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ARTICLE INFO ABSTRACT

Keywords: Neurological disorders exert significantly affect the quality of life for patients, necessitating effective strategies
S‘?lf'asfembled for nerve regeneration. Both traditional autologous nerve transplantation and emerging therapeutic approaches
Dipeptide encounter scientific challenges due to the complex nature of the nervous system and the unsuitability of the
Cyclic dipeptide . . . . . . . ..

Hydrogels surrounding environment for cell transplantation. Tissue engineering techniques offer a promising path for

neurotherapy. Successful neural tissue engineering relies on modulating cell differentiation behavior and tissue
repair by developing biomaterials that mimic the natural extracellular matrix (ECM) and establish a three-
dimensional microenvironment. Peptide-based hydrogels have emerged as a potent option among these bio-
materials due to their ability to replicate the structure and complexity of the ECM.

This review aims to explore the diverse range of peptide-based hydrogels used in nerve regeneration with a
specific focus on dipeptide hydrogels, tripeptide hydrogels, oligopeptide hydrogels, multidomain peptides
(MDPs), and amphiphilic peptide hydrogels (PAs). Peptide-based hydrogels offer numerous advantages,
including biocompatibility, structural diversity, adjustable mechanical properties, and degradation without
adverse effects. Notably, hydrogels formed from self-assembled polypeptide nanofibers, derived from amino
acids, show promising potential in engineering neural tissues, outperforming conventional materials like algi-
nate, poly(e-caprolactone), and polyaniline. Additionally, the simple design and cost-effectiveness of dipeptide-
based hydrogels have enabled the creation of various functional supramolecular structures, with significant
implications for nervous system regeneration. These hydrogels are expected to play a crucial role in future neural
tissue engineering research. This review aims to highlight the benefits and potential applications of peptide-
based hydrogels, contributing to the advancement of neural tissue engineering.

Nervous regeneration

1. Introduction to the CNS, which includes the brain, spinal cord, and retina, leads to the
loss of sensory, motor, and cognitive functions. Similarly, severe pe-

Neurological injuries often create a neuroinhibitory environment ripheral nerve injuries (PNIs) can significantly reduce patient quality of
within the central nervous system (CNS), and they also lead to incom- life [1]. In the United States alone, around a quarter of a million in-
plete tissue remodeling in the peripheral nervous system (PNS). Damage dividuals experience spinal cord injuries (SCIs) every year, with
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approximately 3.5 million people affected by such injuries. Surprisingly,
fewer than 1 % of these patients achieve full recovery upon hospital
discharge. Additionally, an estimated 27-69 million new cases of trau-
matic brain injury (TBI) are reported each year [2], with most survivors
experiencing moderate to severe disability even five years after the
initial injury. These resulting disabilities often require rehospitalization,
affecting individuals’ quality of life and imposing a significant economic
burden on society [3]. Although some degree of nerve damage can un-
dergo regeneration, finding an optimal solution remains challenging.
Consequently, nerve regeneration has attracted considerable attention.

Currently, autologous grafts are considered the gold standard for
treating nerve defects [4]. However, these methods have limitations,
including microstructural mismatch, the need for donor site surgery,
limited donor availability, and issues related to excessive graft length
[5]. Therefore, there is an urgent need to identify suitable alternative
therapies, and tissue engineering techniques have emerged as the most
effective strategies for repairing neural defects [6]. In the field of nerve
regeneration tissue engineering, various materials are commonly used.

Materials commonly employed for nerve tissue regeneration can be
classified into three categories [7]. Firstly, artificial synthetic materials
like polylactic acid (PLA), polycaprolactone (PCL), and polyglycolic acid
(PLGA) are utilized. When combines with bone marrow mesenchymal
stem cells, PLA has been demonstrated to hasten peripheral nerve
regeneration [8] and stimulate Schwann cell migration, facilitating the
formation of normal neural structures [9]. PCL exhibits a nerve repair
effect similar to autografts, surpassing PLA [10]. Furthermore, PCL can
undergo metabolism and excretion from the body. PLGA shows
commendable mechanical properties for repairing lengthy nerve defects
[11]. Artificial synthetic materials demonstrate favorable biocompati-
bility and biodegradability. However, employing a single synthetic
material necessitates a significant investment of time and financial re-
sources. Additionally, these materials exhibit poor elasticity and hard-
ness [12].

Natural biomaterials, including collagen, silk, and gelatin, are
noteworthy for their extensive use in clinical applications. Among these,
Type I collagen conduits stand out as the most commonly employed
biomaterial. When applied to repair long gap defects, they demonstrate
performance comparable to autografts, effectively fostering nerve
regeneration and facilitating repair processes [13]. Silk fibroin materials
exhibit remarkable capabilities in promoting the release of nerve growth
factors and related factors, creating an enriched environment conducive
to optimal nerve repair [14]. Additionally, they display excellent
compatibility with dorsal root ganglion neurons, actively supporting
their growth and development [15]. Gelatin materials contribute to the
swift restoration of the blood-brain barrier following acute brain injury
[16]. These natural biomaterials are esteemed for their exceptional
biocompatibility and biodegradability. They are readily absorbed by the
body, with abundant sources ensuring accessibility. However, it is
imperative to recognize that each natural biomaterial possesses its own
set of limitations. Some materials may exhibit brittleness, rendering
them susceptible to fracture, while others may be prone to erosion in
moist environments. Additionally, certain natural materials may have
limited solubility in water and conventional organic solvents, which can
restrict their application in certain scenarios.

As research progresses, an increasing array of new biodegradable
materials finds application in nerve regeneration. Chitosan emerges as a
pivotal player, offering support, protection, and guidance during the
initial phases of nerve repair [17]. It establishes a relatively stable and
localized microenvironment that facilitates the regenerative process.
When paired with bone marrow mesenchymal stem cells, chitosan
conduits effectively enhance the repair of peripheral nerve injuries [18].
Graphene, a two-dimensional carbon nanomaterial, offers remarkable
optical, electrical, and mechanical properties. Integration of graphene
nanoparticles into chitosan/gelatin scaffolds for rat sciatic nerve injury
repair significantly boosts nerve regeneration [19,20]. Graphene not
only mitigates inflammation but also expedites the migration of
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endogenous neural progenitor cells [21]. These innovative materials
warrant further investigation to unveil their full spectrum of advantages
and drawbacks.

The above synopsis offers an insight into three commonly utilized
materials for neural tissue regeneration, delineating their respective
merits and demerits. Nonetheless, the pursuit of biomaterials capable of
providing a sustained and stable regenerative microenvironment for
neural tissue remains an ongoing endeavor.

Peptide-based materials have attracted increasing attention in neural
regeneration research in recent years, owing to several key factors.

a) Peptides synthesized via solid-phase methods can undergo
molecular-level modifications, allowing for the creation of peptide-
based nanomaterials with tailored properties [22].

b) Additional functionality can be imparted to peptide-based nano-
materials by intergrating external substances, such as enzymes, into
the peptide nanostructures [23].

c) Precise manipulation of the self-assembly process of peptide-based
materials is achievable by controlling the secondary structures of
peptide building blocks, including a-helices and pg-sheets [24].

d) Peptide-based materials accurately replicate the intricate structure
and complexity of the extracellular matrix [25].

This unique characteristic enables their broad utilization across
various domains, including drug delivery, tissue engineering, bio-
sensors, protein separation, and wound healing [26].

This review examines various peptide-based hydrogels commonly
used in nerve regeneration, such as dipeptide hydrogels, tripeptide
hydrogels, oligopeptide hydrogels, multidomain peptides (MDPs), and
amphiphilic peptide hydrogels (PAs). It examines the characteristics,
design strategies, application modes, and mechanisms involved in pro-
moting nervous tissue regeneration using peptide-based materials.
Furthermore, this review provides insights into the future prospects of
applying these materials in the field of nerve regeneration.

2. Design strategies for peptide-based hydrogels for nervous
regeneration

2.1. Amino acids

In peptide-based hydrogels, amino acids serve as the fundamental
building blocks of the three-dimensional matrix. Twenty different nat-
ural amino acids are utilized to synthesize peptides, resulting in a wide
range of peptide sequences [27]. Table 1 provides the complete range
and abbreviations of amino acids for the convenience of readers. The
specific amino acid sequences within the peptides are crucial in
designing various peptide-based hydrogels. By carefully modifying the
side chain functionalities of the constituent amino acids in the peptide
backbone, both intermolecular and intramolecular interactions can be
adjusted. The number of peptide bonds (-CONH- amide bonds) between
amino acids distinguishes short-peptide hydrogels from long-peptide

Table 1
Table of standard amino acid abbreviations. *Encode secondary amino acids.

