-
ture and electrostatic repulsion have great impact on gelation
behaviors of the block copolypeptide. The fibril assemblies were

also found in the hydrogel of a coil-sheet poly(L-lysine)-b-poly(L-
threonine) (PLLys-b-PLThr) block copolypeptide [34], where the
balance between the intermolecular hydrogen bonding interac-
tions of sheet-like poly(L-threonine) (PLThr) segment and charge
repulsion exerted by coil PLLys segment was critical for hydroge-
lation. At concentrations below CGC, block copolypeptides con-
taining a PLLys-based polyelectrolyte block were found to be
cytotoxic, whereas those containing a PLGlu-based segment
showed low cytotoxic [35]. However, both the PLGlu- and PLLys-
containing building blocks exhibited low cytotoxic in hydrogel
status, likely attributed to the fact that the polypeptide blocks
were embedded within the hydrogel networks. When DCHs of L-
lysine and L-leucine (PLLys-b-PLLeu) are injected into the fore-
brain of mice, no obvious toxicity to the central nervous system
(CNS) was detected in vivo [32].

In addition to hydrophilic–hydrophobic equilibrium derived
from main chain, changes in hydrophilicity and hydrophobicity
of side groups and terminal group can also affect the self-
assembly behavior of polypeptides. For instance, Deming and co-
workers developed a hydrogel of PLLys-b-poly(o-nitrobenzyloxy-
carbonyl-L-lysine) (PLLys-b-P(oNB-LLys)) block copolypeptide
containing photolabile o-nitrobenzyloxycarbonyl (oNB) side
group. The hydrogel displayed a photo-responsive gel-to-sol
phase transition in response to UV irradiation, resulted from
the hydrophobic-to-hydrophilic transition of the P(oNB-LLys)
segment caused by full cleavage of the oNB groups [36].
This system may be used as a photolysis-controlled drug release
system.

In another study of the same group, thermo-responsive oligo(-
ethylene oxide) (OEG) side-chain was incorporated into the side
chain of poly(rac-glutamate) (PGlu) or PLGlu to fabricate a thermo-
responsive nonionic block copolypeptide hydrogel (Fig. 1). The

Scheme 2. Schematic illustration for the mechanism of thermo-induced gelation of polypeptide-based block copolymers, and their potential applications
for 3D cell culture and controlled cell differentiation, and for local sustained delivery of chemotherapeutics and/or immunostimulating agents.
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3 wt% Phosphate buffered saline (PBS) solutions of poly(c-(2-(2-
methoxyethoxy)ethyl)-rac-glutamate)-b-poly(L-leucine-co-c-(2-
(2-methoxyethoxy)ethyl)-L-glutamate) block copolypeptide
((rac-EP2)m-(Lx/EP2

1�x)n, denoted as DCHT) showed thermo-

induced sol–gel transitions at temperatures ranging from 30.6
to 37�C, dependent on the polymer composition. The 2–4 wt%
copolypeptide hydrogels exhibited storage moduli (G0) at equi-
librium of 0.1–1 kPa (Table 1). The block copolypeptides existed

Scheme 3. Chemical structures of some representative polypeptide-containing block copolymers. (a) Diblock copolypeptide amphiphiles. (b) (rac-
EP2)m(Lx/EP2

1-x)n. (c) mPEG-b-PLAla. (d) [PLAla-b-PEG-b-PLAla-EDTA]m. (e) mPEG-b-P(LAla-co-LPhe). (f) PAla-b-PLX-b-PAla. (g) mPEG-b-P(L-EG2Glu). (h)
mPEG-b-P(L-EEG2Glu). (i) mPEG-b-P(L-EEG2Glu). (j) mPEG-b-P(ELG-co-EDG). (k) mPEG-b-PPLG. (l) mPEG-b-P(ELG-co-(PLG-g-TA)). (m) mPEG-b-PLTyr. (n)
mPEG-b-ODLAG. (o) mPEG-b-PLMet. (p) mPEG-b-PLVal.
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as a stable a-helix conformation with increasing temperature

from 20 to 70�C. Thermo-induced reversible hydration-

dehydration transition of OEG units is responsible for the re-

versible sol–gel transition (Scheme 3b) [17].

Thermo-gelling PEG-polypeptide block copolymer
hydrogels
PEG-containing amphiphilic block copolymers, especially PEG-

polyester block copolymers, have been widely investigated for

the potential thermo-gelling behaviors of their aqueous solutions

at elevated concentrations [15, 29, 37, 38]. The mechanism for

the thermo-gelling behaviors is related to the combined effects of

the decline in the hydration effect of PEG blocks and the en-
hanced intermolecular interactions of the hydrophobic segments
in response to temperature increase [39–41].

In recent years, PEG-polypeptide block copolymer hydrogels
have also attracted increasing interest due to their good biocom-
patibility as well as unique intra- and inter-molecular interac-
tions different from PEG-polyester block copolymers [1, 42]. The
aqueous solutions of PEG-polypeptide block copolymers may be
able to show a sol–gel phase transition in response to tempera-
ture increase, which can facilitate the injection of the polymer
solutions through a syringe at a lower temperature and allow
subsequent hydrogel formation in situ at an elevated temperature

Table 1. Physical properties of typical thermo-gelling polypeptide-based block copolymer hydrogels

Polymer codes Secondary structurea Tgel (�C)b Cgel (wt%)c G0 (kPa) tdeg
d Ref.

(rac-EP2)m-(Lx/EP2
1�x)n a-helix 30.6–37 2–4 0.1–1 [17]

mPEG-b-PLAla b-sheet 10–40 3–14 �1 [18]
mPEG-b-P(LAla-co-LPhe) a-helix 7–26 4–9 �1 �15 days in rats [19, 20]
mPEG-b-PELG b-sheet 15–30 6–12 0.5–1 3––4 weeks in

rats
[21]

mPEG-b-P(LTyr)6 b-sheet 25–50 0.25–3.0 0.2 7 days by chymo-
trypsin

[22]

ODLAG-b-PEG-b-ODLAG b-sheet 80–95 1–18 2–10 100 h with
enzymes

[23]

mPEG-b-PLMet b-sheet 18–54 6–15 �8 6 weeks in rats [24]
mPEG-b-PLVal b-sheet — 10–20 �2 27 days in mice [25, 26]

a Secondary conformation.
b Gelation temperature.
c Gelation concentration.
d Degradation time.

Figure 1. Schematic representation, structure and thermoresponsive gelation process for DCHT. Reproduced with permission from Ref. [17].
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such as body temperature. To date, various PEG-polypeptide
block copolymers have been synthesized via the ROP of a-amino
acid NCAs containing hydrophobic or stimuli-responsive side
chains, including L-alanine NCA, c-substituted L-glutamate NCA,
DL-allylglycine NCA, L-tyrosine NCA and OEGylated L-cysteine
NCA, using amino-terminated PEG or methoxy PEG (mPEG) as a
macroinitiator. The thermo-induced gelation behaviors and their
potential biomedical applications of these block copolymers have
been investigated.

Poly(ethylene glycol)-b-polyalanine and derivatives
Jeong and co-workers synthesized a methoxy-poly(ethylene gly-
col)-b-poly(L-alanine) diblock copolymer (mPEG-b-PLAla)
(Scheme 3c), and the influence of the secondary structure of the
polypeptide block on the gelation behavior of the diblock copoly-
mer was investigated by comparison with mPEG-b-poly(DL-ala-
nine) (mPEG-b-PAla) [43]. The diblock copolymers exhibited a
heat-induced sol–gel phase transition in aqueous solutions. It
was found that the formation of b-sheet conformation plays a
critical role in developing a fibrous nanostructure and thermo-
responsive hydrogel formation. The gelation temperatures of the
3–14 wt% mPEG-b-PLAla block copolymer aqueous solutions were
in the range of 10–40�C. The maximum G0 of the hydrogels was
�1 kPa. The b-sheet content increases with the augment of poly-
mer concentration and temperature. Circular dichroism, Fourier
transform infrared spectra and Cryogenic transmission electron
microscopy showed that secondary structure of the PLAla block
will change from antiparallel b-sheet to a-helical so as to de-
crease the steric hindrance comes from adjacent PEG segment, as
the MW of PEG increased (Fig. 2) [18]. On the other hand, the MW
increase of PLAla block can also facilitate the transformation of
antiparallel b-sheet into a-helical structure. Correspondingly, the
self-assembly structure changes from fibrous structure to spheri-
cal micelles. In addition, the block sequence [44], polymer back-
bone structure [45] and incorporation of ionic interactions [46]
can also affect the secondary structure. The binding of Cu2þ to
ethylene diamine tetraacetic acid-incorporated PEG/PLAla multi-
block copolymer (Scheme 3d) can increase the a-helical content
and facilitate thermogelation through effective salt-bridge forma-
tion. Utilizing star polymers can maximize hydrophobic interac-
tions between adjacent alanine units compared with
conventional diblock copolymers, thus decreasing the CGC as
low as 3.5 wt% [47]. In an mPEG-b-PLAla-grafted chitosan system
[48], the a-helical content can increase with the temperature rise
or pH decline, which was proposed to be related to the hydrogen
bonding between amino groups of chitosan and PEG. When a
more hydrophobic amino acid, c-benzyl-L-glutamate, was

copolymerized with L-alanine, the a-helix structure content in-
creased with the poly(c-benzyl-L-glutamate) (PBLG) content [49].
The introduction of small number of PBLG unit can balance the
b-sheet and a-helix conformation, thus increasing the modulus
of hydrogel. However, when further increasing PBLG units, no ob-
vious gel states were found. It was proposed that rigid helical
structure hindered the sol-to-gel transition, while certain amount
of random coil and b-sheet structures could facilitate hydrogel
formation. From this point of view, the secondary structure of
the polymer is influenced by many factors and the specific gela-
tion mechanisms are also diversified. And the relationship be-
tween secondary structure and polymer structure as well as
external environment cannot be summarized in a general rule. In
addition, poly(N-vinyl pyrrolidone) can also be an alternative to
PEG in developing polypeptide thermogels [50].

