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Preparation and applications of peptide-based
injectable hydrogels

Chang Liu,? Qingguo Zhang,? Song Zhu,*® Hong Liu & *? and Jie Chen @ *®

In situ injectable hydrogels have shown tremendous potential application in the biomedical field due to their

significant drug accumulation at lesion sites, sustained release and markedly reduced systemic side effects.
Specifically, peptide-based hydrogels, with unique biodegradation, biocompatibility, and bioactivity, are
attractive molecular skeletons. In addition, peptides play a prominent role in normal metabolism,

mimicking the natural tissue microenvironment and responding to stimuli in the lesion environment.
Their advantages endow peptide-based hydrogels with great potential for application as biomedical
materials. In this review, the fabrication and production of peptide-based hydrogels are presented.
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Several promising candidates, which are smart and environment-sensitive, are briefly reviewed. Then, the

recent developments of these hydrogels for biomedical applications in tissue engineering, as drug/gene
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1. Introduction

Hydrogels, 3-dimensional (3D) network structures containing
hydrophilic groups or chain segments, are insoluble polymers
that swell after absorbing water. They can combine with water
molecules in the environment to form hydrogel structures.
Injectable hydrogels, a new type of hydrogel, have become a hot
topic in research due to their unique advantages. Injectable
hydrogels are flowing liquids before injection but form solids at
the injection site after injection into subcutaneous or muscle
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vehicles, and anti-bacterial agents are discussed. Finally, the development of peptide-based injectable
hydrogels for biomedical applications in the future is surveyed.

tissue." The polymers that form injectable hydrogels can change
their state or molecular conformation to undergo a sol-gel
transformation under different physiological conditions, such
as different temperatures, pH, magnetic fields, electric fields,
ionic strength, and chemical conditions.” Injectable hydrogels
can be used as biological carriers and injected into a lesion site
after simply mixing with various biological products. This
allows, for the maintenance of biological product properties
and long periods of sustained drug release, as well as a reduc-
tion in the initial burst release and side effect of drugs.' In
tissue engineering, injectable hydrogels can achieve minimally
invasive and rapid recovery, avoiding the problems associated
with anastomoses of pre-plastic materials and implantation
trauma.’
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Peptide-based hydrogels are particularly fascinating because
of their unique biocompatibility, biodegradability, low toxicity,
and bioactivity with structures that mimic natural proteins.*®
They are prepared by a physical assembly that involves non-
covalent interactions, including hydrogen bonding, electro-
static interactions, hydrophobic interactions, and m—m interac-
tions.® Peptide-based hydrogels can also be formed by chemical
and enzymatic cross-linking.”® These hydrogels have 3D
networks that can encapsulate large biologics, which provides
them with a stimuli-triggered and drug controlled release
capacities. Peptides themselves can also regulate physiological
functions in vivo and participate in the circulation and metab-
olism of active substances, including biological identification,®
antigen-antibody reactions,’ and signal transduction," In
addition, peptide-based hydrogels are readily modified and
functionalized through side-chain and backbone modification
to satisfy their specific applications.* Therefore, peptide-based
hydrogels hold great promise in biomedical applications
including tissue engineering,'* as drug/gene vehicles,* as anti-
bacterial agents,"** and in wound healing.'®
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In this review, we highlighted the preparation and biomed-
ical application of peptide-based injectable hydrogels (Fig. 1).
The fabrication and construction of these hydrogels were pre-
sented and several smart and promising peptide-based hydro-
gels with environmental sensitivity were reviewed. More
importantly, the recent development of hydrogels for biomed-
ical applications was identified and extensively summarized.
Finally, the development of peptide-based injectable hydrogels
for biomedical applications in the future was prospected.

2. Formation of peptide-based
injectable hydrogel

Injectable implant hydrogels are a class of fluid hydrogels that
can be injected into the body directly to easily fill irregular
shapes and form freestanding solids in defective parts.'”'®
Compared to systemic injections, injectable hydrogel-based
local treatments have great potential biomedical applications
due to their significant drug accumulation at lesion sites, sus-
tained release and markedly reduced systemic side effects.*®
Hydrogels are mainly constructed by physical and chemical