Amino acids 3- and 1-letter Amino acids 3- and 1-letter
symbols symbols
Alanine Ala/A Arginine Arg/R
Asparagine Asn/N Aspartate Asp/D
Cysteine Cys/C Glutamine Gln/Q
Glutamate Clu/E Glycine Gly/G
Histidine His/H Isoleucine Tle/I
Leucine Leu/L Lysine Lys/K
Methionine Met/M Phenylalanine Phe/F
Proline Pro/P Serine Ser/S
Threonine Thr/T Tryptophan Trp/W
Tyrosine Tyr/Y Valine Val/v
Selenocysteine*  Sec/U Pyrrolysine* Pyl/O
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hydrogels. Short peptides range from dipeptides to oligopeptides and
most being generally more cost-effective and simpler to synthesize than
long peptides. The differing number of peptide bonds results in varia-
tions in intermolecular hydrogen bonding, thereby influencing the
physical properties of the peptides, including their mechanical proper-
ties. Additionally, the hydrophobic or hydrophilic nature of the amino
acids in the peptides can affect the overall hydrophobicity or hydro-
philicity of the hydrogel, contributing to distinct gel properties.
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2.1.1. Short peptides

2.1.1.1. Dipeptide. Among short peptides, dipeptides represent the
smallest units and consist of two amino acids, with one amino terminus
referred to as the N-terminus and one carboxyl terminus (-COOH)
known as the C-terminus (Fig. 1A) [28]. However, due to their relatively
short sequence length, dipeptides alone may not exhibit adequate in-
teractions to form a stable gel network. Hence, additional aromatic
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Fig. 1. (A) The core structures of dipeptide (a), tripeptide (b), tetrapeptide (c), pentapeptide (d), cyclic dipeptide (e), RADA 16 (f), PA (g). (B) The structure of MDPs
and the self-assembly process. MDPs with a hydrophilic surface (green), a hydrophobic surface (blue), and two charged structural domains (purple) on both sides.
Under physiological conditions, MDP self-assembles and occurs in p-sheet fibers. This led to the formation of MDP nanofibers and rapid gel formation into nano-

fiber hydrogels.
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moieties are frequently incorporated into dipeptide structures to
improve gel formation and enhance mechanical strength through
self-assembly processes [29-31]. Aromatic rings have been shown to
promote the gelation of bioactive peptides. Examples of such aromatic
moieties include fluorene methoxycarbonyl (Fmoc), naphthalene (Nap),
phenothiazine (PTZ), carboxybenzyl (Cbz), azobenzene (Azo), and
pyrene (Pyr). These aromatic groups facilitate extensive n-n interactions,
boosting the intermolecular interactions within the gel and promoting
the self-assembly of non-gelling gelators under mild conditions.
Research has demonstrated that dipeptides lacking aromatic groups are
incapable of forming hydrogels [32].

Dipeptides can be classified based on various modifications of the
aromatic ring. One prevalent modification involves the addition of the
fluorene methoxycarbonyl (Fmoc) group, commonly utilized as a pro-
tective group in peptide synthesis [33]. Hydrogels formed by combining
Fmoc with derivatives of glycine (Gly), alanine (Ala), leucine (Leu), and
phenylalanine (Phe) exhibit favorable stability. Examples include
Fmoc-Phe-Phe [34], Fmoc-Gly-Gly, Fmoc-Ala-Gly, Fmoc-Ala-Ala,
Fmoc-Phe-Gly and Fmoc-Leu-Gly. However, most of these hydrogels
undergo gelation only under very low pH conditions (pH<4) [32],
except for Fmoc-Phe-Phe, which can form hydrogels at physiological pH
[35]. This pH hinders their applicability in biomedical settings. It is
crucial to recognize that not all Fmoc-modified dipeptides possess the
capability to form hydrogels under any circumstances.

Researchers are increasingly investigating alternative aromatic end
groups, such as Nap (naphthalene). Nap-modified dipeptides have
shown the capacity to form hydrogels by manipulating the solution pH.
For example, as the solution pH decreases, Nap-Gly-Ala can undergo
gelation and develop into a hydrogel, whereas Nap-Ala-Gly tends to
assume a crystalline structure instead [36]. Nonetheless, it is critical to
acknowledge that these functional groups frequently demonstrate
toxicity, presenting hurdles for their use in biomedical applications
[371.

2.1.1.2. Tripeptide. Tripeptides represent a category of short peptides
that can be either N-terminally protected or N-terminally unprotected
[28]. Among these tripeptides, the arginine-glycine-aspartic acid (RGD)
sequence holds particular significance. RGD is recognized as the smallest
peptide sequence capable of promoting cell adhesion. When RGD binds
to fibronectin, it aids in the activation and myelin formation of Schwann
cells (SCs) post-injury. Additionally, it fosters axonal regeneration and
boosts the expression of specific integrins a5 and 6 in the injured
environment [38]. Integrating the adhesive ligand RGD presents an
alternative method for enhancing peripheral nerve regeneration [39].
However, it is crucial to consider the positioning of the RGD sequence
within the peptide structure, as it can influence cell adhesion. For
instance, when the RGD sequence is introduced into peptide fibers
initially containing the RADARADARADARADA sequence and RAD is
substituted with RGD as the self-assembly unit, resulting peptide fibers
with the RGDARADARADARADA sequence exhibit weaker cell adhesion
compared to peptide fibers containing the RADARADARADARADA
sequence [40].

Glutathione (y-L-glutamyl-L-cysteinylglycine, GSH) is an endogenous
tripeptide with potent antioxidant properties. Unlike other tripeptides,
GSH features a distinct peptide linkage between the amino group of
cysteine and the carboxyl group of glutamate. Elevated levels of reactive
oxygen species (ROS) in the body lead to oxidative stress, closely asso-
ciated with various neurodegenerative disorders, including Parkinson’s
disease [41]. GSH functions as a primary antioxidant in the brain,
serving as a crucial cofactor for numerous enzymes. It acts as a safe
reservoir of cysteine, a pivotal component in cellular antioxidant de-
fenses. Additionally, GSH acts as a vital regulator and neurotransmitter
in the central nervous system, contributing to proper neuronal signaling
and function [42].
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Furthermore, there exists a tripeptide known as glycine-proline-
glutamate (GPE), naturally occurring as the N-terminal tripeptide of
insulin-like growth factor-1 (IGF-1), cleaved by acidic proteases in brain
tissue. In vitro studies have revealed its capacity to stimulate the release
of acetylcholine and dopamine, as well as to shield neurons against
various induced brain injuries. Moreover, GPE has demonstrated sig-
nificant neuroprotective effects in animal models of numerous hypoxic-
ischemic brain injuries and neurodegenerative diseases, such as Par-
kinson’s disease, Alzheimer’s disease, and Huntington’s disease [43].

2.1.1.3. Oligopeptides. Oligopeptides are short-chain peptides consist-
ing of more than two but fewer than twenty peptide bonds. Similar to
other peptide-based hydrogels, oligopeptide-based hydrogels can form
through self-assembly driven by non-covalent interactions. These
hydrogels display three-dimensional networks and exhibit a diverse
range of nanostructures, including p-sheets, helical structures, $-hairpin-
based fibers, and nanotubes [44,45].

Tetrapeptides, a subtype of oligopeptide, can also self-assemble into
three-dimensional nanostructured hydrogels through non-covalent in-
teractions and find wide application in various fields. To date, several
tetrapeptide sequences used for nerve regeneration, such as RGDS
(arginine-glycine-aspartic acid-serine) and RADA (arginine-alanine-
aspartate-alanine), have been identified. The RGDS sequence introduces
serine (S), which provides additional hydrogen bonds and electrostatic
interactions, increasing the binding affinity of RGDS to cell surface re-
ceptors. This promotes cell adhesion, signaling processes, and contrib-
utes to the regeneration potential of neural tissue [46]. Conversely,
RADA can form p-sheet-rich nanofibers, creating an environment
favorable for cell growth and tissue regeneration [47].

Pentapeptides hold significance for both synthetic and biological
applications [48]. Among the pentapeptides include IKVAV (iso-
leucine-lysine-valine-alanine-valine) and YIGSR (tyrosine-isoleucine--
glycine-serine-arginine). Notably, IKVAV facilitates neuron adhesion,
differentiation, and axonal growth within the injured peripheral nerve
area. It also inhibits glial cell adhesion and differentiation while
mimicking the conducive microenvironment necessary for nerve cell
growth during peripheral nerve repair [49]. On the other hand, YIGSR
can promote cell adhesion [50].