To adjust the gelation property, mPEG-block-poly(L-alanine-co-L-
phenylalanine) (mPEG-b-P(LAla-co-LPhe)) thermogels were pre-
pared (Scheme 3e) [51]. The polypeptide block copolymer existed
as a typical a-helix conformation in aqueous solution. The 4–9 wt%
mPEG-b-P(LAla-co-LPhe) aqueous solutions exhibited thermo-
responsive sol–gel phase transitions at temperatures ranging from
7 to 26�C. The 5 wt% polypeptide hydrogel displayed a maximum
G0 of �1 kPa. The polypeptides were stable in PBS solution, while
they can be degraded in the presence of different enzymes in vitro.
Following subcutaneous injection of the polypeptide hydrogels into
rats, the hydrogels almost degraded in 15 days. Various proteolytic
enzymes such as elastase, cathepsin B and cathepsin C may be re-
sponsible for the material degradation [19]. It was found by
Hematoxylin and Eosin (H&E) staining that dense fibroblastic cap-
sules formed surrounding the hydrogel and some host cells infil-
trated into the polypeptide hydrogels, suggesting a mild
inflammatory reaction. Additionally, it is expected that the degra-
dation products of the hydrogel including amino acids and PEG
may exhibit good biocompatibility without causing obvious pH
change.

Jeong et al. reported that stereochemistry can also influence the
degradation behavior and biocompatibility. Meanwhile, in contrast
to the relatively rapid enzymatic degradation of mPEG-b-P(LAla-co-
LPhe) hydrogels, the mPEG-b-poly(D-alanine-co-D-phenylalanine)
(mPEG-b-P(DAla-co-DPhe)) hydrogels showed less degradation
in vivo. In addition, H&E staining analysis showed that the mPEG-
b-P(LAla-co-LPhe) hydrogel caused milder inflammation than the
mPEG-b-P(DAla-co-DPhe) hydrogel [20]. Except for this, when par-
tial L-alanine (LAla) units were replaced with D-alanine units, the
secondary structure of mPEG-b-poly(alanine-co-phenylalanine)
turned into random coils. The thermogelling temperature was ob-
served at a much higher temperature and the size of

Figure 2. Variation of mPEG-L-PLAla self-assembly with the MW of each block. Reproduced with permission from Ref. [18].
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nanoassemblies significantly decreased [52]. When mPEG-b-
P(LAla-co-LPhe) was grafted to chitosan, 60–70% gel can be de-
graded in subcutaneous layer of rats in 1 week, which can be used
as a short-term depots for pharmaceutical agents [53].

Compared with traditional poly(propylene glycol)-b-poly(ethyl-
ene glycol)-b-poly(propylene glycol) (Poloxamer or PLX), PAla end-
capped PLX (PAla-b-PLX-b-PAla) (Scheme 3f) [54] showed prolonged
gel duration from a few days to 1 month in vivo, depending on the
chirality of alanine units. In addition, it was found that end-
capping with hydrophobic groups may increase the b-sheet con-
tent and trigger the formation of nanofibrils [55], thus decrease
the sol–gel transition temperature and increase the gel modulus.
As the length of alky group in the chain end increased, the b-sheet
conformation and the gel modulus also increased. Initial concen-
tration can also affect gel modulus, nanofiber structure and cell vi-
ability [56]. When polymer concentration increases, the gel
modulus, nanofiber population and thickness also increase. Jeong
et al. reported a long-range nanofibrous orientation through the
interaction of positively charged PAla-b-PLX-b-PAla and negatively
charged hyaluronic acid (HA) [57]. The incorporation of HA
resulted in the formation of biocompatible microenvironment for
chondrocytes, which promoted marked cell clustering, increased
cell proliferation and biomarker expression. Moreover, P(LAla-co-
LPhe)-b-PLX-b-P(LAla-co-LPhe) block copolymers also exhibited the
b-sheet increase and PLX dehydration as temperature increased
[58], and the sol–gel transition temperature decreased with the in-
crease of the P(LAla-co-LPhe) block length, decrease of PLX block
length, or decrease of the ratio of Ala to Phe units.

Additionally, poly(LAla-co-L-leucine)-b-PLX-b-P(LAla-co-L-leu-
cine) (P(LAla-co-LLeu)-b-PLX-b-P(LAla-co-LLeu)) was also synthe-
sized to further adjust the physical property of the thermosensitive
hydrogel. Compared with the PLAla-b-PLX-b-PLAla and P(LAla-co-
LPhe)-b-PLX-b-P(LAla-co-LPhe) hydrogels, P(LAla-co-LLeu)-b-PLX-b-
P(LAla-co-LLeu) could maintain a-helix structure even at tempera-
tures above the sol–gel transition points, and the conformation
change of PLX segment was believed to be the main driving force
for the heat-induced sol–gel transition [59]. The hydrogel loaded
with bovine serum albumin (BSA) exhibited a sustained BSA re-
lease profile without obvious initial burst for over 1 month in vitro.
Additionally, the 10 wt% hydrogel injected in the subcutaneous
layer of rats showed a duration of�47 days.

Thermo-responsive PEG-polyglutamate-based copolymer
hydrogels
Thermo-responsive poly(glutamate) grafted with monomethyl-
terminated oligo(ethylene glycol) (OEG) (P(EGxGlu), x represents

the repeat number of ethylene glycol units in OEG chain) was
reported by Li et al. [60], which is biodegradable compared with
OEG-grafted poly(meth)acrylate. The reversible low critical solu-
tion temperature (LCST) behavior comes from the reversible hy-
dration–dehydration transition of OEG side group. Furthermore,
the studies showed that the increase of the OEG side chain led to
the enhancement of the hydrophilicity and a-helix content of the
polypeptide. The LCST can be tuned by varying the EG2Glu and
EG3Glu ratio in the copolymers. However, poly(rac-EG3Glu) pre-
pared by equal molar L-EG3Glu NCA and D-EG3Glu NCA do not
show LCST behavior at temperature up to 70�C because the dis-
ruption of secondary structure from a-helix to random coil. In ad-
dition, LCST can also be tuned via random copolymerization of L-
EGxGlu NCA with L-alanine NCA [61]. The LCST decreased when
the hydrophobic L-alanine content increased. It was proposed
that the order conformation plays a critical role in maintaining
the LCST of P(L-EGxGlu), since the hydrogen bonding formation
between polypeptide backbones can be enhanced, while the hy-
drogen bonding between polypeptide backbone and water will be
diminished. Therefore, the a-helical formation was promoted and
the LCST behavior of the polypeptide was affected. A series of
mPEG-b-P(L-EG2Glu-co-LAla) diblock copolymers were subse-
quently prepared by the ROP of L-EGxGlu NCA and L-alanine NCA
with amino-terminated mPEG as the macroinitiator. Instead of a
thermo-induced sol–gel phase transition, the mPEG-b-P(L-
EG2Glu-co-LAla) solution underwent a gel-sol transition and mod-
ulus decrease with increasing temperature.

In a separate study by the same group, the mPEG-b-P(L-
EG2Glu) diblock copolymer was also synthesized via the ROP of L-
EGxGlu NCA (Scheme 3g), which was found to show two stages of
self-assembly behavior after increasing temperature followed by
long-term thermal-annealing [62]. With increasing temperature
at the first stage, the hydrophilic poly-L-EG2Glu block turns into
hydrophobic block due to the dehydration of OEG side group.
While the secondary structure kept an a-helical conformation in
the heating process, leading to the formation of wormlike
micelles (Fig. 3). In contrast, after thermal-annealing at 80�C for
12 h, the mPEG-b-P(L-EG2Glu) diblock copolymer exhibited a-heli-
cal to b-sheet transition, resulting in the formation of nanorib-
bons. It was assumed that the wormlike micelles were a
metastable assembly during the formation of nanoribbons.
Therefore, the long-term thermal-annealing promoted the transi-
tion from wormlike micelles to nanoribbons. In addition, it was
found that the mPEG-b-P(L-EG2Glu) aqueous solutions spontane-
ously formed hydrogels at room temperature when the degree of
polymerization (DP) of polypeptide was below 40 [63]. The alkyl-

Figure 3. Two levels of self-assembly behavior of mPEG-b-P(L-EG2Glu). Reproduced with permission from Ref. [62].
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P(L-EG2Glu) amphiphilic hydrogels were also prepared by using
alkyl amines as initiators [64]. The study showed that increase of
alkyl length promoted the formation of intermolecular hydrogen
bonding and thus led to the increase of b-sheet content.
Correspondingly, the modulus of the hydrogel increased and the
CGC of the polypeptide decreased.

In addition to the diblock copolymers, star-shaped P(L-EG2Glu)
and P(L-EG2Glu)-b-PEG-b-P(L-EG2Glu) triblock copolymers were
also developed for hydrogel formation. The star-shaped P(L-
EG2Glu) synthesized by ROP of L-EG2Glu NCA using an amino-
terminated dendrimer as the initiator adopted an a-helical confor-
mation and was able to form hydrogels at low concentrations [65].
It was found that the CGC and hydrogel moduli were more depen-
dent on arm numbers than arm length. For the ABA-type triblock
copolymers, the longer P(L-EG2Glu) segment, the higher helical
structure content [66]. In the triblock system, micellar packing
mechanism was thought to be responsible for the hydrogelation,
and the mechanical strength of hydrogel decreased when the tem-
perature rose, due to the dehydration of polypeptide segments.

In addition to the change of polypeptide backbone, it was found
that the subtle variation of the terminal group of OEG side chain
also exhibited marked effect on the thermo-responsive gelation
behaviors of the PEG-polyglutamate block copolymers. In a recent
study by He and co-workers, diblock, triblock and four-armed star-
shaped block copolymers composed of PEG and poly(c-(2-(2-ethox-
yethoxy)ethyl)-L-glutamate) (P(L-EEG2Glu)) were fabricated via the
ROP of c-(2-(2-ethoxyethoxy)ethyl)-L-glutamate NCA (L-EEG2Glu
NCA) using amino-terminated mPEG, PEG or four-armed PEG as
the initiators (Scheme 3h) [67]. It was reported that the increase of
polypeptide block length of the PEG/P(L-EEG2Glu) block copolymers
resulted in the enhancement of the a-helix content. A proper PEG/
P(L-EEG2Glu) mass ratio of 1:1.5–2 facilitated the thermo-induced
gelation. Notably, the subtle change of terminal group of the OEG
side chain from methyl to ethyl group resulted in marked influence
of the gelation property. It was observed the P(L-EEG2Glu)-b-PEG-b-
P(L-EEG2Glu) containing ethyl-terminated OEG side groups showed
lower heat-induced gelation concentration and lower gelation tem-
perature at fixed polymer concentration, compared with P(L-
EG2Glu)-b-PEG-b-P(L-EG2Glu) containing methyl-terminated OEG
side groups. Moreover, the P(L-EEG2Glu)-b-PEG-b-P(L-EEG2Glu) hy-
drogel displayed more rapid thermoreversible sol–gel–sol transition
with changing temperature between 37 and 0 �C, compared with
the P(L-EG2Glu)-b-PEG-b-P(L-EG2Glu) hydrogel.