cross-linking (Table 1).*

2.1. Physically cross-linked hydrogels

Physically cross-linked hydrogels are hydrogels that are cross-
linked by hydrogen bonds,* electrostatic interactions,* hydro-
phobic interactions,” and -7 stacking.® Peptide-based phys-
ical hydrogels are mainly formed by molecular self-assembly
based on several secondary structural motifs that include a-
helices, B-sheets, B-hairpins, and coiled-coils, which are usually
affected by charge and ions.?*** Among these secondary struc-
tures, hydrogels based on a-helices and B-sheets have been
extensively studied. A common a-helix structure exhibits
a strong propensity for forming repeated residues, including
hydrophobic residues for stabilizing helix-helix interactions
and polar residues for constituting the helical structure.® Yang
and coworkers developed peptide-based hydrogels into a-helical
conformation by enzyme-instructed self-assembly, which
significantly inhibited cancer cells.”* The a-helical structure
played a key role in endocytosis,” thus demonstrating
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Fig. 1 Schematic illustration of the preparation and applications of peptide-based injectable hydrogels.
important prospects in the controlled drug release field. B- Ala-Glu-Ala-Lys-Ala-Lys),] (EAK16) could spontaneously

sheets represent lower energy due to enthalpy contributions
from extensive electrostatic and H-bonding interactions.”® -
sheet bilayers were initially stack together via H-bonding and
electrostatic interaction, and then packed in parallel and
assembled into hydrogels. Scherman et al explored and
screened a pentapeptide hydrogel (IDIDI) with tunable
morphology and mechanical properties produced through
reassembly of the B-sheet interactions, which showed potential
applications in delivery systems and tissue engineering.> The
primary effect of physically cross-linked hydrogels is the
formation of physical crosslinking points inside the gels. In
1993, Zhang et al.* reported that a 16-residue peptide [(Ala-Glu-

Table 1 Types of peptide-based injectable hydrogels®

assemble into a hydrogel structure in the presence of salt, which
opened up the new field of self-assembly technology of poly-
peptide molecules. The formation of self-assembled structures
was attributed to their molecular structure, which consisted of
both hydrophilic and hydrophobic amino acid residues that
could form folding structures B-sheets. In addition, the hydro-
philic amino acid residues had positive or negative charges,
allowing the hydrophilic surface to form complementary ionic
bonds. In the process of self-assembly, the side chains of the
hydrophobic alanine residues were hidden inside, while the
hydrophilic groups, lysine and glutamate, formed ionic bonds
with each other due to the alternating positive and negative

Cross-linking mechanisms Peptide Functions or applications References
Self-assemble KYFIL pentapeptides 3D cell culture 12
Self-assemble P(Me-D-1MT)-PEG-P(Me-D-1MT) Checkpoints 22
Self-assemble VKVKVKTKV”PPTKVKTKVKV-NH, None 37
Self-assemble PEG-CMP Tissue engineering scaffolds 38
Self-assemble KRGDKK-PCLA-PEG-PCLA-KRGDKK Drug delivery 39
Self-assemble IKIKIKIK-I°PPT-OIKIKIKI-NH, Protein delivery 40
Self-assemble Fmoc-FF/PLL-SH Anticancer 41
Self-assemble mPEG-b-PELG Anticancer 42
Self-assemble HLT2 Tumor cells (Plk1) 43
HRP and H,0, PLG-g-TA/PEG Tissue engineering scaffolds drug delivery carriers 7
HRP and H,0, PASP-g-TA/AP 3D scaffolds 44
Electrophilic cross-linking [(Val-Pro-Gly-Val-Gly),(Val-Pro-Gly-Lys-Gly)] None 34
Photopolymerization PEG-peptide hMSCs delivery 45

% HRP: horseradish peroxidase; POSS-R: polyhedral oligomeric silsesquioxane (POSS) core-based generation one (1-arginine) dendrimer (POSS-R);
Me: r-methionine; p-1MT: dextro-1-methyl tryptophan; CMP: collagen mimetic peptides; PCLA: poly|(e-caprolactone)-co-lactide]; hMSCs: human
mesenchymal stem cells; PELG: poly(y-ethyl-.-glutamate); HLT2: VLTKVKTKV PPTKVEVKVLV-NH,.
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charges. To improve resistance to enzymatic degradation and
improve the long-term stability of peptide-based hydrogels,
Yang and co-workers*' developed p-peptide-based hydrogels,
which were insensitive to most endogenous enzymes and
retained long-term stability in vivo (Fig. 2). This work illustrated
a potential strategy to generate supramolecular hydrogels with
outstanding biological stability. Overall, compared to chemi-
cally cross-linked hydrogels, physically cross-linked hydrogels
can achieve mild sol-gel phase transition without additional
solvents or chemical reactions.