Another noteworthy category of oligopeptides is cyclic peptides
(CDPs). CDPs are unique polypeptide chains consisting of amino acids
connected by amide bonds, forming a closed cyclic sequence. These
cyclic structures can be derived from protein-derived or nonprotein-
derived amino acids. CDPs possess favorable properties such as low
toxicity, high binding affinity, and targeted selectivity, making them
highly attractive for therapeutic drug development [46]. For example,
CDPs, being the smallest cyclic peptides, can traverse the blood-brain
barrier, rendering them suitable for the development of oral neuro-
protective agents [47]. Due to their ability to transmembrane and
penetrate cells, CDPs have been extensively studied as drug carriers
[48]. They have also been explored for various biological activities
[49-51], making them promising for biomedical applications.

2.1.2. Ionic complementary oligopeptides

Ionic complementary self-assembled oligopeptides are comprised of
alternating charged hydrophilic and hydrophobic amino acids, enabling
them to form supramolecular nanofiber hydrogels through self-assembly
[51]. Since the development of EAK16-II [52], numerous
ion-complementary self-assembled peptides with remarkable properties
have been devised as promising biomaterials, including RADA16-1 [53],
KLD12 [54], and KFE8 [55]. Of these peptides, RADA16-I stands out as
extensively studied and representative in various fields.

RADA16-I (Ac-RADARADARADARADA-CONH2) is widely used as a
self-assembling oligopeptide hydrogel known for its exceptional
biocompatibility, minimal cytotoxicity, and three-dimensional structure
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that supports cell growth [56]. RADA16 comprises four tetrapeptide
repeats containing R (arginine, positively charged), A (alanine, hydro-
phobic), and D (aspartic acid, negatively charged) amino acid residues
(Fig. 1A). RADA16 can self-assemble into a hydrogel capable of trans-
porting neurotrophic substances to nerve cells, crucial for nerve regen-
eration, nerve cell adhesion, and axon elongation [57]. Yoshimatsu et al.
reported the design of hydrogels of RADA16-I (+) and RADA16-I (-) to
assess their effects on regenerating the recurrent laryngeal nerve in rats
[58]. Results demonstrated the effectiveness of prepared RADA16-I
peptides in promoting recurrent laryngeal nerve regeneration. Another
notable example is the design of Ac-(RADADA),-CONH; (RADA16-1I),
RAD16-II, and EAK16-II scaffolds exhibiting good mammalian cell
adhesion [59]. These peptides, along with many others in this class,
have been successfully applied in tissue engineering, prospects for
tailored functional biomaterials [53,60].

2.1.3. The multidomain peptides (MDPs)

MDPs, a type of SAP, are composed of ABA blocks. The term ABA
denotes the arrangement of specific peptide blocks within the MDP
structure. Block A comprises charged amino acids located at the terminal
flanks, while block B contains alternating sequences of hydrophobic and
hydrophilic amino acids (Fig. 1B) [61]. The hydrophobic residues within
the MDPs play a pivotal role in forming a f-sheet conformation, resulting
in a hydrophobic ABA sandwich structure. In an aqueous solution con-
taining multivalent salts, MDPs dissolve. This dissolution causes the
hydrophilic side chains of the amino acid residues to face outward, while
the hydrophobic side chains face inward. As a result, antiparallel
p-sheets form, followed by self-assembly into nanofibers. MDP hydrogels
have garnered significant attention in nerve regeneration due to their
biological activity and interaction capability with surrounding tissues.
The unique characteristics of MDPs, including their self-assembly into
nanofibers, render them suitable for various applications in regenerative
medicine, particularly in the context of nerve regeneration [62].

2.1.4. Peptide amphiphiles (PAs)

Peptide amphiphiles (PAs) have attracted considerable attention due
to their unique structure, comprising a hydrophobic tail and a hydro-
philic structure [63]. This distinctive composition enables PAs to
self-assemble in aqueous solutions, giving rise to diverse nanostructures
with significant applications. In 2001, the Stupp Lab reported the first
instance of self-assembled nanofibers formed by PA molecules. These
molecules can create hydrogel biomaterials that mimic the properties of
the extracellular matrix. The nanofibers can present biological signals on
their surfaces and facilitate hydrogel formation by reducing the charge
density on amino acid residues. Typically, PA molecules forming fibers
consist of peptide sequences containing fewer than 10 amino acids,
attached to aliphatic tails with more than 10 carbon atoms. (Fig. 1A).
The addition of a hydrophobic tail to peptides gives PAs their amphi-
philic characteristics, allowing them to self-assemble into structured
formations. These amphiphilic self-assembled peptides are primarily
classified into surfactant-like peptides and peptide amphiphiles. PAs
offer great versatility and can form self-assembled nanostructures with
adjustable properties, making them highly attractive for applications in
tissue engineering, drug delivery, and regenerative medicine. Current
research endeavors aim to further investigate and broaden the scope of
PAs in these domains.

2.1.4.1. Surfactant-like peptides (SLP). Surfactant-like peptides (SLP)
are characterized by one or two hydrophilic amino acid residues at the
head and several hydrophobic amino acid residues at the tail. These
peptides include cationic SLPs (such as Ac-A3K-NHj, Ac-AgK— NHj, Ac-
AgK- NHj, and Ac-I3K- NHjy) and anionic SLPs (such as Ac-VgD-COOH,
Ac-VeD2-COOH, and Ac-AgD-COOH) [64]. One notable advantage of
SLPs is their typically short sequence length, often comprising fewer
than 10 amino acids. This characteristic renders them relatively easy to
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synthesize and more cost-effective than longer peptide sequences.
However, not all surfactant-like peptides with short sequences have the
ability to form hydrogels. Hydrogel formation is desirable for various
applications, including tissue engineering and drug delivery. Therefore,
future research in this field may focus on designing and exploring short
surfactant-like peptides capable of forming stable hydrogels.

2.1.4.2. Amphiphilic peptides. Amphiphilic peptides fall under the
category of peptide amphiphiles (PAs) and are a part of the PA class. In
comparison to other peptide-based polymers, the peptide region within
PAs plays a pivotal role in facilitating their self-assembly process. A
notable feature of PAs is the connection between hydrophobic long-
chain alkyl groups and hydrophilic peptides. These alkyl chains are
typically incorporated into either the N-terminus or C-terminus of the
peptide sequence. Additionally, the basic components of PAs resemble
those found in natural lipid molecules [65]. Moreover, PAs can be
designed as peptide polymers with 2—4 structural domains, allowing for
the integration of new structures, functions, and affinities. This en-
hances their interaction with cell membranes or intracellular organelles
[66]. Peptide amphiphilic compounds are commonly used as carriers for
the targeted delivery of antitumor agents and nucleic acid drugs to
specific sites.

2.2. The mechanism of peptide self-assembly

When peptides are dissolved in a solvent, they can adopt specific
conformations that play a critical role in determining whether self-
assembly occurs. Certain secondary structures, such as p-sheets, f-hair-
pins, and a-helices, are particularly favorable for peptide self-assembly,
leading to different nanostructures (Fig. 2A) [67].

2.2.1. p-sheets

p-sheets are indeed frequently selected as secondary structures for
crafting peptide-based hydrogels (Fig. 2B). In 1997, Boden et al. outlined
key design principles for s-sheet type aggregates in solution: 1) Side chain
functionalities’ crosslinking forces are pivotal for f-sheet structure sta-
bilization, achievable through diverse non-covalent interactions like
hydrogen bonding, hydrophobic interactions, and electrostatic in-
teractions. 2) Adjacent f-strands necessitate recognizing each other for
one-dimensional lateral self-assembly. Failing these criteria may result in
heterogeneous p-sheet structure aggregation. 3) Strong water adhesion to
the p-sheets’ surface was identified as an essential factor [68]. Following
these guidelines, Aggeli et al. synthesized anionic and a cationic peptide
[69]. IIndividual peptides typically adopt random coil structures in their
monomeric state. However, in mixed aqueous solutions of cationic and
anionic peptides, they can form polyelectrolyte complex fibrils, likely due
to the spontaneous self-assembly of the original fiber network and
columnar hydrogel generation [70]. This approach aligns with Boden’s
design principles and has been utilized by various groups to develop
peptides capable of forming f-sheet structures and their corresponding
hydrogels, such as FEFKFEFK (F8), FKFEFKFK (FK), FEFEFKFE (FE),
FEFKFEFKK (F8K), and KFEFKFEFKK (KF8K) (F: phenylalanine; E: glu-
tamic acid; K: lysine) [71-74]. Additionally, the hydrogel exhibits
remarkable compatibility with nerve cells, fostering a conducive envi-
ronment for cell adhesion and proliferation, thereby enhancing the po-
tential utility of peptide hydrogels in neural tissue engineering [75,76].