In addition, multiple stimuli-responsiveness can also be intro-
duced into the OEG-modified polyglutamate hydrogels through
the incorporation of pH-responsive L-glutamic acid units,
reduction-responsive disulfide bond or redox-responsive disele-
nide bond [68–72].

Other than the OEG-modified polypeptide segments, thermo-
responsive PEG-polypeptide hydrogels can also be developed by
the incorporation of alkyl side groups into the polypeptide blocks.
He, Chen and co-workers prepared mPEG-block-poly(c-alkyl-L-glu-
tamate) via the ROP of c-alkyl-L-glutamate NCAs containing vari-
ous alkyl groups using amino-terminated mPEG as the initiator
[21]. It was found that the mPEG-block-poly(c-ethyl-L-glutamate)
(mPEG-b-PELG) (Scheme 3i) diblock copolymer showed markedly
lower gelation temperature and higher storage moduli, compared
with the diblock copolymer bearing methyl, n-propyl or butyl side
groups. With increasing temperature, the 6–12 wt% mPEG-b-PELG
solutions in PBS showed sol–gel phase transitions at temperatures
ranging from 15 to 30�C. The 6 wt% polypeptide solutions exhibited
a maximum G0 of 0.5–1 kPa with the temperature increase. It was
proposed that the relatively high b-sheet content and appropriate

hydrophilic/hydrophobic balance may be responsible for thermo-
induced gelation of mPEG-b-PELG. This study also confirmed that
the thermo-sensitive gelation behaviors can be affected by the sub-
tle change of the substituent groups [73].

Besides the substituent groups, it was found that the manipu-
lation of chirality of the amino acid residues also played a critical
role in adjusting the gelation behaviors of the polypeptide hydro-
gels. In a recent study, He, Chen and co-workers synthesized
mPEG-block-poly(c-ethyl-glutamate) containing various c-ethyl-L-
glutamate (ELG) and c-ethyl-D-glutamate (EDG) contents
(Scheme 3j) [74]. It was found that the diblock copolymers con-
taining mixed enantiomeric residues of ELG and EDG showed
lower CGC and critical gelation temperature compared with
mPEG-b-PELG or mPEG-block-poly(c-ethyl-D-glutamate) (mPEG-b-
PEDG). It was thought that the relatively high b-sheet conforma-
tion of diblock copolymer with mixed enantiomeric residues pro-
moted the gelation. In a poly(D, L-alanine) hydrogel system, heat-
induced increase of b-sheet structure was also observed [75].

Additionally, the mPEG-b-poly(c-ethyl-glutamate) hydrogels
showed no obvious degradation in PBS, whereas the gel degrada-
tion was accelerated in the presence of proteinases in vitro, due to
the enzymatic cleavage of the peptide bonds [21, 74]. Moreover, the
enzymatic degradation rate of the polypeptide hydrogels was
found to be highly affected by the chirality of amino acid residues.
With increasing the EDG content in the polypeptide segment, the
degradation time was markedly prolonged to over 8 weeks follow-
ing injection into the subcutaneous layer of rats, compared with 3–
4 weeks for the mPEG-b-PELG hydrogels. Based on the histological
analysis by H&E staining, augmented inflammatory response was
seen in the skin tissue surrounding the hydrogel, indicating a mild
foreign-body reaction elicited by the hydrogel. Following complete
degradation of the mPEG-b-PELG hydrogel, the inflammatory reac-
tion was found to vanish and no obvious tissue necrosis, hyper-
emia and edema were observed in the tissue. It was believed that
the polypeptide hydrogels possess good biocompatibility. In addi-
tion, the inflammation was found to be enhanced with incorpora-
tion of D-amino acid residues in the polypeptide block.

Due to the existence of functional side groups of L-glutamate
residues, the functionalization of the polypeptide hydrogels can be
achieved through post-polymerization modification. In a study by
Chen and co-workers, biofunctionalized thermo-responsive mPEG-
polypeptide hydrogels were produced by incorporating azide-
modified galactose and biotin moieties into mPEG-b-poly(c-prop-
argyl-L-glutamate) (mPEG-b-PPLG) (Scheme 3k) via click chemistry
[76]. The galactose-modified polypeptide hydrogel was found to
promote cell adhesion, probably due to the ability to adsorb fibro-
nectin in cell-extracellular. In addition, a photo-responsive star-
shaped four-armed PEG-b-poly(c-o-nitrobenzyl-L-glutamate) copol-
ymer hydrogel was prepared through the incorporation of o-nitro-
benzyl ester in the polypeptide side group [77]. The hydrogel
degradation can be triggered under UV irradiation, due to the
hydrophobic-to-hydrophilic transition caused by the photolabile
cleavage of o-nitrobenzyl ester group. The property can be used for
photo-controlled drug release from the hydrogel.

In recent studies by He and co-workers, a series of pH and
temperature-responsive hydrogels were prepared by the ROP of
ELG NCA and c-propargyl-L-glutamate NCA (PPLG NCA) using
mPEG-NH2 as the macroinitiator, followed by post-polymerization
modification through the click chemistry between the propargyl
groups and azido-conjugated tertiary amines (Scheme 3l) [78, 79].
It was found that the secondary conformation and thermo-
induced sol–gel phase transitions of the mPEG-polypeptide block
copolymers were dependent on the pH. For instance, 2-
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(diethylamino)ethyl- or 2-(1-piperidino)ethyl-modified mPEG-b-

P(ELG-co-PLG) (mPEG-b-P(ELG-co-PLG-g-DEA) or (mPEG-b-P(ELG-co-

PLG-g-PD)) predominantly adopted as a a-helix conformation at pH

6.5 but transformed into a structure with increased b-sheet con-

tent at a neutral pH. It was found that the increased b-sheet con-

tent in the polypeptide block led to marked reduction in the critical

thermo-induced gelation concentration (Fig. 4).

PEG-poly(L-tyrosine) hydrogels
An mPEG-block-poly(L-tyrosine)6 (mPEG-b-P(LTyr)6) diblock copol-

ymer was prepared by Heise and co-workers through the ROP of

O-Benzyl-L-tyrosine NCA with amino-terminated mPEG as the

initiator (Scheme 3m) [22]. The diblock copolymer aqueous solu-

tions at a low concentration of 0.25–3.0 wt % showed heat-

induced sol–gel transitions within 25–50�C. The 2 wt% polypep-

tide hydrogel showed a maximum G0 of �0.2 kPa with increasing

temperature from 25 to 60�C. It was proposed that, with increas-

ing temperature, the mobility of the PEG segment decreased,

while the mobility of poly(L-tyrosine) (PLTyr) block increased,

which promoted the polypeptide packing and self-assembly. It

was found that the polypeptide hydrogel degraded completely in

7 days in vitro with the presence of chymotrypsin, due to its ability

to cleave amide bonds adjacent to an aromatic amino acid.
On the other hand, in separate studies by Hamley and co-

workers, no hydrogel was found for the aqueous solutions of

PLTyr-b-PEG-b-PLTyr triblock copolymers with the DPs of each

PLTyr block of 2 and 5, respectively [80, 81]. It is noteworthy that

the incorporation of an aromatic Fmoc moiety to the end of

P(LTyr)2-b-PEG-b-P(LTyr)2 triblock copolymer was able to self-

assemble into b-sheet fibril-based hydrogels. The aromatic stack-

ing interactions and the hydrogen bonds of backbone were

assumed to be the driving forces for the self-assemble. And the

bridging of PEG chains led to a self-supporting network.

It is noteworthy that the hydroxyl side groups of PLTyr segments
can also be functionalized. Lu and co-workers synthesized a poly(O-
diethylphospho L-tyrosine)15-b-PEG-b-poly(O-diethylphospho
L-tyrosine)15 (P(pTyr)15-b-PEG-b-P(pTyr)15) triblock copolymer via
the ROP of O-diethylphospho L-tyrosine NCA [82]. The triblock co-
polymer formed hydrogel in the presence of alkaline phosphatase
(ALP), since ALP can induce the dephosphorylation of P(pTyr)15

blocks, thus promoting the physical aggregation of the partially
dephosphorylated poly(L-tyrosine) blocks. It is suggested that the
gelation property of the poly(L-tyrosine)-based triblock copoly-
mer can be tuned by adjusting the hydrophilicity of the side
group. Furthermore, due to the enzyme-responsiveness of tyro-
sine residues, the hydrogel can be strengthened by adding horse-
radish peroxidase and hydrogen peroxide, leading to the
formation of intermolecular covalent crosslinking bonds between
the tyrosine residues [82, 83].

PEG-poly(glycine) derivatives
Wooley and co-workers prepared a kind of thermo-responsive
oligo(DL-allylglycine)-b-PEG-b-oligo(DL-allylglycine) (ODLAG-b-
PEG-b-ODLAG) triblock copolymer via the ROP of DL-allylglycine
with amino-terminated PEG as the initiator [23]. The 1–18 wt% tri-
block copolymer aqueous solutions underwent heat-induced sol–
gel transition at a high-temperature range of 80–95�C. The b-
sheet-driven fibril formation was proposed to be responsible for
the physical gelation. The hydrogel showed relatively slow ero-
sion for over 250 h in Tris–HCl buffer without enzyme, whereas
the degradation was markedly accelerated to <100 h with addi-
tion of trypsin or proteinase K.

To realize the controlled thermo-responsive gelation process,
photo-thermally active single-walled carbon nanotubes
(SWCNTs) were added into an mPEG-b-poly(DL-allylglycine) (PEG-
b-ODLAG) (Scheme 3n) system by the same group [84]. Rapid
photo-responsive sol–gel transition (<10 s) was achieved by

Figure 4. Schematic illustration of secondary structure transitions, self-assembly and thermo-induced gelation of mPEG-b-P(ELG-co-PLG-g-DEA) or
(mPEG-b-P(ELG-co-PLG-g-PD) aqueous solutions at pH 6.5 and a neutral pH, respectively. Reproduced with permission from Ref. [78].
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converting the photo-thermal behavior of SWCNTs into the
thermo-induced gelation of the polypeptide (Fig. 5). The material
also showed good conductivity (>100 S m � 1) and allowed for re-
versible photo-patterning.