2.2. Chemically cross-linked hydrogels

Chemically cross-linked hydrogels are covalently cross-
linked networks formed by covalent bonds generated by
copolymerization or condensation polymerization initiated
by traditional synthesis methods, photo-polymerization,*
enzyme polymerization,” radiation polymerization,* and
other technologies.*'® Compared to physically cross-linked
hydrogels, chemically cross-linked hydrogels have stable
structures, high strength, slow degradation, good reaction
controllability, and easy operation, which are beneficial to
their biomedical applications. However, due to the intro-
duction of reactive cross-linking agents or functional groups
with reactivity, the reaction between the active reactive group
in the polypeptide chain and the cross-linking agent creates
the gel network, which accompanies by chemical reaction in
the process of gel formation. Therefore, it will take potential
toxic and have a certain impact on normal tissues and cells.
McMillan et al.** prepared an elastin-mimetic peptide (Lys-
25) using genetic engineering and microbial protein expres-
sion. The regular lysine residues in Lys-25 were used as the
junction to react with the cross-linking agents, affording
solvent-swollen networks. The hydrogels showed reversible,
temperature-dependent swelling and shrinkage and the
phase transition temperature was estimated at 35 °C. These
properties indicate that Lys-25 might be suitable as an in situ
injectable. Chemically cross-linked peptide hydrogels can
also be prepared by ligand chemistry. Cysteine terminal

D-peptide

Phosphatase

hydrogelator
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lysine dendritic compound was prepared using polyethylene
glycol (PEG) with an aldehyde ester as the cross-linking
agent. These hydrogels exhibited extremely good stability
and kept their shape and size unchanged for a long time.**
Peptide-based hydrogels can also be prepared by introducing
photosensitive groups into the polypeptide chain.*® In addi-
tion, radiation can promote the formation of hydrogels. This
strategy introduces no cross-linking agents or groups, and
can avoid the influence of other components on the
biocompatibility of the hydrogels. Therefore, this method
shows great advantages in the preparation of biomedical
hydrogels. Moreover, peptides can also be introduced into
other hydrogels in the form of branched chains to form
hybrid or compound hydrogels. The introduction of poly-
peptide components can improve the cellular compatibility
of these biogels.**

3. Types of peptide-based injectable
hydrogels

The injectable hydrogels are a class of fluid hydrogels that can
be directly injected into the body and exhibit sol-gel phase
transitions in response to environmental conditions.*® Peptide-
based hydrogels have attracted great promise due to their
biocompatibility, biodegradability, controllable spatial struc-
ture, ease of modification, and specific biological activity. The
self-assembly ability of peptide-based hydrogel is related to
intramolecular folding of the peptide chains. When the poly-
peptides are induced to fold by external stimulation, this leads
to amphiphilic folding.***”** Therefore, these intelligent
hydrogels are a kind of macromolecular material that can be
sensed and processed and has executive function.* They are
sensitive to stimuli including temperature, pH, light, enzymes,
and numerous other conditions in the external environment.*
Therefore, they could be used as a new type of intelligent
material with good prospects for scientific research and
biomedical applications.

Self-assembly

Fig. 2 Dephosphorylation of p-peptide derivatives to form supramolecular hydrogels.
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3.1. Thermo-sensitive peptide-based hydrogels

Thermo-sensitive peptide-based hydrogels are highly sensitive
to changes in temperature. Their structures contain hydro-
phobic and hydrophilic groups in different quantities and
proportions and these groups can interact with each other
under changes in temperature, resulting in a sol-gel phase
transition. This feature can be used to exploit temperature
changes at injection sites.”* These hydrogels have low critical
solution temperatures (LCST), and the volume of the hydrogels
present as sudden shrinkage and expansion at LCST. This
characteristic makes it more suitable for biomedical application
by local injection. Furthermore, thermo-sensitive hydrogels are
quick and convenient to produce, and are minimally invasive,
qualities that make them topics of active research.

Pochan et al.*” designed a peptide (MAX3)-based hydrogel
that exhibited thermoreversible self-assembly capacity. MAX3
was an amphiphilic polypeptide that consisted of a hydrophilic
lysine residue and a hydrophobic valine residue providing -
sheet capacity. In this sequence, both hydrogen bond interac-
tion and hydrophobic interaction existed. With increasing
temperature, the peptides in the solution were folded and self-
assembled into a hydrogel network, indicating that the
increased temperature tended to dehydrate the nonpolar resi-
dues and trigger folding via hydrophobic collapse. When the
temperature decreased to room temperature, the hydrogen
bond and hydrophobic interaction made the self-assembled
hydrogel completely dissolve. The sol-gel transition tempera-
ture could be controlled by altering the hydrophobicity of the
MAXs. Therefore, MAXs was a typical thermo-reversible peptide-
based hydrogel and could be used as an injectable hydrogel.