2.2.2. f-hairpin

Another intriguing secondary structure is the g-hairpin (Fig. 2B). It
entails the creation of a type II p-turn between two periodically
repeating chains, featuring alternating hydrophilic and hydrophobic
amino acids. The Schneider group empolyed a tetrapeptide containing a
Dpro-LPro sequence flanked on both sides by two (VL)4 chains [77].
These peptides exhibited stimulus-driven folding into f-hairpin struc-
tures. In the folded state, the generated hairpin structure fosters
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Fig. 2. (A) The patterns of forces involved in self-assembly and its generated structures. (B) Schematic representation of the f-hairpin, p-sheet, and a-helical
structures. (C) Schematic illustration of the coiled-coil domain structure and interactions. The letters ‘abcdefg’ represent seven amino acid residues comprising a

hydrophobic heptad-repeat.

intermolecular hydrogen bond and hydrophobic face binding, facili-
tating higher-order self-assembly. The MAX family of peptides includes
well-established p-hairpin peptides. MAX1 (VKVKVKVK-VPPPT-KV
KVKVKV-NHjy) serves as an illustration of a MAX peptide. In neutral or
low-pH environments, MAX1 remains unfolded and irregularly curled
due to repulsive forces between positively charged lysine side chains,
particularly at low ionic strengths [78,79]. This prevents the peptide
arms from adopting a parallel g-sheet conformation.

Similar peptide sequences forming f-hairpins comprise TSS1, IC1-R
(CKIKIKIK-IDPPT-KIOIKIKC-NHj) [80], IA-2 (HoN-IKIKIKIK-IDPPT-KI
OIKIKI-NH3) [81]. These peptides feature the requisite amino acid mo-
tifs for p-hairpin formation. The stimulus-driven folding and
self-assembly of p-hairpin peptides can be harnessed to fabricate
responsive materials like hydrogels capable of undergoing conforma-
tional alterations in response to specific triggers such as pH, tempera-
ture, or the presence of certain molecules.

Overall, the p-hairpin structure in peptides offers a versatile foun-
dation for crafting self-assembling biomaterials with tailored properties,
applicable in areas such as drug delivery, tissue engineering, and
biosensing.

2.2.3. a-helical

a-Helical peptides are relatively uncommon, likely due to the pre-
dominantly intramolecular hydrogen bonds associated with a-helices,
rendering these secondary structures discrete entities. By incorporating
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the appropriate amino acids into the primary sequence, a-helices can self-
assemble through hydrophobic and ionic interactions between two heli-
ces [82]. Peptide-based hydrogels typically consist of coiled coils
comprising two or more o-helices. Coiled coils are typically designed with
a seven-residue repeat (heptads), with amino acids labeled a-g (Fig. 2C)
[83]. In a standard heptad, hydrophobic residues at positions a and
d create a hydrophobic core, while ionic interactions between charged
residues at positions e and g contribute to coiled-coil stability. Based on
this model, Woolfson introduced a series of 28-residue peptides [84-86].
These peptides assemble into a-helical dimers with complementary sticky
ends, and appropriate peptide sequence modifications result in
temperature-responsive hydrogels. These temperature-responsive hydro-
gels, based on a-helical coiled coils, illustrate the potential of a-helical
peptides in designing functional biomaterials.

In summary, although a-helical peptides are relatively less common,
their capability to self-assemble via hydrophobic and ionic interactions
presents opportunities for designing peptide-based hydrogels based on
coiled-coil structures. Tailoring peptide sequences appropriately can
lead to the formation of a-helical dimers and the creation of functional
hydrogel materials with diverse applications.

2.3. Methods for the synthesis of peptide-based hydrogels

The extracellular matrix (ECM) serves as a dynamic system with
specific mechanical attributes that significantly influence cellular



C. Xie et al.

behavior. When developing hydrogels for cell culture, it is essential to
replicate both in vivo and in vitro environments accurately. Research
indicates that the destiny of mesenchymal stem cells is largely governed
by the scaffold’s stiffness [87,88]. This concept finds support in studies
by Liepzig et al. [89] and Saha et al. [90], affirming that NSCs tend to
differentiate into neurons on matrices with elastic moduli below 1 kPa,
while scaffolds exceeding 1 kPa can induce differentiation into glial cell
lineages. Hence, precise modulation of the stiffness or mechanical at-
tributes of peptide-based hydrogels holds paramount importance.
Peptide-based hydrogels can be synthesized through two main
methods (Fig. 3), physical crosslinking and chemical crosslinking [91].
Table 2 illustrates some notable examples of both physical and chemical
approaches. These methodologies offer distinct benefits and enable the
adjustment of various hydrogel properties. Subsequently, we will
investigate a detailed discussion of these two synthesis techniques.

2.3.1. Physical crosslinking by non-covalent interactions

Physical crosslinking relies on non-covalent interactions, including
ionic/electrostatic interactions [23], hydrophobic/hydrophilic in-
teractions [24], hydrogen bonding [25], and n-n interactions [26]. The
dynamic interplay between intra- and intermolecular self-assembly [97]
confers peptides with hierarchical structures possessing diverse func-
tionalities. Therefore, physical crosslinking represents a prevalent
strategy in polypeptide hydrogel synthesis.

Ionic/electrostatic interactions form the basis of conventional
physical crosslinking between two molecules with opposite charges.
These interactions underpin physical crosslinking and enable hydrogels
to manifest self-healing properties. Under high stress, the hydrogel
structure can break, only to reform once the stress abates. However, it is
worth noting that this self-healing ability often compromises mechanical
strength, which can limit the utility of such hydrogels. Collagen, the
primary protein in the natural ECM, features regularly repeated Gly-XY
sequences (where X is usually proline and Y is hydroxyproline) [98]. Ina
study by Vijay et al. [99], two phenylalanine (Phe) residues were
introduced at the N-terminus of collagen-derived motifs to enhance
self-assembly through n-n interactions. Furthermore, proline’s interme-
diate position within the motif was replaced with a positively charged
lysine residue and a negatively charged aspartate residue. This substi-
tution facilitated interactions between complementary charges on the
residues, leading to the formation of a complex hierarchical structure.
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Table 2
Some representative examples of physical and chemical methods for the syn-
thesis of peptide-based hydrogels.

Synthesis method Hydrogel Hydrogel Composition Reference
Composition
Physical vancomycin- Hydrogen bonds [92]
crosslinking pyrene
Fmoc-FFpY Electrostatic interactions [93]
Fmoc Hydrophobic [94]
interactions
Chemical p-hairpin peptide Photo-polymerization [28]
crosslinking poly(l-glutamic Enzyme polymerization [95]
acid)
MAX7CNB Photosensitive [96]
polymerization

Consequently, a range of pentapeptide gels with distinct properties
emerged. The peptides in the study displayed a significant inclination to
form self-supporting hydrogels based on their overall surface charge.
However, this characteristic confines their biomedical applications, as
these hydrogels typically form under acidic or alkaline pH conditions.
Nonetheless, an intriguing revelation surfaced when a 1:1 mixture of
two collagen mimetic peptides with opposing charges was employed.
This mixing process resulted in the complete neutralization of charges,
effectively shifting the sol-to-gel transition to a physiological pH range.
This discovery underscores the potential of utilizing the shortest
bioactive pentapeptide sequence of collagen mimetics with opposing
charges, offering novel opportunities for targeted applications in the
biomedical field.

Hydrogels formed via hydrophobic/hydrophilic interactions exhibit
a high water content and demonstrate excellent biocompatibility with
cells. Typically, in these hydrogels, the peptide sequence at the N-ter-
minus comprises an aliphatic nonpolar amino acid tail, contributing to
reduced hydrophobicity. Conversely, the C-terminus consists of a hy-
drophilic amino acid that can be alkaline, neutral, or acidic in nature.
Hexapeptides, such as Ac-LIVAGD, are renowned for their capacity to
form hydrogels. These peptides self-assemble into amyloid g-type fiber
aggregates, with intermediate a-helical structures [100]. The combina-
tion of hydrophobic interactions and electrostatic interactions can lead
to the formation of a more stable peptide hydrogel. Peptide hydrogels
based on the RADA sequence a are characterized by high mechanical
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Fig. 3. Schematic diagram of hydrogels synthesized by two crosslinking methods.
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strength. Substituting the alanine residue with glycine further enhances
the mechanical strength of the hydrogel [101].

Hydrogen bonding plays a crucial role as a non-covalent interaction
in hydrogel formation [102]. However, a single hydrogen bond alone is
often inadequate to support robust hydrogel formation. Multiple
multivalent hydrogen bonds are typically created to improve the
strength of the hydrogel network. One effective strategy involves the
utilization of molecules with multiple hydrogen bond acceptors and
donor sites. For example, incorporating ureidopyrimidinone moieties in
the peptide sequence can facilitate the formation of a robust network
through the establishment of multiple multivalent hydrogen bonds
[103]. This approach enhances the stability and mechanical strength of
the resultant hydrogel. By maximizing the number of hydrogen bonding
interactions, the overall structure of the hydrogel is fortified, leading to
improved gel properties.

n-n interactions play a significant role in constructing peptide-based
hydrogels [104]. For instance, diphenylalanine (FF), a dipeptide, thas
the ability to form hydrogels. The interactions between the aromatic
rings of phenylalanine residues in diphenylalanine (FF) contribute to
stabilizing the resulting p-sheet structures within the hydrogel [105].
These interactions reinforce the gel network and enhance its overall
stability.