Thermo-responsive PEG-poly(L-methionine) (PEG-PLMet)
and derivatives
Some bioresponsive amino acids have also been incorporated
into thermo-responsive polypeptide hydrogels. He, Chen and co-
workers prepared an mPEG-b-PLMet diblock copolymer
(Scheme 3o) via the ROP of L-methionine NCA [24]. The PLMet
block with the DP of 10–20 adopted predominantly a b-sheet con-
formation, while the a-helix content increased with the DP in-
crease. The 6–10 wt% copolymer solutions in PBS showed
thermo-induced sol–gel transitions with the gelation tempera-
tures ranging from 16 to 33�C. Moreover, the degradation of
hydrogels could be triggered in the presence of physiologically
relevant reactive oxygen species (ROS) such as H2O2, attributed to
the hydrophobic-to-hydrophilic transition of the polypeptide
block caused by oxidation of methionine residues into hydro-
philic sulfoxide and sulfone. The hydrogel degraded within
6 weeks in vivo after injection into the subcutaneous layer of rats.
Model drug encapsulated within the hydrogel exhibited con-
trolled release profiles in response to H2O2 concentration.
Additionally, PEG-PMet also exhibited excellent cytoprotective
ability under oxidative stress, indicating a potential as a scaffold
for cell delivery under oxidative stress. In a subsequent study by
Zhang and co-workers, a ROS-responsive four-armed PEG-PLMet
hydrogel was synthesized through a similar ROP of L-methionine
NCA using amino-terminated four-armed PEG as the initiator
[85].

In addition to the ROS-responsive LMet residue, immunoactive
amino acids such as 1-methyl-D-tryptophan (D-1MT) have also
been introduced into the polypeptide segment. A ROS-responsive
P(LMet-co-D-1MT)-b-PEG-b-P(LMet-co-D-1MT) triblock copolymer
was synthesized through the copolymerization of LMet NCA and
D-1MT NCA using amino-terminated PEG as the initiator [86].
The 4–10 wt% copolymer solutions in PBS exhibited heat-induced
sol–gel transitions with gelation temperature of 12–30�C. The
degradation of the polypeptide hydrogel lasted 5 weeks in the
subcutaneous layer of rats. Since the co-existence of ROS-
responsive LMet residues and immunoactive D-1MT, the
polypeptide hydrogel was investigated as a depot for sustained
delivery of immunotherapeutic agents.

Thermo-responsive PEG-b-poly(L-valine) (PEG-b-PLVal)
and derivatives
Wang and co-workers prepared a kind of mPEG-b-poly(L-valine)
(mPEG-b-PLVal) diblock copolymer (Scheme 3p) [25]. It was pro-
posed that both a-helical and b-sheet existed in the polypeptide
block with the DP of 4–19. The mPEG-b-PLVal hydrogel exhibited
storage modulus �2 kPa [26]. Human fibroblast NIH/3T3 cells
were cultured within the hydrogel as a 3D scaffold and the cell
maintained a high viability. The cell proliferation study showed
that metabolically active cells increased continuously during a
culture period of 7 days, which demonstrated that the polypep-
tide hydrogel can promoted NIH/3T3 cell proliferation. The poly-
peptide hydrogel exhibited a degradation period of 27 days in the
subcutaneous layer of C57BL/6J mice. Mild inflammation was ob-
served at Days 3 and 10 post-implantation of the hydrogel, which
was relieved after the degradation of the hydrogel, suggesting a
good biocompatibility in vivo.

Figure 5. PEG-b-ODLAG/SWCNT hydrogel for reversible patterning of soft conductive materials. (a) Parallel or antipallel b-sheet conformation of
nanofibrils. (b) Reversible conversion of polymeric supramolecular structures in response to stimulus. Reproduced with permission from Ref. [84].
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In a separate study by Liu and co-workers, a similar mPEG-b-

PLVal diblock copolymer with the DP of polypeptide block of 2.8–

11.5 was prepared [87]. It was reported that the PLVal block

adopted a predominant b-sheet structure. The 2–8 wt% diblock

copolymer solutions showed heat-induced sol–gel transitions

with the transition temperatures ranging from 20 �C to 80 �C

depending on the polymer concentration. It was assumed that

the thermo-induced sol–gel transition of the polypeptide solu-

tions was due to the aggregation of b-sheet fibers formed by the

polypeptide segments and the heat-induced partial dehydration

of PEG blocks.
Other than L-valine-based polypeptide, L-norvaline, an argi-

nase 1 inhibitor, has also been used for fabrication of an immu-

noactive polypeptide hydrogels. Luan and co-workers prepared

mPEG-b-poly(L-norvaline) (mPEG-b-PLNVal) diblock copolymer

[88]. The diblock copolymer adopted a predominant b-sheet con-

formation. The 4–10 wt% aqueous solutions of mPEG-b-PLNVal

showed heat-induced sol–gel transitions at temperatures ranging

from 10 �C to 44 �C. The 6 wt% Dox-loaded hydrogel displayed a

sustained drug release manner at pH 7.4 and 37�C over

6 days, which was accelerated by reducing pH or addition of pro-

teinase K.

Biomedical applications
3D cell culture and tissue engineering
Scaffolds for tissue engineering are designed and fabricated to

adjust the physicochemical environment and biological clues of

cells [89]. Hydrogels have been shown to be excellent platforms

for 3D cell culture and tissue engineering [90, 91]. The 3D envi-

ronments provided by hydrogels can affect cell morphology,

mechano-responses, gene expression and cell proliferation and

differentiation, which are quite different from 2D environment.

Due to their good biocompatibility and porosity of hydrogels, vari-

ous stem cells can be cultured and allowed to differentiate into

specific kinds of cells through the addition of bioactive small

molecules and proteins.

It has been established that the thermo-responsive, physically
crosslinked polypeptide hydrogels possess excellent biocompati-
bility, adjustable degradation rates in the presence of enzymes
and controlled sol–gel phase transitions. Thus, some
polypeptide-based block copolymer hydrogels have been investi-
gated as scaffolds for 3D culture of various stem cells including
bone-marrow-derived mesenchymal stem cells (BMSCs), adipose-
tissue-derived stem cells (ADSCs) and tonsil-derived mesenchy-
mal stem cells (TMSCs) (Table 2).

Cartilage tissue engineering
Injectable, thermo-responsive mPEG-b-PLAla hydrogels were in-
vestigated by Jeong and co-workers as a 3D matrix for culture of
ADSCs [14]. ADSCs can be mixed with the polypeptide solutions
at lower temperature, and cell-encapsulated hydrogels can be
formed in situ by increasing temperature. After incubation for
14 days in vitro, the ADSCs within the hydrogel retained a spheri-
cal morphology and showed higher expression of type II collagen
(Col II). Similarly, the ADSC-laden hydrogels exhibited predomi-
nant chondrogenic biomarkers following subcutaneous injection
into BALB/c mice.

BMSCs were also cultured in the mPEG-b-PLAla thermo-
responsive hydrogel [92]. It was found that BMSCs underwent
dominant chondrogenesis in the polypeptide thermogel in the
in vitro study. After implantation into the subcutaneous layer of
BALB/c mice, the cells encapsulated in the hydrogel showed sig-
nificant expressions of Col II and formation of sulfated glycos-
aminoglycan (sGAG), suggesting predominantly chondrogenic
differentiation of BMSCs in vivo.

Due to their easy accessibility, higher population density and
proliferation rate, TMSCs were also used for tissue engineering
study [94]. A type of 2D/3D hybrid cell culture systems was con-
structed by suspending graphene oxide (GO) or reduced graphene
oxide (rGO) into the mPEG-b-PLAla aqueous solution. The Col II
expression increased in the 2D/3D hybrid system compared with
the mPEG-b-PLAla 3D hydrogel without GO or rGO. The expres-
sions of chondrogenic biomarkers such as Col II A1, SOX 9, Col X
and Col II significantly increased in the GO/mPEG-b-PLAla hybrid

Table 2. Typical applications of thermosensitive polypeptide hydrogels in 3D cell culture and tissue engineering

Sample codes Cells in hydrogel Bioactive agents In vivo transplantation Potential application Ref.

mPEG-b-PLAla ADSCs — BALB/c mice Cartilage tissue engi-
neering

[14]
BMCAs — BALB/c mice [92]
Chondrocytes — — [93]

mPEG-b-PLAlaþGO/rGO TMSCs TGF-b3 — [94]
mPEG-b-PLAlaþfunctionlized PS

microspheres
TMSCs — — [95]

mPEG-b-PLAla-b-PLAspþ LDH TMSCs Kartogenin — [96]
PAla-b-PLX-b-PAla Chondrocytes — Nude mice [97]
mPEG-b-P(LAla-co-LPhe) TMSCS — Osteochondral defect

models of New
Zealand white rab-
bits

[98]

mPEG-b-P(LAla-co-
LPhe)þmesocrystals

TMSCs — — Bone tissue engineer-
ing

[99]

mPEG-b-PLAlaþMNPþHAP MC3T3-E1 pre-osteo-
blasts

— — [100]

(rac-EP2)m(Lx/EP2
1�x)n NSCs bFGF mGFAP-Cre-tdT re-

porter mice
Neural tissue engi-

neering
[101]

mPEG-b-PLAla TMSCs BDNF and NGF — [102]
mPEG-b-PLAla Fibroblasts — Rats Skin tissue engineer-

ing
[103]

mPEG-b-PLAla TMSCs TUDCA, HGF and FGF4 — Liver tissue engineer-
ing

[104]
LB-PLX-b-PLAlaþ PLX-b-PLAla TMSCs — — [105]
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hydrogel as compared with the mPEG-b-PLAla and rGO/mPEG-b-
PLAla hydrogels, suggesting that the GO/mPEG-b-PLAla hybrid
system can be used as a chondrogenic differentiation platform of
TMSCs. It was believed that the enhanced chondrogenic differentia-
tion in the GO/mPEG-b-PLAla hybrid system was attributed to the in-
creased cell adhesion on the 2D surfaces of GO and the interactions
among GO, COL II and transforming growth factor b3 (TGF-b3).