Collagen mimetic peptides (CMPs) are another kind of
synthetic collagen. CMPs consists of repeating tripeptide
templates that self-assemble into a triple helix of three single
strands wrapped around each other.”> CMPs exists as single
strands at temperatures above its melting point and reassem-
bles into triple-helix structures upon cooling. The melting
temperature is usually 21-39 °C and varies with the number of
triplets.” Therefore, CMP has significant research value as an
injectable hydrogel. Hartgerink and co-workers® prepared
a CMP by incorporating lysine and aspartate residues into
proline-hydroxyproline-glycine repeating units by salt-bridging
hydrogen bonds between lysine and aspartate to stabilize its
triple helix according to a sticky-ended assembly. The melting
point of this CMP was 40-41 °C, indicating that it could
assemble into hydrogel at temperatures over 41 °C. In addition,
this hydrogel could be also degraded by collagenase, a natural
collagen.

Moreover, in order to increase the stiffness and thermo-
responsive behavior of peptide-based hydrogels, synthetic
polymers, such as poly(ethylene glycol) (PEG),**** poly[(e-cap-
rolactone)-co-lactide]-poly(ethylene-glycol)-poly[(e-capro-
lactone)-co-lactide] (PCLA-PEG-PCLA),*  poly(pi-lactide-co-
glycolide-b-ethylene  glycol-b-pi-lactide-co-glycolide) (PLGA-
PEG-PLGA),* polyacrylic acid (PAA)*® and others,”” have also
been conjugated to these hydrogels.

This journal is © The Royal Society of Chemistry 2019
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3.2. pH-sensitive peptide-based hydrogels

Hydrogels with pH-responsiveness refer to their swelling or
shrinking that varies with pH. These hydrogels can form
macromolecular networks through cross-linking. The networks
contain acidic or alkaline groups. With a change in pH and
ionic strength of the medium, these groups ionize, leading to
the dissociation of hydrogen bonds between the macromolec-
ular chain segments in the network, causing discontinuous
swelling volume changes.

Ge and coworkers demonstrated a pH-sensitive self-
assembling peptide hydrogel with a peptide sequence of IKI-
KIKIK-IDPPT-KIOIKIKI.* This hydrogel was able to self-
assemble into hydrogel and was extremely stable without
noticeable changes over 12 h at pH 7.4. The solubility of this
peptide increased significantly below pH 6.0 due to the
protonation of lysine/ornithine side chains, leading to charge
repulsion between the side chains of neighboring amino acids.
Subsequently, the hairpin structure of the peptide was
unfolded, which prompted its dissociation from hydrogel to
solution. Inspired by silk fibroin, Guo et al.*® constructed an
amphiphilic peptide, which could form hydrogel by the pH-
induced assembly of C;,-GAGAGAGY (Fig. 3). This hierarchi-
cally structured robust hydrogel was prepared under shear force
by the aggregation of peptide-based nanofibers. The hydrogel
exhibited unique pH-sensitive reversible sol-gel transition
when the pH decreased, thus displaying potential applications
as tissue engineering scaffolds.

3.3. Light-sensitive peptide-based hydrogels

The light-sensitivity property of hydrogel polymer materials
refers to a phenomenon whereby the volume of hydrogel
changes under light stimulation.” To construct the hydrogel
microenvironment, light is applied to control the hydrogel
construction and regulate the microenvironmental proper-
ties.®>®* By adjusting the illumination time, excitation wave-
length or light intensity, the number of photons absorbed in
a specific area of the material can be precisely controlled to
achieve control of time and space. Optical control has unique
advantages, including spatio-temporal control, indirect inva-
sion, and low biological toxicity.®* Thus, based on the influence
of the cell microenvironment on cell fate, the physicochemical
properties of these materials can be changed in time and space
by light regulation technology. This allows cell culture on the
surface or inside of biological materials and provides a way to
observe and guide cell physiological processes in real time,
which has become a new trend in modern biological
research.®* Therefore, the accurate construction of hydrogels
can be achieved by photochemical reactions.