Physically crosslinking hydrogels offer advantages such as good
solubility of the unmixed polypeptide in physiological liquid, inject-
ability, and minimal side effects or toxicity. However, the weak nature of
non-covalent interactions in these hydrogels makes them sensitive to
external stimuli, including pH, ionic strength, temperature, and light
[106]. pH and ionic strength can effectively control the mechanical
properties of hydrogels [107,108]. pH fluctuations can alter hydrogen
bonds and salt bridges, thereby influencing peptide structure [109]. For
instance, most dipeptides conjugated with Fmoc or Nap groups form
hydrogels at low pH (<4) [110]. By adjusting the solution pH, the
positive and negative charges of the peptide chains can be modified,
thereby modulating the peptide assembly process. This enables the
formation of adaptive hydrogels with varying densities and pore struc-
tures, facilitating the long-term release of drugs in the region of pe-
ripheral nerve injury to promote neural proliferation and repair [111].

The elasticity of the hydrogel can be controlled by changing the ionic
strength of the system. Several studies have shown that the addition of
salt can significantly improve the mechanical properties of hydrogels
[47,91,112]. A histidine-containing peptide-based amphiphile (P1) was
used to form a transparent hydrogel in a phosphate buffer solution
within a pH range of 5.5-8. Dipayan et al. adjusted the mechanical
strength of hydrogels by adding different dicarboxylic acids (oxalic acid,
succinic acid, glutaric acid, and octanoic acid). These acids promoted
non-covalent interactions between the histidine-containing, N-terminal-
free peptide molecules. Among all tested acids, the addition of succinic
acid notably enhanced the stiffness of the gel (G' = 4 kPa) [113]. It was
also observed that hydrogels with relatively low stiffness (G’ = 4 kPa)
was highly suitable for 3D cell culture. This is because it facilitated the
selective infiltration of cells into the gel phase while increasing the
stiffness above the cell traction stress, providing a platform for 2D cell
culture on the surface of the hydrogel. By adjusting their the mechanical
properties, hydrogels can be tailored to provide an environment
conducive to specific cell culture applications.

2.3.2. Chemical crosslinking by non-covalent interactions

Chemical crosslinking involves the formation of covalent bonds
within or between polymer molecules, providing enhanced structural
integrity [114]. Compared with physical crosslinking, chemical cross-
linking methods offer improved mechanical properties and stability.
Various techniques can be used for chemical crosslinking, including free
radical polymerization crosslinking, photopolymerization [115], and
enzyme-induced crosslink [116]. These methods enable the creation of
stable covalent bonds, enhancing the mechanical strength and resilience
of hydrogels against environmental fluctuations. Chemical crosslinking
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establishes a sturdy and durable framework for hydrogels, rendering
them suitable for prolonged usage and ensuring structural integrity
amidst diverse physiological conditions.

A common chemical crosslinking method involves the conjugation of
crosslinked molecules in polymer chains or in direct combination with
each other. For example, Liu et al. synthesized a peptide/polymer mixed
double network (DN) hydrogel composed of both supramolecular and
covalent polymers [117]. The DN hydrogel was created by merging two
networks. The initial network comprised self-assembled penta-
fluorobenzyl diphenylalanyl aspartate acid (PFB-FFD) tripeptide, which
formed nanostructures via non-covalent interactions. The second
network consisted of a polymerized PNIPAM-PEGDA copolymer. During
DN hydrogel formation, the self-assembled peptide nanostructures
crosslinked with the polyacrylamide groups in the polymer network via
non-covalent interactions. In comparison to the PNIPAM-PEGDA
copolymer alone, the PNIPAM-PEGDA: PFB-FFD hydrogel demon-
strated greater mechanical stiffness (G* ~ 2 kPa). Moreover, by adjust-
ing the UV irradiation duration during synthesis, the stiffness of the
PNIPAM-PEGDA: PFB-FFD hydrogel could be quadrupled.

Disulfide bonds in cysteine residues and electrostatic interactions
with lysine or aspartic acid residues are commonly utilized as cross-
linking points in hydrogels. Substituting specific amino acids within the
hydrogel can lead to significant changes in its mechanical properties. For
instance, Aulisa et al. replaced glutamine in the hydrophilic part of the B
domain of MDP, resulting in notable alterations in mechanical proper-
ties. In the presence of phosphate-buffered saline (PBS), the storage
modulus of the hydrogel containing positively charged peptides
increased from 108 Pa with glutamine to 190 Pa with serine. Conversely,
hydrogels with negatively charged peptides exhibited more substantial
changes in the presence of Mg?* ions, with storage moduli ranging from
99 Pa for glutamine to 482 Pa for serine. Additionally, hydrogels con-
taining serine showed shear-thinning behavior, decreasing viscosity
under shear stress and facilitating injection or application. These pep-
tides containing serine underwent shear thinning and recovered
approximately 80 % of their mechanical strength within 1 min, whereas
peptides containing glutamine only recovered approximately 50 % of
their original storage modulus after cleavage [118].

Photopolymerization is extensively employed in hydrogel formation
and cytokine encapsulation due to several key advantages. Notably,
photopolymerization enables rapid gel network formation at room
temperature and under mild conditions [119]. Exposure of the precursor
solution or formulation to specific wavelengths of lightlight initiates and
completes the gelation process within a short period. This allows for
convenient and efficient gelation without requiring high temperatures
or harsh chemical initiators. Furthermore, photopolymerization offers
tunability of the resulting hydrogel’s mechanical properties [120]. Pa-
rameters such as light intensity, exposure time, and initiator concen-
tration can be adjusted to control the crosslinking reaction, influencing
the mechanical strength and stiffness of the hydrogel. Moreover, pho-
topolymerization provides precise control over crosslinking sites within
the hydrogel. Photoinitiators, like phenyl-2,4,
6-trimethylbenzoylphosphinate (LAP), absorb specific wavelengths of
light to produce free radical-initiating species [121]. In summary,
photopolymerization is a versatile and efficient method for hydrogel
formation, offering rapid gelation, tunable mechanical properties, and
precise control over crosslinking sites, making it valuable for various
applications in hydrogel engineering.

Enzymes, as bioactive macromolecules, possess excellent biosafety
and biological affinity, rendering enzymatic crosslinking an attractive
method for preparing hydrogels [122]. The incorporation of enzymes
into hydrogel systems enables specific degradation of desired target
groups within peptide chains, offering precise control over the cross-
linking process. For instance, enzymes like glutamine transaminase
(TGase) and peroxidase catalyze the crosslinking reaction between
polymer chains, facilitating rapid gelation and the formation of a stable,
non-toxic hydrogel. Maria et al. synthesized a series of self-assembling
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peptide sequences using type 2 TGase as the crosslinking enzyme,
resulting in enhanced storage modulus of the crosslinked SAP hydrogels
without compromising maximum failure stress [123]. This enhancement
in mechanical properties through enzymatic crosslinking indicates
improved robustness of the hydrogel. Moreover, in vitro tests revealed
that the SAP hydrogel crosslinked with TGase did not adversely affect
the viability or differentiation of seeded neural stem cells (hNSCs),
suggesting safe in situ crosslinking reactions in vivo, which holds
promise for tissue engineering and regenerative medicine applications.

In a groundbreaking study utilizing ultrasonic standing wave (USW)
technology to align nerve cells, cells were directly patterned in a 3D
hydrogel system, and PC12 cells aligned with USW exhibited no adverse
effects on viability or proliferation [124]. The key design strategy
involved the oxidative coupling of hydroxyphenylpropionic acid (HPA)
catalyzed by hydrogen peroxide and horseradish peroxidase, enabling
rapid crosslinking of gelatin-HPA hydrogel within 90 s to synthesize the
“gel block” for arranging cells. This technology represents a promising
alternative method for guiding nerve regeneration.