A similar study was also reported by the same group. When
arginyl-glycyl-aspartic acid (RGD)-coated hexagonal layered dou-
ble hydroxides (LDHs) were incorporated into an mPEG-b-PLAla-
b-poly(L-aspartate) (mPEG-b-PLAla-b-PLAsp) hydrogel [96], the
chondrogenic biomarkers significantly increased compared with
the pure hydrogel system. These studies suggested that 2D mate-
rials incorporated in the hydrogel can increase the rigidity of hy-
drogel, and provide additional adhesion sites for cells, which may
facilitate cell proliferation and differentiation.

In addition, the modification of the thermogel with various
functional groups has obvious influence on the differentiation of
stem cells. Polystyrene (PS) microspheres modified with different
functional groups were incorporated into an mPEG-b-PLAla ther-
mogel [95]. It was reported that the thermogels incorporated with
thiol-functionalized microspheres promoted adipogenesis and
chondrogenesis of TMSCs in vitro, while those modified with
phosphate or carboxylate facilitated chondrogenesis and osteo-
genesis. Additionally, the hydrogel embedded with ammonium-
functioned microspheres promoted adipogenesis, while the neat
microsphere-incorporated hydrogel facilitated osteogenesis. The
study indicated that the microspheres modified by different func-
tional groups can induce the preferential differentiation of stem
cells into different cell types.

The effect of PLAla chain length on cell behavior was also in-
vestigated [93]. The study showed that the chain length variation
may affect secondary structure arrangement, thus leading to

variable microarchitecture and mechanical property. It was
found that an increase in the PLAla chain length would promote
cell cluster and support higher GAG and collagen deposition. It
was thought that the chondrocyte phenotype maintaining and
matrix production were related to secondary structure arrange-
ment and fibrillar-like microarchitecture. Therefore, the study in-
dicated that the polypeptide chain length can exhibit a
significant influence on cell differentiation, through affecting the
secondary conformation and self-assembly structure.

In addition, mPEG-b-P(LAla-co-LPhe) and P(LAla-co-LPhe)-b-
PEG-b-P(LAla-co-LPhe) thermosensitive hydrogels have also been
investigated as 3D scaffolds for the differentiation of TMSCs and
BMSCs [98, 106]. It was seen that chondrogenesis was also pro-
moted in this type of hydrogels. The introduction of L-phenylala-
nine residues into polyalanine-based hydrogel resulted in larger
pore size, lower CGC and higher mechanical strength. It was
found that, after injection of BMSC-laden P(LAla-co-LPhe)-b-PEG-
b-P(LAla-co-LPhe) hydrogels into osteochondral defect of New
Zealand rabbits, enhanced levels of GAGs and Col II were gener-
ated compared with the control group at 12 weeks, suggesting the
chondrogenic differentiation of the BMSCs (Fig. 6).

The PLAla-b-PLX-b-PLAla hydrogels have also been shown to
promote chondrogenic differentiation. The injectable PLAla-b-
PLX-b-PLAla copolymer solutions formed hydrogels in situ at
37�C, and were used as 3D scaffolds for chondrocyte culture [97].
It was found that the b-sheet structure increased as the L-alanine
content increased, and the hydrogel with more b-sheet structure
tended to develop more nanofibrous matrix than the hydrogel
with higher content of random coiled structure. The fibrous
structure was found to play a crucial role in cell proliferation
since it can provide skeletal and mechanical environments in the
ECM. The mechanical properties markedly influenced the prolif-
eration and differentiation of the cells. It was found that the

Figure 6. Schematic illustration for the thermo-induced hydrogel formation at cartilage defect by injection of the BMSC-encapsulated P(LAla-co-LPhe)-
b-PEG-b-P(LAla-co-LPhe) hydrogel into the cartilage defect, and the subsequent cartilage repair in vivo. Reproduced with permission from Ref. [98].
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chondrocyte-encapsulated polypeptide hydrogel displayed higher
levels of sGAG content, Col II expression and cell proliferation
than commercially available Martrigel.

Bone tissue engineering
To construct scaffolds for osteogenesis from stem cells, osteoin-
ductive and osteoconductive components have been introduced
to the thermo-responsive polypeptide hydrogels. A kind of inject-
able meso-composite system consisting of mPEG-b-P(LAla-co-
LPhe) thermogel and well-defined calcium phosphate mesocrys-
tals (4–8 mm) was prepared by Jeong and co-workers [99]. After in-
cubation of TMSCs for 21 days, higher mRNA and protein
expression biomarkers of osteogenesis such as bone morphoge-
netic protein 2, ALP and osteocalcin were observed in the meso-
crystal composite systems, compared with pure hydrogel
systems or composite systems incorporating calcium phosphate
nanoparticles (10–100 nm). In this study, the inorganic mesocrys-
tals in the composites can provide hard surfaces to bind cells and
proteins, whereas the mPEG-b-P(LAla-co-LPhe) hydrogel can serve
as a soft matrix to hold the cells.

In a subsequent study by Jeong and co-workers, it was found
that the differentiation of TMSCs encapsulated within the ther-
mosensitive polypeptide hydrogel could be regulated by introduc-
ing a-cyclodextrin (a-CD) derivatives containing carboxylate and
phosphate groups, respectively [107]. It was demonstrated that
inclusion complexes were formed after mixing mPEG-b-PLAla
with a-CD derivatives, which also showed a thermo-induced sol–
gel phase transition, with the storage moduli of the hydrogels
ranging from 1.0 to 1.3 kPa. Compared with the chondrogenic dif-
ferentiation of TMSCs in the blank polypeptide hydrogel, osteo-
genic differentiation of the stem cells was observed after
incubation in the polypeptide/a-CD phosphate hydrogel for
21 days (Fig. 7).

In a separate study by Chu and co-workers, osteoinductive
and osteoconductive Fe3O4 magnetic nanoparticles (MNP) and
hydroxyapatite (HAP) nanoparticles were incorporated into
mPEG-b-PLAla hydrogel [100]. HAP is known to promote osteo-
blast proliferation and enhance the ALP expression. When

MC3T3-E1 pre-osteoblasts were encapsulated in the MNP-
incorporated hydrogel and cultured for 21 days in vitro under a
magnetic field, osteogenic differentiation was significantly en-
hanced. The strategy of combing magnetic field and magnetic-
responsive hydrogel scaffolds can provide a promising platform
to modulate the biological responses of cells.

In a recent study by Yu, Yu, Liu and co-workers, hypoxic extra-
cellular vesicles (EVs) derived from BMSCs were encapsulated
into an mPEG-b-PLAla hydrogel [108]. The hypoxic EVs-loaded
polypeptide hydrogel showed sustained release of the EVs for
3 weeks in vitro. Following injection of the EV-laden hydrogel into
rat cranial defects of 5 mm in size, accelerated bone regeneration
was observed compared with the blank hydrogel and the hydro-
gel containing normal EVs. It was proposed that the biglycan-rich
EVs generated through hypoxia preconditioning play an impor-
tant role in modulating osteoblast differentiation and mineraliza-
tion.

Neural tissue engineering
A series of physically crosslinked amphiphilic DCHs have been
evaluated for CNS regeneration by Deming, Sofroniew and co-
workers, since the hydrogels showed comparable storage moduli
to native brain tissues [32]. For instance, DCHs composed of L-ly-
sine and L-leucine residues (PLLys-b-PLLeu) was synthesized and
the toxicity against CNS was tested, because L-lysine-based
materials are usually applied as substrates for culture of nerve
cells. It was found that the diblock copolypeptide exhibited no de-
tectable or little toxicity in the CNS and integrated with the brain
after injection into the brain of C57BL/6 mice.

Furthermore, the DCH was used for sustained release of bioac-
tive proteins, such as nerve growth factor (NGF) [109]. To evaluate
the in vivo delivery of NGF, mouse forebrain cholinergic neurons
size was measured and the storage modulus of DCH was tuned to
just below the modulus of brain tissue. Compared with NGF solu-
tion in buffer, NGF-loaded copolypeptide hydrogel provided a
much longer release profile of NGF for at least 4 weeks. It was
seen that NGF-loaded hydrogel caused hypertrophy of forebrain
cholinergic neurons 5 mm away from the injection site. Thus, the

Figure 7. Schematic illustration for the differentiation of TMSCs in blank mPEG-b-PLAla hydrogel, mPEG-b-PLAla/a-CD carbonate inclusion complex
hydrogel, or mPEG-b-PLAla/a-CD phosphate inclusion complex hydrogel. Reproduced with permission from Ref. [107].
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DCH provided an effective approach to deliver bioactive proteins
to CNS, with a sustained release profile and thus predicted effi-
cacy on local cells.

In addition, small hydrophobic molecules such as temozolo-
mide and Tamoxifen were incorporated into DCH for in vitro and
in vivo drug delivery [110]. The study demonstrated that the load-
ing capacity and release rate can be tuned by simply changing
DCH formulations. Furthermore, Tamoxifen released from DCH
injected into CNS can efficiently activate reporter gene expres-
sion in transgenic mice. Therefore, DCH showed potential as car-
rier for sustained delivery of small hydrophobic drugs in CNS.

In addition to ionic DCH containing a poly(glutamic acid) or
polylysine block as the hydrophilic building block, nonionic DCH
has also been investigated for drug delivery in CNS. A nonionic and
thermo-responsive DCH based on a nonionic, hydrophilic polypep-
tide block with OEG side groups ((rac-EP2)m-(Lx/EP2

1�x)n, denoted as
DCHT) was prepared and used as a vehicle for sustained drug deliv-
ery in CNS [101]. DCHT exhibited excellent cytocompatibility while
maintaining injectability, tunable rigidity, porosity and the capac-
ity of delivering both hydrophobic and hydrophilic molecules in
CNS. It was found that the neural stem cells (NSCs) delivery by
DCHT integrated well into the lesions and healthy CNS (Fig. 8).

Nonionic poly(L-methionine sulfoxide) were incorporated into
the DCHs (DCHMO) as the hydrophilic block, due to its superior
anti-fouling property, which was studied as a scaffold for neural
stem/progenitor cell (NSPC) transplantation [111]. It was found
that non-fouling DCHMO exhibited a better ability to preserve the
stemness and multipotency of NSPC than a cationic copolypep-
tide hydrogel. The in vivo transplantation study by injection into
caudate putamen nucleus of C57BL/6 mice showed that NSPC-
encapsulated in DCHMO remained an immature astroglial pheno-
type and integrated well with host neural tissue, and supported
the growth of host-derived axons. Overall, the DCH has shown
good biocompatibility as well as the ability to deliver small mole-
cules, proteins and NSPC in CNS.