Fairbanks et al.*> prepared proteolytically degradable poly-
ethylene glycol (PEG) peptide hydrogels, which were synthe-
sized by a radically mediated thiol-norbornene
photopolymerization. These strategy exhibited many advan-
tages including homogeneous network structure, facile incor-
poration of peptides without further modification, and spatio-
temporal control. This hydrogels were cytocompatible and
allowed for the encapsulation of living cells with viability over

RSC Adv., 2019, 9, 28299-28311 | 28303
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Fig. 3 pH-induced hierarchical self-assembly of peptide-based hydrogels.>®

95%. To enhance the mechanical stability of peptide-based
hydrogels, Ding et al.®® employed a light cross-linking strategy
to construct a novel hydrogel by improving the storage modulus
by four orders of magnitude (Fig. 4). This hydrogel was estab-
lished by the ruthenium-complex-catalyzed conversion of tyro-
sine to dityrosine within two minutes through photo cross-
linking. Importantly, this strategy was versatile for improving
the mechanical stability of tyrosine-containing peptide-based
hydrogels. Therefore, it is anticipated to have potential appli-
cations in drug delivery and tissue engineering.

3.4. Enzyme-sensitive peptide-based hydrogels

Enzymatically crosslinked peptide-based hydrogels are
biocompatible, highly sensitive, easily degradable, and have few
side effects. They are attractive materials for potential applica-
tions in biomaterials and drug delivery.” Enzyme-catalyzed
reactions have many advantages, including high efficiency,
specificity, and gentleness.®® Biological enzymes capable of
inducing the self-assembly of peptides mainly include cross-
linking enzymes to control the self-assembly of peptide

Ru(bpy);°* catalyzed
crosslinking

—A— G'
v Gll

10 ¢ %00 0.1
frequency (Hz)

1
frequency (Hz)

Fig. 4 Ru(bpy)s>" catalyzed photo crosslinking to enhance the mechanical stability of the peptide-based hydrogels.¢
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conjugates,*>* dephosphorylase to trigger B-sheets,” and
protease-catalyzed hydrolysis.”™

Recently, enzymatically crosslinked peptide-based hydrogels
have been paid worldwide attention due to their good biocom-
patibility, tunable mechanical properties, and efficient gelation
process. Ulijn and colleagues® demonstrated the formation of
amphiphilic peptide hydrogels by using proteases. These
proteases selectively triggered the self-assembly of peptides via
reverse hydrolysis and facilitated the in situ formation of
hydrogel scaffolds in the body. Ren et al.” described an inject-
able hydrogel based on poly(i-glutamic acid) grafted with tyra-
mine and PEG (PLG-g-TA/PEG) under physiological conditions
in the presence of hydrogen peroxide and horseradish peroxi-
dase via an amidation reaction (Fig. 5). The injected hydrogels
in the subcutaneous sites of rats could maintain for 10 weeks
without generating an inflammatory response. PLG-g-TA/PEG
hydrogels showed promise as candidates for tissue engi-
neering scaffolds to achieve the long-term release of bioactive
molecules. Enzymatic phosphorylation/dephosphorylation
reactions were performed to regulate the B-sheet assembly of
peptides. The alcohol group of serine was phosphorylated,
inhibiting the formation of B-sheets due to the combination of
increased charge-charge repulsion. The inhibition of B-sheet
structures formations improved the solubility of peptides and
the formation of hydrogels.”® Moreover, several hydrolases, such
as tryptase, chymotrypsin, and matrix metalloproteinase
(MMP), could specifically cleave peptide bonds, resulting in the

View Article Online

RSC Advances

enzyme-mediated digestion and collapse of the peptide-based
hydrogels. These specific interactions were able to promote
the targeted release of bioactive medicines.”” Enzymes are
widely present in living organisms and show significant differ-
ences among different tissues, while enzyme-sensitivity is
a typical property of polypeptides. Therefore, for different
disease types and tissues, the development of enzyme-sensitive
peptide-based hydrogels indicates theoretical significance and
application value.

4. Biomedical applications of
peptide-based injectable hydrogel

Peptide-based injectable hydrogels can be used as biological
carriers and injected into a lesion site after simply mixing with
various biological products. This can not only maintain the
properties of the biological products and release drugs over
long periods but also reduce the irritation of drugs. Injectable
hydrogels can achieve minimally invasive and rapid recovery,
avoiding the problems of anastomosis and implantation
trauma of preplastic materials.