3. Application of peptide-based hydrogels in nervous
regeneration

In the pursuit of innovative therapies for neural tissue ailments, a
notable challenge stems from the limited potential for nerve tissue
regeneration post-injury [125]. Within the central nervous system, the
presence of glial scars impedes neuronal regeneration and neurite
growth, leading to a prolinged recovery process spanning several
months [126]. Hence, there is an urgent need to develop effective and
improved treatment strategies that can accelerate the regeneration of
damaged neural pathways and facilitate the functional restoration of
neural tissue.
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Promising advancements in nerve tissue regeneration therapy center
on the utilization of stem cells, while the extracellular matrix assumes a
pivotal role in supporting and regulating cell survival and activity [127,
128]. Consequently, numerous studies have actively investigated the
creation of simulated extracellular matrix microenvironments based on
neural regeneration principles to promote axonal bridging. In this
context, peptide-based hydrogels have emerged as promising candi-
dates, offering significant application potential. The subsequent sections
will explore the notable and recent advancements concerning
peptide-based hydrogels utilized for nerve regeneration.

3.1. Dipeptide hydrogels

A recent investigation showed the development of a biocompatible
and durable dipeptide hydrogel with adjustable mechanical properties
and cell growth characteristics, demonstrating its capacity to foster glial
cell proliferation [129]. Through self-assembly in various solvents and
salt concentrations, researchers successfully engineered a dipeptide gel,
as depicted in Fig. 4A. In vitro experiments validated the growth of glial
cells (C6) on the biocompatible and resilient dipeptide hydrogel.
Furthermore, as depicted in Fig. 4A, the cytoskeletal composition
increased proportionally with rising sodium acetate concentration,
indicating a positive association between sodium acetate concentration
and glial cell growth.

Adak et al. devised an injectable and biocompatible peptide hydrogel
incorporating sulfonyl functionality. The hydrogel, derived from the
Phe-Phe dipeptide, featured a peptide segment with a sulfate functional
group prepared using para-mercaptobenzoic acid at the N-terminus. At
the C-terminus, the neuroprotective hexapeptide (NV) was tethered via
a PLGL tetrapeptide linker, as illustrated in Fig. 4B [130]. The
FFPLGLNAVIQ hydrogel exhibits remarkable attributes. It not only

Fig. 4. The application of dipeptide hydrogels in nerve regeneration. (A) Fluorescence microscopic images of C6 glial cells cultured on Phe-Phe hydrogels prepared at
various concentrations of sodium acetate. Reprinted from Ref. [129]. (B) Primary culture of cortical neurons from a rat brain in the presence of the SFNV hydrogel (a)

at day 1, (b) at day 3, and (c) at day 7. Reprinted from Ref. [130].
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stimulated neurite outgrowth in PC12-derived neurons and primary
neurons but also effectively mitigated the neurotoxic effects of anti-NGF
on neurons. Additionally, the hydrogel augmented the expression of
pivotal neuronal markers in the primary cortical neurons of rats, high-
lighting its potential for nerve regeneration. In a mouse model of sham
injury, the hydrogel expedited brain recovery.

These findings underscore the substantial potential of biocompatible
and resilient dipeptide hydrogels as versatile platforms for fostering glial
cell growth and establishing an optimal microenvironment for neural
tissue regeneration.

3.2. Tripeptide hydrogel

Mauri et al. underscored the advantages of utilizing RGD-
functionalized hydrogels as optimized materials for neural tissue engi-
neering [131]. In comparison to hydrogels lacking tripeptide modifica-
tion, RGD-modified peptide hydrogels demonstrate enhanced
properties. The inclusion of the RGD tripeptide enables the hydrogel to
accommodate a larger population of non-quiescent cells, fostering a
more conducive biological environment for NSCs. Zaviskova and col-
laborators devised an injectable hydrogel employing a modified version
of hyaluronic acid (HA-PH) with hydroxyphenyl groups, incorporating
RGD for improved cell interaction. The hydrogel was enzymatically
crosslinked, yielding a soft and injectable formulation, as illustrated in
Fig. 5A [132]. Furthermore, they formulated a variant of the
HA-PH-RGD hydrogel by integrating fibrinogen (HA-PH-RGD/F).
Fibrinogen facilitated the proliferation of human Wharton’s
jelly-derived mesenchymal stem cells (hWJ-MSCs) on the HA-PH-RGD
hydrogel. These cells were injected into the defect site of rats. Both
HA-PH-RGD or the HA-PH-RGD/F hydrogel alone promoted axon
growth in the lesion. When HA-PH-RGD/F was combined with
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hWJ-MSCs, this effect was further enhanced. Although no significant
effects on blood vessel ingrowth or glial scar density were observed, this
study successfully developed and characterized an injectable
HA-PH-RGD-based hydrogel. This innovative approach introduces a new
concept for peptide-based hydrogel materials in the realm of nerve
regeneration. In the latest research, a silk-inspired phototriggered
gelation method was devised to produce a novel hydrogel system.
Through photocrosslinking, RGD peptides were efficiently bound to the
T30@SFRGD hydrogel. This integration facilitated the robust adhesion
of Schwann cells to the RGD peptide hydrogel, enabling them to guide
cell growth using microgroove models. Consequently, this approach
facilitated rapid axon regeneration and accelerated the repair of
large-gap peripheral nerve damage [133].

Turkez et al. investigated the potential therapeutic effects of novel
GPE analogs (GPE1, GPE2, and GPE3) concerning Alzheimer’s disease.
These analogs were synthesized by reducing the peptide bonds between
Gly-Pro (GPE3) or Pro-Glu (GPE1) or at both connection sites (GPE2),
resulting in the formation of aminomethyl groups (Fig. 5B) [134].
Various techniques were utilized to evaluate the anti-Alzheimer’s dis-
ease potential of these GPE peptide analogs. The results revealed sig-
nificant properties of the GPE analogs in regulating oxidative stress,
mitigating acetylcholine depletion, inhibiting a-secretase inactivation,
and affecting cellular apoptosis and necrotic cell death. The neuro-
protective effects of the GPE analogs are underscored, suggesting their
promise as therapeutic agents for Alzheimer’s disease.

Bernardes et al. synthesized a snake venom peptide (p-BTX-I) derived
from the natural tripeptide Glu-Val-Trp [135]. The research aimed to
investigate the potential neuroprotective effects of this peptide by
simulating the neurotrophic actions of nerve growth factors. The find-
ings revealed that p-BTX-I strongly protected PC12 cells from the toxic
effects of 1-methyl-4-phenylpyridinium (MPP+) and inducing
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Fig. 5. (A) An injectable hydrogel was developed to promote the growth of axons in lesions. (a) The chemical structure of the HA-PH-RGD hydrogel. (b) RHA-PH-
RGD/F hydrogels combined with hWJ-MSCs promoted the growth of axons in the lesion. Reprinted from Ref. [132]. (B) GPE peptidomimetics have neuroprotective
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in vitro Ab1-42 exposure. (c) Flow cytometric analysis of Annexin V-FITC (FL1)/PI (FL2) double-labeled cells in a cellular model of AD. Reprinted from Ref. [134].
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neurogenesis in these cells. These results suggest that p-BTX-I holds
promise as a therapeutic agent for promoting neuronal survival and
regeneration.

3.3. Oligopeptide hydrogel

Huang et al. engineered a hydrogel film (ChT-PEDOT-p) with
enhanced properties by incorporating conductive poly(3,4-
ethylenedioxythiophene) nanoparticles (PEDOT NPs) and the cell-
adhesive tetrapeptide Cys-Arg-Gly-Asp (CRGD) [136]. As shown in
Fig. 6A, the hydrogel film exhibited remarkable mechanical strength
and promoted the attachment and proliferation of Schwann cells and
enhanced vascularization. Importantly, this ChT-PEDOT-p hydrogel film
showed promising results in inducing the regeneration of damaged
sciatic nerves.

IKVAV, a pentapeptide widely employed in neural regeneration,
exhibits remarkable capability in enhancing neuronal vitality and
maturation by binding to the $1-integrin subunit, thereby promoting the
differentiation of neural progenitor cells into neurons [137]. Hydrogels
incorporating IKVAV have been shown to prompt rapid differentiation
of neural progenitor cells into neurons and neurites. Yin et al. prepared a
three-dimensional pentapeptide IKVAV-functionalized poly(lactide
ethylene oxide fumarate) (PLEOF) hydrogel was prepared (Fig. 6B)
[138], which demonstrated excellent compatibility with cells and tis-
sues. This IKVAV-PLEOF hydrogel facilitated the adhesion, growth,
proliferation, and differentiation of NSCs and spheroids into neurons,
while creating a regenerative environment for NSCs, thus alleviating
spinal cord injury. In vivo implantation of the hydrogel for a period of 4
weeks demonstrated its favorable biocompatibility and highlighted its
potential application prospects in the repair of spinal cord injuries.