To further adjust the release behavior of bioactive agents, hier-
archical drug delivery systems have been designed. A
microsphere-incorporated thermo-responsive hydrogel was devel-
oped by Jeong and co-workers for controlled delivery of brain-
derived neurotropic growth factor (BDNF) and NGF [102]. BDNF
and NGF were loaded separately into alginate microspheres, fol-
lowed by incorporating the microspheres in an in situ formed PEG-
b-PLAla hydrogel with increasing temperature. It was shown that
these two growth factors were released sustainedly over 12–
18 days, and the TMSCs incorporated in the hydrogel exhibited a

multipolar elongation during the culture within the 3D environ-
ment. It was observed that the dual barriers of microsphere and
hydrogel efficiently decreased the initial burst release of proteins.

Skin tissue engineering
As a platform for 3D cell culture, the thermo-responsive mPEG-b-
PLAla hydrogel encapsulating fibroblasts was investigated for
skin wound healing [103]. The cell-laden hydrogel can be formed
in situ by thermo-induced sol–gel transition of the mPEG-b-PLAla
solution in PBS. When cultured in vitro, the cell-encapsulated hy-
drogel showed significantly higher expressions of collagen types I
and III, compared with commercially available Matrigel. After ap-
plying to a full-thickness round wound of 10 mm in diameter of
rats, the fibroblast-encapsulated hydrogel was found to promote
wound closure, achieve effective epithelialization and facilitate
generation of skin appendages. The results demonstrated that
the thermo-responsive polypeptide hydrogel has potential as a
scaffold for cell delivery to skin wound sites.

Liver tissue engineering
Due to the temperature-dependent sol–gel phase transition, vari-
ous small molecules, proteins and cells can be simultaneously
encapsulated in the thermo-responsive hydrogels, through mix-
ing the agents and cells with the polymer aqueous solution at
lower temperatures, followed by facilely increasing the tempera-
ture. In a study by Jeong and co-workers, tauroursodeoxycholic
acid (TUDCA), fibroblast growth factor 4 (FGF4), hepatocyte
growth factor (HGF) and TMSCs were simultaneously incorpo-
rated into a thermo-responsive mPEG-b-PLAla hydrogel to induce
the hepatogenic differentiation of TMSCs [104]. The small mole-
cule and proteins encapsulated within the hydrogel exhibited
sustained release profiles over 21 days in vitro. During the culture
of 21 days in vitro, the TMSCs showed a predominantly spherical
morphology with some elongated shape. The mRNA expressions
and protein production related to hepatogenic differentiation bio-
markers were significantly higher in the cell-encapsulated ther-
mogel than those in a commercially available hyaluronic acid
gel. In addition, the hepatocytes differentiated from the TMSCs in
the hydrogel displayed hepatic biofunctions comparable to
HepG2 cells, such as the uptakes of low-density indocyanine
green (76%) and lipoproteins (52%), as well as the production of
urea (52%) and albumin (40%).

Except for introduction of growth factors, receptor substrates
of stem cells were also reported to be positive for inducing stem
cell differentiation. For example, lactobionic acid (LB) can

Figure 8. Injectable and thermoresponsive DCHT as vehicles for transplantation of NSCs into CNS. Reproduced with permission from Ref. [101].
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increase albumin secretion and urea production of hepatocyte,
due to its high binding affinity to asialoglycoprotein receptors
(ASGR) on the surface of hepatocytes [105]. Accordingly, an LB-
conjucted PLX-b-PLAla (LB-PLX-b-PLAla) block copolymer was
prepared, and the resultant thermo-responsive hydrogel was
studied as a scaffold for hepatogenic differentiation of TMSCs
(Fig. 9). When cultured in vitro for 23 days, TMSCs in the LB-PLX-b-
PLAla hydrogel retained a predominantly spherical morphology,
in contrast to obvious morphological change of those in Matrigel.
Additionally, it was found that TMSCs encapsulated within the
LB-conjucted polypeptide hydrogel showed enhanced expres-
sions of hepatogenic biomarkers such as albumin, hepatocyte
nuclear factor 4a (HNF4a), and ASGR, compared with those in the
blank PLX-b-PLAla hydrogel and Matrigel. In addition, the in-
creased generation of albumin and urea of the differentiated
TMSCs was further confirmed. Therefore, the modification of re-
ceptor substrates into hydrogel scaffolds can also be an effective
approach for modulation of stem cell proliferation and differenti-
ation.

Islet tissue engineering
Islet transplantation has attracted wide attention for its potential
in treating type 1 diabetes. The synthetic polymers for islet en-
capsulation such as poly(lactic acid) (PLA), poly(lactic-co-glycolic
acid) (PLGA) and poly(vinyl alcohol) enquire either pretreated
scaffolds or surgical procedures for transplantation. Since inject-
able hydrogels can be easily injected into transplantation sites
and closely mimic native ECM, they become a kind of particularly
attractive material for islet transplantation.

In a recent study by Chu and co-workers [112], MIN6 b cells de-
rived from insulinoma were encapsulated in a PEG-b-PLAla
hydrogel, to investigate the feasibility of using this type of
thermo-responsive hydrogel as a scaffold for islet transplanta-
tion. It was seen that the MIN6 b cells maintained viability and
capacity of insulin secretion when the cell-encapsulated hydrogel
was cultured in vitro. After subcutaneous injection into nude
mice, the cells within the hydrogels could survive and recreate in-
sulin at 14 days post-implantation.

Polypeptide hydrogels for localized drug delivery
Anticancer drug delivery systems have received extensively in-
vestigation in the past several decades, especially those designed
for the delivery of chemotherapeutic drugs, proteins and immu-
notherapeutic agents. However, it is known that the systemic ad-
ministration of chemotherapeutic and immunotherapeutic drugs
may lead to insufficient drug concentration at targeted sites and
serious systemic side effects. Additionally, the maintaining of

bioactivity of many bioactive agents such as proteins has been
challenging.

Recently, chemotherapy and immunotherapy based on the
hydrogel systems have been explored for cancer treatment. For
instance, various chemotherapeutic drugs including 5-fluoroura-
cil (5-FU), cisplatin (CDDP), doxorubicin (DOX) and paclitaxel
(PTX) have been loaded in hydrogels, and the drugs can be re-
leased in a sustained manner at the injection sites following in-
jection to the targeted sites. Additionally, immunotherapeutic
agents such as cytokines, immune checkpoint blockading (ICB)
agents and immune cells have also been incorporated into hydro-
gel systems to construct topic delivery systems. The hydrogel-
based delivery systems are able to improve the bioavailability of
the therapeutic agents at pathological sites or targeted sites, and
markedly reduce the systemic side effects of the agents [113,
114].

Due to their good biocompatibility, biodegradability and the
temperature-dependent sol–gel transitions, some thermo-
responsive polypeptide hydrogels have been developed for local-
ized, sustained delivery of various anticancer agents, including
chemotherapeutic drugs, tumor antigens, cytokines, adjuvants
and ICB antibodies. Several representative systems as the local
drug delivery depots are listed in Table 3.

Hydrogels for delivery of chemotherapeutic drugs
Chen and co-workers synthesized a poly(c-ethyl-L-glutamate)-b-
PEG-b-poly(c-ethyl-L-glutamate) (PELG-b-PEG-b-PELG) triblock co-
polymer through the ROP of c-ethyl-L-glutamate NCA (ELG NCA)
using amino-terminated PEG as the macroinitiator [115]. The 3–
5 wt% PELG-b-PEG-b-PELG aqueous solutions displayed heat-
induced sol–gel phase transitions with the gelation temperatures
of 15–33�C. A hydrophobic chemotherapeutic drug, PTX, was
loaded into the amphiphilic block copolymer hydrogel as a drug
depot for local sustained delivery. The PTX-loaded hydrogels
showed sustained drug release profiles for over 3 weeks in vitro. In
the subcutaneous layer of rats, the polypeptide hydrogel lasted
for over 2 weeks. Following peritumoral injection of the PTX-
loaded hydrogel into BALB/c nude mice bearing HepG2 xenograft,
the treatment showed obvious suppression on the tumor growth
for up to 21 days, and the tumor inhibition efficacy was found to
be higher than the local treatment with Taxol solution.

It has been established that relatively hydrophilic chemother-
apeutic drugs, such as DOX and CDDP, show rapid diffusion rate
in aqueous solutions, leading to initial burst release from
hydrogel depots [123]. To achieve a prolonged CDDP release, an
injectable thermo-responsive hydrogel based on methoxy-
poly(ethylene glycol)-b-(poly(c-ethyl-L-glutamate-co-L-glutamic

Figure 9. Design of a bioactive 3D scaffold. Reproduced with permission from Ref. [105].
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acid) (mPEG-b-P(ELG-co-LG)) was prepared for the formation of
complexation between CDDP and the carboxyl groups of polypep-
tide [124]. Compared with the CDDP-loaded mPEG-b-PELG hydro-
gel without complexation, the burst release of CDDP was
obviously inhibited in vitro. After peritumoral injection into C26
tumor-bearing BALB/c mice, the CDDP-complexed mPEG-b-
P(ELG-co-LG) hydrogel exhibited significantly enhanced tumor
inhibition efficacy in vivo, compared with free CDDP solution or
CDDP-loaded mPEG-b-PELG hydrogel. The results suggested that
the prolonged CDDP release at tumor site could effectively pro-
long the tumor inhibition efficacy.

Injectable hydrogels have also been investigated as platforms
for co-delivery of dual or multiple agents for tumor combination
therapy, due to their enhanced antitumor efficacy, increased in-
hibition of drug resistance, reduced drug dosages and relieved
toxic side effects [125]. He, Chen and co-workers encapsulated
DOX and CDDP in the PELG-b-PEG-b-PELG thermosensitive hydro-
gel as a system for local tumor combination chemotherapy [126].
It was found that the simultaneous release of DOX and CDDP
from the hydrogel exhibited synergistic effects in the inhibition of
A549 and drug-resistant A549/CDDP tumor cells in vitro.
Moreover, the DOX/CDDP co-loaded hydrogels displayed signifi-
cantly higher antitumor efficacy than the DOX/CDDP solution or
hydrogels loaded with a single drug, following peritumoral injec-
tion into A549 xenograft-bearing nude mice (Fig. 10).