4.1. Tissue engineering

Tissue engineering is a discipline that can repair or replace
damaged or diseased tissues with natural or synthetic tissue
mimics. These biological substitutes are used for repairing,

(o]
OH
o HN)LO 0 H 0 H
NH, Ny Ny
Triphosgene O EtN L HBr n
—_— — — o
o o o CHCI,COOH o
[o] o] o) OH
BLG NCA PBLG PLG
HO
(o]
o . OH J o o
N)\ & + EDC/NHS N . N)\
n ?\ } X o H'y z
o)
(o} Ym O 0.
OH NH, NH NH
H,N 5\
5 2
HO » "'
PLG-g-TA/PEG

Fig. 5 Tyramine and poly(ethylene glycol) grafted poly(L.-glutamic acid) was prepared under physiological conditions in the presence of

horseradish peroxidase (HRP) and hydrogen peroxide (H,0,).”
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maintaining, and promoting the function and morphology of
various tissues or organs after injury.” Tissue engineering
repair involves the adsorption of normal tissue cells cultured
onto a biological material with excellent cellular compatibility
and biodegradable properties to form a cell/biomaterial
complex, which is then implanted onto the damaged parts of
human tissues and organs.””* As the biological materials of the
cell growth scaffolds are gradually degraded and absorbed by
the body, the cells are constantly proliferated and differentiated
to form new tissues. These scaffolds are consistent with the
corresponding tissues and organs in terms of morphology and
function, thereby repairing trauma and rebuilding functions.”
The 3D structure of biomaterial scaffolds can provide a good
environment for cells to acquire nutrients, grow and metabo-
lize.”” Furthermore, the development of tissue engineering
provides a technical means of tissue regeneration, which will
change the traditional treatment mode of “repairing trauma
with trauma” in surgery and step into a new stage of non-
traumatic repair.”® Successful tissue engineering mainly
include four elements, cells, scaffold materials, the integration
of cells and scaffold materials, and the integration of implants
and microenvironment in vivo. It is particularly important to
develop novel tissue engineering scaffold materials with excel-
lent comprehensive properties.

Peptide-based hydrogels have several potential advantages in
tissue engineering. They are biocompatible and can provide
nutrient environments suitable for endogenous cell growth and
the accumulation of extracellular matrices. They can also mimic
the natural extracellular matrix (ECM) and present a prospective
capacity to encapsulate cells or bioactive molecules. Moreover,
only amino acids are formed during their degradation, which
will not induce adverse effects, immune or inflammatory reac-
tions in the human body.” Koutsopoulos et al.*® encapsulated
neural stem cells into 3D matrices of self-assembling peptide
hydrogels. The neural cells in the peptide hydrogels could
proliferate and differentiate effectively in the 2 week culture
periods and they were able to thrive for at least five months. In
addition, these hydrogels provided growing space and neces-
sary nutrients for cell proliferation without using any medium,
allowing for more realistic applications in tissue engineering.
Tang et al." demonstrated pH-sensitive hydrogel biomaterials
consisting of pentapeptides (Fig. 6). The gelation behavior of
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the peptides corroborated their rapid gelling ability by
increasing B-sheet in response to variations in solvent accessi-
bility, which protected the inner cells from acute membrane
disruption. These hydrogels could achieve cytocompatible
encapsulation of oligodendrocyte progenitor cells in vitro and
could be delivered as injectables by syringes, inducing the
proliferation and 3D process extension of cells in vivo. Peptide-
based hydrogel scaffold materials have also been used in bone
tissue engineering. Martin and coworkers®' developed TGF-B3
or BMP-2 functionalized PEI-peptide hydrogels, encapsulated
human bone marrow-derived mesenchymal stromal cells
(BMSCs), and nasal chondrocytes (NCs) by enzymatical poly-
merization in vivo. Afterward, BMSCs were induced to form
ossicles containing bone and marrow by endochondral ossifi-
cation, while NCs formed cartilage tissue to maintain pheno-
typic stability with the assistance of BMP-2 and TGF-B3.
Therefore, peptide based hydrogels have attracted more and
more attention due to their excellent properties and are ex-
pected to have broad prospects for development in the field of
tissue engineering.