YIGSR, another pentapeptide with significant potential in neural
regeneration, has been studied extensively. Transplantation of YIGSRs
into a composite hydrogel consisting of polyacrylamide, graphene oxide,
collagen, and sodium alginate has been shown to enhance the growth of
Schwann cells in vitro and facilitate sciatic nerve regeneration in vivo
[139,140]. Recent research has revealed its ability to regulate the
orientation growth of Schwann cells effectively through anisotropic
hydrogel micropatterns (Fig. 6C) [141]. Additionally, Chen et al. syn-
thesized a YIGSR-based hydrogel catheter with biological activity and
implanted it into the sciatic nerve gap of rats, demonstrating its efficacy
in promoting nerve regeneration through histological analyses [140].

Cyclo(L-His-L-Pro) is the first CDP found in mammals, which exhibits
significant anti-inflammatory properties within the CNS. As illustrated
in Fig. 7, it has demonstrated the ability to counteract reactive gliosis
induced by lipopolysaccharide, suggesting its potential as an alternative
therapeutic strategy for neuroinflammatory degenerative diseases. By
inhibiting the inflammatory pathway in glial cells, Cyclo(L-His-L-Pro)
plays a protective role in neuronal preservation. Moreover, it en-
hances antioxidant protection by modulating the interplay between the
nuclear factor-like 2 (Nrf2) and nuclear factor kappa B (NF-kB) signaling
pathways, while concurrently suppressing proinflammatory responses
[136]. In Streptozotocin (STZ)-induced diabetes rats, Cyclo(L-His-L-Pro)
romotes progenitor cell proliferation and increases the population of
neural progenitor cells and immature neurons. Furthermore,
zinc-supplemented Cyclo(L-His-L-Pro) exhibits a positive impact on
early neurogenesis in STZ-induced diabetic rats [137]. However, despite
these promising attributes, CDPs encounter challenges such as complex
synthesis procedures, high structural rigidity, limited water solubility,
and low bioavailability, which may impede their utilization in research
[138].

3.4. Ionic complementary peptides hydrogel
In early studies, RADA16 was successfully functionalized with

laminin-derived motifs (IKVAV, RGDS, and PDSGR) [142-144], bone
marrow homing motifs (SKPPGTSS and PFSSTKT) [145,146], and cell
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adhesion motif RGD [147,148]. These functionalized RADA16 hydro-
gels not only promoted neuronal cell proliferation and adhesion but also
induced neurite growth and synaptic formation. More recently, bifunc-
tional hydrogels have been developed by combining two functionalized
RADA16 peptides carrying IKVAV and RGD epitopes. Compared to
monofunctional hydrogels, bifunctional hydrogels can enhance the
viability and differentiation of NSCs into neurons and astrocytes [149].
In a study conducted by Lu et al. [75], as shown in Fig. 8A, a functional
self-assembled peptide nanofiber hydrogel was synthesized by adding
CTDIKGKCTGACDGKQC and RGIDKRHWNSQ (derived from NGF and
BDNF, respectively) to RADA16-1, a functional self-assembled peptide.
The impact of these hydrogels on neurite growth using PC12 cells was
evaluated. The findings demonstrated that hydrogels incorporating
CTDIKGKCTGACDGKQC and RGIDKRHWNSQ peptides significantly
augmented neurite growth in PC12 cells compared to nonfunctional
peptides. This observation underscores the beneficial impact of these
functional peptides in promoting neurite outgrowth. To explore their
potential applications further, in vivo experiments were conducted using
a chitosan tube to bridge a 10 mm sciatic nerve defect in rats with the
hydrogel inserted inside. Remarkably, the combination of
CTDIKGKCTGACDGKQC and RGIDKRHWNSQ expedited axonal regen-
eration, leading to robust functional recovery and collaborative
enhancement of peripheral nerve regeneration. These findings under-
score the promising role of functional self-assembled peptide nanofiber
hydrogels containing specific NGF and BDNF-derived peptides in stim-
ulating neurite growth and facilitating the regeneration of peripheral
nerves.

Currently, RADA16 PA hydrogels have shown significant potential
for promoting brain injury regeneration. For instance, as shown in
Fig. 8B, the RADA16 peptide hydrogel has been utilized as a cell carrier
for cotransplantation of human adipose-derived stem cells and epilepsy
brain-derived human neural stem cells (hNSCs). This approach has been
shown to facilitate functional recovery in a rat model of traumatic brain
injury, concurrently reducing neuroinflammation, injury volume, and
reactive glial cell proliferation at the injury site [150]. Subsequently,
Ghandy et al. developed a novel RADA-16 peptide-based hydrogel
incorporating stromal cell-derived factor-la (SDF-la) and cotrans-
planted it with human neural stem cells. The results demonstrated a
decrease in the inflammatory response and cell apoptosis in a traumatic
brain injury model, fostering a more supportive microenvironment for
tissue regeneration [151]. In another study, a zebrafish brain injury
model was utilized to investigate the effects of RADA16, alone or in
combination with SVVYGLR (an angiogenic A integrin-binding sequence
derived from osteopontin), at the wound site [152]. A 1 % RADA16
hydrogel with or without SVVYGLR was applied, and its impact on
various aspects of tissue evaluated. The findings showed that this
application not only enhanced the endogenous differentiation of neural
stem cells but also promoted neurogenesis, functional recovery, and the
formation of new blood vessels. These results underscore the potential of
RADA16 and its variants in promoting peripheral nerve growth.

In brief, the unique advantages of RADA16 and its self-assembled
peptide nanofiber hydrogels have positioned them as highly bio-
mimetic extracellular matrices in the field of biomedical engineering.
Compared to other currently available polymer biomaterials, these
hydrogels have multiple potential applications in neural tissue engi-
neering [153].

3.5. MDP hydrogel

In vitro assessments showed that various lysine-based MDPs stimu-
late neurite growth. To evaluate their effectiveness in vivo for nerve
regeneration, Lopez Silva et al. developed a representative MDP named
Ko(SL)¢Ky. AThey incorporated biologically active motifs like ECM
proteins and GF peptide sequences into the MDP, creating a bioactive
MDP hydrogel with multiple biological functions. This hydrogel was
directly administered to the site of injury in rats with sciatic nerve crush
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injury. Results demonstrated that the bioactive MDP hydrogel promoted
nerve regeneration by inducing acute macrophage infiltration, sup-
porting axonal growth, and aiding in myelin sheath regeneration in
Fig. 9A [62]. These findings suggest that MDP facilitates neurite growth
and initiates a multicellular regenerative response in peripheral nerve
injury.

Another frequently used MDP sequence is Ko(QL)cKy, which forms
p-sheets at neutral pH [111]. In SCI, injecting Ko(QL)gKy into the injury
site was observed to reduce glial scar formation and enhance
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neurological function recovery [154]. In a related study, neural pre-
cursor cells (NPCs) were conjugated to Ko(QL)gK2 self-assembled pep-
tides and then injected into the spinal cord of rats. Neural function was
assessed weekly for 8 weeks. Results showed that animals treated with
self-assembled peptides had a higher survival rate of NPCs and increased
differentiation of these cells into neurons and oligodendrocytes in
Fig. 9B [155].

Recently, the Hartgerink team introduced a bioactive MDP hydrogel-
filled PCL catheter to facilitate regeneration of the transected sciatic
nerve [156]. PCL catheters infused with anionic MDP hydrogel notably
enhanced functional recovery at 16 weeks post-surgery. These catheters
demonstrated superior composite muscle action potentials, preserved
gastrocnemius muscle weight, and earlier onset of flexion contractures.
Conversely, PCL catheters containing cationic MDP hydrogels exhibited
the lowest degree of myelination and limited functional recovery. This
observation underscores the superior nerve regeneration promotion
ability of anionic MDP hydrogel over cationic counterparts, emphasizing
the importance of peptide sequence design and optimization in
manufacturing functional peptide-based hydrogels.

These findings collectively demonstrate MDP’s efficacy in promoting
nerve regeneration and aiding in the healing process of nerve injuries,
offering valuable insights into its potential as a biomaterial for nerve
regeneration and broader clinical applications.