In addition to the systems for co-delivery of dual chemothera-
peutic drugs, the combination of chemotherapeutic drug and the
agents targeting the tumor microenvironment (TME) has also re-
ceived progressive attention. For instance, an injectable
microsphere-incorporated hydrogel system was fabricated by
encapsulating combretastatin A-4 (CA4) and docetaxel (DTX)-
loaded PLGA microspheres into the P(LAla-co-LPhe)-b-PEG-b-
P(LAla-co-LPhe) hydrogel for the sequential delivery of CA4 and
DTX [127]. It was designed that, after injection into tumor site,
the vascular disrupting agent, CA4, was first released from the
hydrogel to destroy the blood vessels and block the supply of
nutrients for tumor cells, while DTX could be released from the
microsphere-embedded hydrogel in a more sustained manner to
inhibit tumor cell proliferation, resulting the combination

inhibition of osteosarcoma. During the peritumoral treatment of
K7 osteosarcoma-bearing BALB/c mice, the CA4/PTX co-loaded
hydrogel exhibited significantly higher antitumor efficacy com-
pared with free CA4/PTX mixed solution and the hydrogel loaded
with CA4 or DTX-encapsulating microspheres. In a subsequent
study by He, Gu and co-workers, a thermosensitive mPEG-b-PELG
hydrogel co-loaded with CDDP and CA4 disodium phosphate
(CA4P) was developed for tumor combination treatment. The en-
hanced antitumor efficacy of the CDDP/CA4P co-loaded hydrogel
was demonstrated in treatment of mice bearing C26 colon
tumors with various tumor volumes (�110 or 370 mm3), after
peritumoral injection into the tumor-bearing BALB/c mice [119].

Hydrogels for co-delivery of chemotherapeutic drugs and
cytokines
The past decade has witnessed the rapid progress of cancer im-
munotherapy. In clinical cancer immunotherapy, cytokines or re-
cently developed immune checkpoint blockade (ICB) agents have
been widely used. Cytokines are proteins that are involved in the
growth, differentiation and activation of immune cells and each
aspect of immunity and inflammation [128]. Additionally, some
cytokines can directly induce tumor apoptosis via different mech-
anism. However, it has been reported that the systemic adminis-
tration of cytokines or ICB antibodies may lead to severe systemic
toxic side effects [113]. Thus, localized delivery systems based on
injectable hydrogels have been developed for sustained delivery
of the immunotherapy agents. Additionally, other antitumor
agents, such as chemotherapeutic drugs, can also be incorpo-
rated into these systems for enhanced combination therapy.

In recent years, injectable thermosensitive polypeptide hydro-
gels have been investigated as depots for co-delivery chemother-
apy drugs and different cytokines for cancer combination
therapy. He, Chen and co-workers developed an mPEG-b-PELG
hydrogel co-loaded with interleukin-15 (IL-15) and CDDP for tu-
mor immuno-chemotherapy [118]. IL-15 is a cytokine that can
promote the proliferation and differentiation of T cells and natu-
ral killer (NK) cells. The synergistic anticancer efficacy of CDDP
and IL-15 was obtained by a single peritumoral injection of the
IL-15/CDDP co-loaded hydrogel into B16F0-RFP melanoma-

Table 3. Typical applications of thermosensitive polypeptide hydrogels in drug delivery

Sample codes Drugs In vivo test Potential application Ref.

PELG-b-PEG-b-PELG PTX BALB/c nude mice xen-
oimplanted with HepG2
cells

Chemotherapy [115]

DOX, IL-2, IFN-c B16F10 melanoma xeno-
graft in a mice model

Chemoimmunotherapy [116]

mPEG-b-PLVal TCLs, poly(I: C) Female C57BL/6 mice in-
oculated with B16 mel-
anoma

Immunotherapy [26]

mPEG-b-PLAla TCL, GM-CSF, anti-CTLA-
4, anti-PD-1

C57BL/6 mice bearing
B16F10 melanoma or
4 T-1 tumor

Immunotherapy [117]

P(LMet-co-D-1MT)-b-PEG-
b-P(LMet-co-D-1MT)

anti-PD-L1 C57BL/6 mice bearing
B16F10 melanoma

Immunotherapy [86]

mPEG-b-PELG CDDP, IL-15 C57BL/6 mice bearing
B16F0-RFP melanoma

Chemoimmunotherapy [118]

CDDP, CA4P BALB/c mice bearing C26
xenograft models

Chemotherapy [119]

DOX, D-1MT, anti-PD-1 C57BL/6 mice bearing
B16F10 melanoma

Chemoimmunotherapy [120]

DOX, anti-CTLA-4, anti-
PD-1

C57BL/6 mice bearing
B16F10 melanoma

Chemoimmunotherapy [121]

mPEG-b-P(LAla-co-LPhe) rhGH Rats Growth hormone deficiency [122]
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bearing C57BL/6 mice. It was found that IL-15/CDDP-induced ac-
tivation and amplification of CD8þ T cell and NK cell led to re-
duced immunosuppression and enhanced antitumor immune
response. In addition, CDDP-mediated S arrest significantly aug-
mented the antitumor efficacy.

In another study by the same group, a PELG-b-PEG-b-PELG hy-
drogel co-loaded with IL-2, interferon-c (IFN-c) and DOX was also
developed for chemoimmunotherapy of melanoma [116]. IL-2 is a
cytokine that can mediate the proliferation of lymphocytes, in-
cluding T cells and NK cells, while IFN-c is able to stimulate anti-
gen presentation, cytokine production and the effector functions
of monocytes. Additionally, IL-2 and IFN-c can directly induce
the apoptosis of tumor cells through various pathways [129].
After peritumoral injection of the drug-loaded hydrogel into
melanoma-bearing mice, an enhanced tumor inhibition efficacy
was obtained compared with the hydrogel loaded with DOX or
cytokines only. The strengthened anticancer efficacy was likely
related to the increased proliferation of CD8þ and CD4þ T lym-
phocytes, as well as chemotherapy-induced tumor cell apoptosis.

Hydrogels for co-delivery of ICB antibodies and combined
agents
Remarkable clinical outcomes have been achieved in cancer im-
munotherapy of several types of cancers based on ICB antibodies,
especially those blockading the programmed cell death protein 1/
programmed death-ligand 1 (PD-1/PD-L1) or cytotoxic T lympho-
cyte antigen 4 (CTLA-4) pathway. However, the clinical antitumor
efficacies of ICB-based immunotherapy for a wide range of

cancers are still limited by major drawbacks, including variable

objective response rates (ORRs) and serious immune-related ad-

verse events after systemic administration [113]. To improve the

ORRs of ICB-based immunotherapy, various strategies such as

the modulation of immunosuppressive TME and enhancement of

antigen presentation have been investigated. Additionally, inject-

able hydrogels have been utilized as depots for the sustained, lo-

calized release of ICB antibodies, to relieve their systemic side

effects.
It has been established that the high levels of ROS and

indoleamine-2,3-dioxygenase (IDO) in the TME can hamper the

survival and activation of T cells. To modulate the immunosup-

pressive TME, a bio-responsive P(LMet-co-D-1MT)-b-PEG-b-

P(LMet-co-D-1MT) hydrogel was fabricated by co-polymerization

of ROS-responsive LMet and a IDO inhibitor, D-1MT, into the

polypeptide backbone [86]. The hydrogel loaded with anti-PD-L1

was investigated as a depot for tumor immunotherapy. Following

intratumoral injection of the anti-PD-L1-loaded hydrogel into

melanoma-bearing C57BL/6 mice, the levels of ROS and IDO in

the TME can be reduced due to the anti-oxidation effect of LMet

residues and IDO inhibiting effect of D-1MT that was gradually

released by the degradation of the polypeptide segment (Fig. 11).

The anti-PD-L1-loaded hydrogel showed higher antitumor effi-

cacy compared with the free D-1MT/anti-PD-L1 mixed solution,

which may be attributed to the prolonged drug/antibody release

profiles of the hydrogel depot. The enhanced infiltration of CD8þ

T cells in the tumors of the anti-PD-L1-loaded hydrogel group

Figure 10. DOX/CDDP co-Loaded PELG-b-PEG-b-PELG hydrogel for local tumor combination chemotherapy. (a) Chemical structures. (b) Local
combination treatment of the nude mouse MDR tumor model. Reproduced with permission from Ref. [126].
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was demonstrated, suggesting an increased antitumor immune
response.

In a similar study by Luan and co-workers, an immunomodu-
latory mPEG-b-PLNVal hydrogel was fabricated by the ROP of L-
norvaline NCA using mPEG-NH2 as the macroinitiator [88]. It was
designed that the sustained release of L-norvaline, an arginase 1
inhibitor, during the enzymatic degradation of the hydrogel could
inhibit arginase 1 pathway and regulate the immunosuppressive
TME. Following intratumoral injection into B16F10-bearing mice,
the DOX-loaded mPEG-b-PLNVal hydrogel showed inhibition ef-
fect on the arginase 1 in tumor and strengthened the antitumor
immune response, which was elicited by DOX-induced immuno-
genic cell death (ICD) of tumor cells.

In a subsequent study by He and co-workers, DOX, D-1MT and
anti-PD-1 were co-loaded into an mPEG-b-PELG hydrogel for anti-
tumor chemoimmunotherapy [120]. It was found that the sus-
tained release of DOX caused the ICD of B16F10 cells in vitro,
leading to the release of tumor-associated antigens (TAAs) and
damage-associated molecular patterns (DAMPs), such as expo-
sure of calreticulin to cell membranes, ATP secretion and high

mobility group box 1 (HMGB1) release. The lysates of tumor cells
could cause the activation of dendritic cells (DCs), which may
promote the antigen presentation to T lymphocytes. After intra-
tumoral injection of the drug-loaded hydrogel into melanoma-
bearing C57BL/6 mice, the PD-1/PD-L1 pathway for immune
escape of tumor cells could be blockade by the sustained release
of anti-PD-1. Additionally, the sustained release of D-1MT could
promote the activity of T cells. The DOX/D-1MT/anti-PD-1
co-loaded hydrogel exhibited higher antitumor efficacy, extended
the animal survival time and elicited stronger antitumor immune
response, compared with the DOX/D-1MT/anti-PD-1 solution and
the hydrogel loaded with DOX only.