4.2. Drug controlled release

Conventional drug delivery strategies are restricted by systemic
toxicity, repeated dosing, rapid metabolism, undesirable drug
absorption, and easy degradation under physiological condi-
tions. Injectable hydrogels, with tunable physical properties,
controllable degradability, and sustained drug release proper-
ties, are promising smart drug delivery vehicles to minimize
these disadvantages and optimize the therapeutic benefits.****
Peptide-based hydrogels are suitable to form hydrogels for use
as drug delivery vehicles because of their good biocompatibility,
mild working conditions, and responsiveness to enzymatic,
hydrolytic or environmental stimuli.®® Specifically, injectable
hydrogels have attracted worldwide attention due to their
unique advantages that include good syringeability and
minimal invasiveness.**’

Yan and coworkers*' constructed injectable peptide-based
hydrogels by combining positively charged poly-L-lysines (PLL)
and self-assembling N-fluorenylmethoxycarbonyl diphenylala-
nine (Fmoc-FF) by electrostatic interactions (Fig. 7). Fmoc-FF
self-assembled nanofibers had helical structures, which were
similar to fimbrial antigens and showed antigenic activities.

_.4]
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Fig. 6 Peptide-based pH-responsive hydrogels for tissue engineering.*?
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The fabricated helical fibrous structures of Fmoc-FF self-
assembled fibers were enhanced after introducing PLL. The
prepared hydrogel itself served as a vaccine to activate powerful
antitumor immune responses without any antigen and adju-
vant. Karavasili et al.® reported a self-assembling peptide-based
hydrogel ac-(RADA),-CONH, that combined doxorubicin and
curcumin for head and neck cancer therapy. These hydrogels
enabled precise control of the drug release rate in vitro. Signif-
icant antitumor effect was achieved after treating with the dual-
drug-loaded hydrogels compared to water-soluble drugs. The
synergistic antitumor effect was attributed to efficient cell cycle
blockage and apoptosis at dose levels below the half-maximal
inhibitory concentration of both drugs, which was facilitated
by the formation of peptide hydrogels. Yang and coworkers
demonstrated a melittin-RADA;, peptide hydrogel loaded with
doxorubicin for combination chemotherapy and immuno-
therapy against melanoma. This hydrogel exhibited a nanofiber
structure, biocompatibility, drug controlled release capacities,
and enhanced antitumor effects. Furthermore, this strategy
could not only effectively kill the tumor in situ but also provide
a strong immunological memory effect against metastatic
tumor cells.

Overview, peptide-based hydrogels have made great progress
as drug carriers and can not only carry small molecule drugs,

This journal is © The Royal Society of Chemistry 2019

but also effectively carry large molecule drugs such as growth
factors and genetic medicines.”»*>** Peptide-based hydrogels
can significantly improve the pharmacokinetic parameters of
drugs in vivo, improve the curative effects, and reduce their
toxicity and side effects through drug encapsulation and tar-
geted delivery. However, the distribution, degradation, toxicity
and large-scale production as drug carriers in vivo still need
further research and strengthening.

4.3. Antibacterial infection

Bacterial infection has become a common and intractable
problem in the biomedical field. If a durable antibacterial and
biocompatible material can be developed and applied clinically,
it is expected to greatly reduce bacterial-related infections and
patient’ pain, as well as the burden on medical resources and
the social economy.* However, the development and applica-
tion of antibacterial materials are still restricted by the prob-
lems of drug resistance effect, poor biocompatibility, and short
antibacterial effects.'** Therefore, it is meaningful to develop
strategies to minimize the dosage of antibiotics needed to
effectively treat an infection. Currently, peptide-based hydrogels
with an antibacterial function have attracted broad attention.*
Two forms of peptide-based hydrogels are used for antimicro-
bial activity. One is a hydrogel-coated active material with an

RSC Adv., 2019, 9, 28299-28311 | 28307
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antimicrobial-agent, such as ciprofloxacin, gentamicin, vanco-
mycin, cephalosporin, or other synthetic antibacterial drugs.
The other is peptide hydrogels with inherent antimicrobial
activity.

Local antibiotic administration through peptide-based
hydrogels can deliver adequate antibiotics into the infected
sites without causing significant systemic toxicity.**> Marche-
san et al.®> demonstrated antibacterial hydrogels by self-
assembling the tripeptide p-Leu-Phe-Phe and the antibiotic
ciprofloxacin. The hydrogels exhibited high drug loading effi-
ciency and sustained drug release behavior, triggering signifi-
cant antimicrobial activity against Staphylococcus aureus and
Escherichia coli. No major cytotoxicity was detected either in red
blood cell hemolysis assays or in L929 fibroblast cells.
Furthermore, the hydrogels alone showed mild antibacterial
activity against Gram-negative bacteria.