He and co-workers also encapsulated DOX, dual ICB antibod-
ies, anti-CTLA-4 and anti-PD-1, into the mPEG-b-PELG hydrogel
as a system for tumor immunotherapy and prevention of post-
surgical tumor reoccurrence [121]. Through peritumoral injection
of the DOX/anti-CTLA-4/anti-PD-1 co-loaded hydrogel into
melanoma-bearing C57BL/6 mice, the ICD of tumor cells by DOX
release caused the release of DAMPs and TAAs, which can pro-
mote the activation of DCs. Additionally, the sustained release of

Figure 11. Synergistic immunotherapy of ROS-responsive P(LMet-co-D-1MT)-b-PEG-b-P(LMet-co-D-1MT). (a) Hydrophobicity transition and chemical
structure and (b) localized drug delivery for synergistic immunotherapy. Reproduced with permission from Ref. [86].
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anti-CTLA-4 could block the CTLA-4/B7 pathway and thus pro-
mote the antigen presentation of activated DCs to T cells.
Further, during the tumor killing stage by cytotoxic T lympho-
cytes (CTLs), the PD-1/PD-L1 pathway for immune escape of tu-
mor cells was inhibited by the local release of anti-PD-1. In the
in vivo antitumor study, the DOX/anti-CTLA-4/anti-PD-1 co-
loaded hydrogel caused higher tumor inhibition efficiency, pro-
longed mice survival time and increased infiltration of CD8þ T
cells in tumors, compared with the hydrogel loaded with DOX or
antibodies only. Moreover, in the tumor resection mice model,
the multi-agent-loaded hydrogel showed significantly higher effi-
cacy in inhibiting tumor reoccurrence, compared with the DOX/
anti-CTLA-4/anti-PD-1 mixed solution.

Hydrogels for delivery of tumor antigens
It has been reported that antigen-encapsulated nanoparticles
and 3D scaffold can modulate host DC populations and enhance
the anti-tumor efficiency through controlled release of biochemi-
cal molecules, such as antigens, adjuvant and cytokines [117].
Wang and co-workers developed a vaccine strategy by using the
mPEG-b-PLVal hydrogel as the scaffold to encapsulate tumor cell
lysates (TCLs) and a toll-like receptor 3 (TLR3) agonist, polyinosi-
nic:polycytidylic acid (poly(I:C)) [26]. TLR agonists are effective
vaccine adjuvants that can stimulate the activation of DCs. The
hydrogel realized the sustained release of TCLs and poly(I:C) for
more than 1 week, and promote the antigen drainage to lymph
nodes following subcutaneous injection into BALB/c mice. After
subcutaneous injection into the region adjacent to the B16 mela-
noma (two times), the TCLs/poly(I:C) co-loaded hydrogel showed
significantly higher tumor inhibition efficiency than the TCLs/
poly(I:C) solution or TCLs-loaded hydrogel. The enhanced infiltra-
tion of CD8þ T lymphocytes into the tumors treated with the
TCLs/poly(I:C) co-loaded hydrogel was demonstrated, indicating
the strengthened antitumor immunity.

In another study by the same group, a vaccine strategy was
developed by encapsulating TCLs, granulocyte-macrophage col-
ony-stimulating factor (GM-CSF), anti-PD-1 and anti-CTLA-4 into
an mPEG-b-PLAla hydrogel [130]. GM-CSF was used as an adju-
vant to help DCs recruitment and activation. It was found that
the in vivo tumor inhibition efficacy and antitumor immune re-
sponse can be further augmented by the incorporation of anti-
PD-1 and/or anti-CTLA-4.

Polypeptide hydrogels for sustained release of growth
hormone
An mPEG-b-P(LAla-co-LPhe) diblock copolymer hydrogel was used
for controlled release of recombinant human growth hormone
(rhGH), which can be used to treat children or adults with growth
hormone deficiency [122]. The sustained release of the rhGH for
up to 6 days with a slight initial burst release was realized. A pH-
and temperature-responsive hydrogel of poly[(2-(dibutylami-
no)ethyl-L-glutamate)-co-(c-benzyl-L-glutamate)]-b-PEG-b-poly[(2-
(dibutylamino)ethyl-L-glutamate)-co-(c-benzyl-L-glutamate)] [131]
was also prepared for the sustained delivery of hGH. The hGH-
loaded polypeptide hydrogel showed reduced initial burst, with a
sustained release profile for 1 week after subcutaneous injection
into Sprague Dawley (SD) rats. These studies suggest that the
polypeptide hydrogels can be a promising platform for sustained
delivery of proteins.

Polypeptide hydrogels for anti-bacteria
The bacterial infection from surgical procedures and trauma
may result in life-threatening sepsis. The commonly used

antibiotics, antiseptics, wound dressings and bandages cannot
meet the demand for prevention of wound infection. Thus,
hydrogels with antimicrobial properties can be promising candi-
dates for preventing wound infection. Deming et al. prepared a
kind of hydrogel composed of poly(L-lysine�hydrochloride)100-b-
poly(L-leucine)40 (PLLys100-b-PLLeu40) diblock copolypeptides
[132]. The direct antimicrobial activity and microbial barrier
properties of the PLLys100-b-PLLeu40 hydrogel made it broadly ef-
fective in inhibiting common wound pathogens such as Gram-
positive and Gram-negative bacteria. In the porcine open wound
model, a single treatment of 2 wt% DCH for 15 min before inocu-
lation of Staphylococcus epidermidis led to 99.99% decline in colony
forming unit (CFU) of the bacteria. Additionally, in an SD rat
closed wound model, the pretreatment of a polypropylene mesh
implant and the wound pocket with the diblock copolypeptide
aqueous solution before inoculation of methicillin resistant
Staphylococcus aureus (MRSA) resulted in 4–5 log decline in CFU of
MRSA. These results indicated good antibacterial efficacies of the
diblock copolypeptide against different types of bacteria in vitro
and in vivo.

Conclusions and perspectives
In recent years, several types of thermo-induced physically cross-
linked polypeptide hydrogels have been designed and fabricated,
including amphiphilic diblock copolypeptides and PEG/polypep-
tide block copolymers. Through the molecular design, the tem-
perature regions of sol–gel phase transitions for these
polypeptide block copolymers could be controlled in the range of
10–40�C, which were near the physiological temperature. The
thermo-induced gelation mechanisms involve variation of sec-
ondary conformation, increased inter-molecular interactions, re-
duced hydration of PEG block, as well as enhanced chain
entanglement and micellar aggregation. The polypeptide hydro-
gels showed relatively lower CGCs of 1–10 wt%, which may be
due to their unique inter-molecular hydrogen-bonding mediated
by secondary conformation. Owing to their reversibly physically
crosslinked networks, the hydrogels showed moderate storage
moduli ranging from 0.1 to 1 kPa. The polypeptides exhibited
good biocompatibility, and the biodegradation mediated by ero-
sion and enzymatic cleavage of polypeptide segments lasted for
1–5 weeks.

Through encapsulation of various bioactive agents, cells or
drugs, the polypeptide hydrogels may be utilized as different plat-
forms for biomedical applications. For instance, polypeptide
hydrogels have been studied as scaffolds for in situ modulation of
the differentiation of stem cells. On the other hand, a wide range
of antitumor agents, including chemotherapeutic drugs, cyto-
kines, ICB antibodies, adjuvants and TAAs, have been incorpo-
rated into the polypeptide hydrogels for local tumor treatment
and combination therapy. These systems have several advan-
tages including high concentrations of antitumor agents at tumor
sites for a prolonged period and markedly reduced systemic side
effects. Additionally, attributed to the functional side groups of
the amino acid residues, polypeptide hydrogels with additional
biofunctions, such as antibacterial activity, have also been devel-
oped through the introduction of cationic side groups and hydro-
phobic groups in the polypeptide segments. Overall, considerable
polypeptide hydrogels have shown strong potential for different
biomedical applications.

However, there are still some challenges for the practical
applications of polypeptide hydrogels. As a scaffold for cell cul-
ture and tissue engineering, the physically crosslinked
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polypeptide block copolymer hydrogels showed good biocompati-
bility and dynamic crosslinking property. However, the mechani-
cal strength of these hydrogels may need to be further improved
to maintain the stability of the scaffold during the long-term cell
proliferation, differentiation and migration.

Second, polypeptide hydrogels with stimuli-responsiveness
still have room to be improved for precise applications in vivo.
Since there are a series of chemical gradients in tumor TME, such
as gas gradient (O2), systemic or local growth factor gradient (hor-
mones or cytokines), metabolite gradient (glucose or lactate) and
pH gradient, which is relatively complicated and may be much
more ‘smarter’ than well-designed stimuli-sensitive hydrogels.
Thus the expected in vivo antitumor effects may not be achieved
in many cases. Moreover, the reversible stimuli-responsiveness
may have advantages in some applications, such as the systems
that exhibit reversible responsiveness to thermal, light or specific
biomolecules. The reversible responsiveness can lead to the sol–
gel–sol phase transition of hydrogels, and make them more intel-
ligent and flexible to control the cargo loading and release in an
on–off switch manner.

Third, most of the current polypeptide block copolymer hydro-
gels are lack of specific biofunctions. Biofunctionalized polypep-
tide hydrogels may be of interest for not only 3D cell culture and
drug delivery. Appropriate interactions between the hydrogel
scaffolds and encapsulated cells can have advantages for main-
taining the bioactivity and functions of cells, and for better con-
trol of cell behaviors within the hydrogels. Additionally, as drug
carriers for tumor treatment, bioactive functions of polypeptide
hydrogels, such as the capacity of modulating the TME, ability to
recruit immune cells and even direct tumor-killing activity, can
markedly improve the antitumor outcome of the payloads.

Finally, attributed to their good biocompatibility of polypep-
tide block copolymers and their degradation products, several
PEG-b-polypeptide diblock copolymers including mPEG-b-PLGlu
and mPEG-b-(a,b-aspartic acid) have been evaluated as drug car-
riers for tumor therapy in Phases I–III clinical trials [133, 134]. For
instance, a cisplatin-loaded mPEG-b-PLGlu micelle (NC-6004) has
been tested in phase I/II clinical trials in USA and Europe, as well
as Phase III clinical trials in Eastern Asia for the treatment of dif-
ferent types of cancers. Nevertheless, to achieve the clinical
translation of polypeptide block copolymer hydrogels, compre-
hensive preclinical studies and clinical trials are needed.
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