Antibacterial peptides (AMPs) have been identified as
a major defense mechanism against a broad spectrum of
microorganisms, especially for antibiotic-resistant bacterial
infections.”® Usually, AMPs have amphiphilic structures with
hydrophobic core and polycationic surfaces, facilitating inter-
actions with negatively-charged bacterial membranes. It is
widely believed that AMPs disrupt bacterial membranes, inhibit
cellwall and nucleic acid synthesis, alter cytoplasmic
membrane septum formation, and inhibit protein synthesis,
leading to the death of bacteria.®* Schneider and coworker®
designed a peptide-based PB-hairpin hydrogel scaffold whose
surface exhibited inherent antibacterial activity. The hydrogels
revealed the ability to disrupt membranes and cause bacterial
death upon contact. Furthermore, the hydrogels showed selec-
tive toxicity for bacterial, rather than mammalian cells, and did
not hemolyze human erythrocytes. The hydrogels contained
a high arginine residue content and showed an enhanced
interaction with the phospho-rich bacterial membrane by
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forming strong salt bridges and hydrogen bonds.*® Schneider
and coworkers” constructed arginine-rich self-assembling
peptide hydrogels (VKVRVRVRV’PPTRVRVRVKYV), which effec-
tively killed both Gram-negative and Gram-positive bacteria,
especially multi-drug resistant Pseudomonas aeruginosa. Nandi
et al.”® prepared a series of peptide-based hydrogels by changing
the chain length of alkyl groups (Fig. 8). Although the hydrogels
did not contain any lysine or arginine residues, they exhibited
effective antimicrobial activity against Staphylococcus aureus,
Bacillus subtilis, and Escherichia coli. Meanwhile, they were
noncytotoxic for human lung carcinoma cells and showed little
hemolysis of human red blood cells at the minimum inhibitory
concentration of the bacteria. The effective antibacterial prop-
erties were mainly due to the amphiphilic structure of the
cationic and hydrophobic residues, which mimicked the
structure of natural antibacterial peptides.

5. Conclusions and prospects

Over the previous two decades, peptide-based injectable
hydrogels have been constructed for biomedical applications
due to their unique biodegradation, biocompatibility, and
bioactivity.®® This review highlighted the fabrication and
formation of peptide-based hydrogels.’® Several promising
candidates for biomedical application with smart and envi-
ronmentally sensitive capacities were summarized. Peptide-
based injectable hydrogels have important application value
in the field of wound healing, 3D bioprinting, dressings,
immune adjuvants, and oral materials. The recent development
of peptide-based hydrogels for biomedical applications in tissue
engineering, drug/gene vehicles, and antibacterial infections
was discussed. However, the clinical application of peptide-
based injectable hydrogels is hindered by the challenges asso-
ciated with their relatively low mechanical strength and
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stability. The biologic' release profile of hydrogels is also a crit-
ical point for further application. The future trend in hydrogel
development will be to design the structure and function of
peptide-based hydrogels according to the needs of different
applications in different-fields. Therefore, it is necessary to
design the rational two-dimensional and 3D peptides structures
by controlling their hydrophobic interactions, m-m stacking,
and hydrogen bonding. Moreover, the enhanced mechanical
strength of peptide-based hydrogels can be achieved through
covalently linking polymers to construct peptide/polymer
hybrid hydrogels.** Many strategies have been introduced to
improve the intelligence of peptide-based hydrogels by gener-
ating thermo-sensitive, pH-sensitive, enzyme-sensitive and
PEGylated hydrogels, as well as those modified with other active
molecules.

Overall, peptide-based injectable hydrogels have made great
progress not only in basic research, but also in several
biomedical fields. We firmly believe that the construction of
hydrogel materials with the advantage of peptides has a very
broad prospective application potential. There are two main
types of peptide-based hydrogels, synthetic hydrogels and
natural biological hydrogels. The latter has better biocompati-
bility and is frequently utilized in the fabrication of peptide-
based injectable hydrogels. However, synthetic peptides have
several unique advantages, including variety, easy functionali-
zation, controllable structure and functions, thus indicating
potential values in biomedical applications. Based on the
problems encountered in the above analysis of peptide-based
hydrogels for biomedical application, future research can
focus on the following aspects: (1) the preparation process
should be convenient, “green” and low cost; (2) intelligent
hydrogels should be prepared with environmental responsive-
ness to improve the biological value of hydrogels; (3) biofunc-
tional peptide-based hydrogels should be constructed based on
theoretical knowledge of structural biology and bioinformatics;
and (4) bioactive hydrogels prepared by genetic engineering will
be the key direction of future development. We believe that
peptide-based injectable hydrogels will be an important
research topic with great vitality and practical potential in
biomedical applications.
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