3.6. Peptide amphiphiles hydrogel

PA hydrogels offer versatility in biofunctionalization with various
motifs, thereby imparting biological activity to the surrounding micro-
environment conducive to nerve cell growth. Additionally, surfactant-
like peptides have emerged as effective agents in neural regeneration.
In this study, the self-assembled ultrashort surfactant-like peptide I3K,
characterized by positively charged lysine head groups and hydrophobic
isoleucine tails, was chosen. These peptides can spontaneously assemble
into nanofiber structures and strongly interact with silk fibroin (SF)
scaffolds, creating a conducive environment for neuronal cell attach-
ment and proliferation. Atomic force microscopy (AFM) was utilized to
visualize the morphology and formation of neural processes in PC12
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Fig. 8. (A) Bifunctional RADA16 hydrogels promote peripheral nerve regeneration. (a) AFM images of RADA16-I and solutions of various functionalized, self-
assembling peptides mixed with RADA16-1. (b) Bifunctional RADA16 hydrogels promote nerve fiber regeneration at 12 weeks after surgery. Reprinted from
Ref. [75]. (B) Human neural stem/progenitor cells derived from the epileptic human brain via the RADA16 peptide improve traumatic brain injury in rats. (a)
Transplantation of hNS/PCs or hADSCs seeded in PM significantly increased the number of surviving cells. (b) Transplantation of hNS/PCs or hADSCs seeded in PM
diminished inflammatory responses in the damaged brain parenchyma after TBI. Reprinted from Ref. [150].
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cells. The findings demonstrated that self-assembled I3sK nanofibers
effectively supported the formation of neural processes in PC12 cells (as
shown in Fig. 10). Furthermore, immunolabeling techniques revealed
that coating I3K nanofibers onto the SF scaffold surface not only
increased the percentage of cells with neural processes but also
enhanced the average maximum length of these neural processes [157].

PAs have shown promise in forming stable complexes with various
drugs; thus, reducing drug toxicity, facilitating drug transport across
nerve cell membranes, and enabling controlled and sustained release of
neurotrophic drugs. This property promotes targeted growth and
migration of nerve cells, enhancing the therapeutic effectiveness of
drugs for peripheral nerve injury. However, a drawback of PA hydrogels
is their relatively low mechanical strength [158]. Chemical modifica-
tions are often utilized to crosslink the PA molecules to address this
issue, thereby enhancing the mechanical properties of the hydrogel
[159]. Introducing crosslinking agents or modifying the chemical
structure of PAs can result in hydrogels with improved mechanical
strength suitable for nerve tissue engineering applications. Moreover,
PAs can be chemically or physically linked to other biomaterials, such as
polymers or scaffolds, to create composite scaffolds [64] with enhanced
mechanical properties, rendering them more suitable for use in nerve
tissue engineering and regeneration.

In conclusion, while the mechanical strength of PA hydrogels may be
limited, this challenge can be overcome through chemical modifications
and the development of composite scaffolds. These strategies contribute
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to the progress of PA-based biomaterials, enabling their effective utili-
zation in promoting nerve tissue regeneration and repair.

4. The advantages of peptide-based hydrogels in nerve
regeneration

Peptide-based self-assembled hydrogels have garnered significant
attention in tissue engineering [160]. Their physical and chemical
properties, coupled with high water content, closely resemble the
viscoelastic properties of the tissue ECM. Additionally, their fiber
morphology and entanglement network mimic those of the natural ECM
in terms of shape, size, and porosity, enabling them to simulate the ECM
and provide a conducive environment for nervous system regeneration
[161]. Consequently, they find various applications in neural tissue
engineering (Fig. 11A). Coculturing nerve cells with self-assembled
peptide-based hydrogels offers several advantages. Firstly, it can miti-
gate neuronal apoptosis, thereby promoting the survival, growth, and
proliferation of new nerve cells [162]. The hydrogel scaffold offers
mechanical support and establishes a favorable microenvironment that
sustains cell viability and functionality. Secondly, these hydrogels can
guide nerve axon outgrowth, facilitating the formation of organized
neural networks [163]. Incorporating specific bioactive sequences
within the hydrogel structure enables them to direct nerve axon growth
in specific directions, promoting the establishment of active synapses
between neurons. This fosters neural connectivity and enhances
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Fig. 10. Self-assembled I3K nanofibers were fabricated to guide neuronal cell attachment. (A) Schematic diagram of the preparation process of the RSF/I3K peptide.
(B) IsK can activate the cell adhesion process, inducing cell spreading and flattening. (C) RSF/I3K improved cell growth and proliferation overall. (D) The con-

centration of I3K directly affects the length of neurites. Reprinted from Ref. [157].

functional recovery in regions affected by peripheral nerve injuries
[164]. Consequently, peptide-based hydrogels are considered optimal
biomaterials for promoting nerve cell differentiation and growth in
regenerative medicine applications [165,166].

Peptide-based hydrogels, capable of replicating the ECM microen-
vironment, hold the potential for transplanting exogenous neural stem
cells (NSCs). NSCs, with the ability to differentiate into glial cells and
neurons [167], can stimulate endogenous NSCs, emerging as advanced
therapy for central nervous system (CNS) injuries [168]. This method
entails secreting various growth factors or neurotrophic proteins, such
as nerve growth factor (NGF), brain-derived neurotrophic factor
(BDNF), neurotrophin-3 (NT-3), ciliary neurotrophic factor (CNTF), and
glial cell line-derived neurotrophic factor (GDNF), in the vicinity of
damaged tissue [169] (Fig. 11B). These growth factors foster a condu-
cive environment for neural regeneration. For instance, BDNF crucially
promotes neuronal survival, synaptic plasticity, and neurogenesis.
Employing LN and BDNF to emulate epitope-functionalized self--
assembled peptide hydrogels synergistically enhances peripheral nerve
regeneration [170]. GDNF is pivotal in supporting motor neuron sur-
vival and nourishment and in regulating neuron development and dif-
ferentiation [171].

Peptide-based hydrogels can directly serve as carriers for encapsu-
lating growth factor mixtures. Through controlled and sustained release
of these encapsulated growth factors, endogenous NSCs can be stimu-
lated, promoting intrinsic repair of damaged neurons and glial cells. This
controlled release mechanism enhances growth factor penetration
through cell membranes and mitigates potential adverse effects of
degradation products on drug efficacy [172]. By providing a conducive
regenerative environment, peptide-based hydrogels contribute to cen-
tral nervous system wound healing.

Peptide-based hydrogels offer a versatile platform for controlled
drug delivery to specific sites of nerve injury (Fig. 11C). One intriguing
application involves utilizing Taxol, known for its efficacy in stabilizing
microtubules and aiding neurite regeneration and functional recovery
post-SCI, albeit limited by its ability to penetrate the blood-brain bar-
rier (BBB), necessitating localized administration [173]. To address this,
Xiao et al. synthesized a novel peptide, RADA16-FGL, incorporating the

neurocyte adhesion molecule motif FGL (EVYVVAENQGKSKA) for
controlled Taxol release [174]. After T9 contusion, SAPs were injected
into the injury site and evaluated in rats after 8 weeks of injury. As
shown in Fig. 12A, rats injected with Taxol loaded scaffolds exhibited
maximum functional recovery, reduced glial scar formation, and
increased the number of nerve fibers. In addition, rats treated with Taxol
loaded stents exhibited preserved neural processes, smaller cavity size,
and reduced inflammation and demyelination. These findings under-
score the positive impact of Taxol delivery via the peptide-based
hydrogels in promoting recovery and mitigating spinal cord injury
effects.

These hydrogels can encapsulate drugs or therapeutic molecules and
for gradual release over time. Importantly, the metabolites from
hydrogel degradation are safe and non-toxic [175]. Four main strategies
for drug delivery include (i) nanoparticle carriers, (ii) non-specific
mediated release, (iii) bound release, and (iv) rapid targeted delivery
via cell penetration. For instance, drug-loaded SAP hydrogels can
encapsulate hydrophobic compounds, enhancing their permeability for
efficient release and targeted delivery to the nerve injury site. The
tunable three-dimensional structure of self-assembled peptide-based
hydrogels enables versatile slow-release vehicle applications for various
drugs. In a recent study, Adak et al. developed the neuro-compatible
peptide-based hydrogel (abbreviated as PA-NK) [176], gradually
degrading enzymatically for controlled release of the neuroprotective
peptide NAPVSIPQK. As shown in Fig. 12B, PA-NK promoted neurite
growth and showed remarkable neuroprotective effects against
SNGF-induced neuronal cytotoxicity. It served as an effective carrier for
encapsulating the hydrophobic drug curcumin, inhibiting neuronal
cancer cell sphere growth. With high biocompatibility, the hydrogel
serves as a platform for various applications, including neuronal cell
adhesion, growth, and transplantation for brain damage repair, and as a
delivery vehicle for neuroprotective agents targeting Alzheimer’s dis-
ease and cancer.

Moreover, self-assembled peptides exhibit low immunogenicity. The
formation of long, unbranched nanofibers effectively encapsulates the
antigenic epitopes of immunogenic prodrugs, reducing the required
level of immunity in vivo and minimizing adjuvant effects [177]. In
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immunology, SAP hydrogels serve as carriers for antigens and anti-
bodies, genes and proteins, and biosensors for recognizing and regu-
lating gene expression, thereby modulating stem cell behavior.
Compared with conventional antibodies, SAP hydrogels offer advan-
tages such as low production cost, low immunogenicity, good perme-
ability, and potent anti-inflammatory effects. Consequently, the
development of SAPs incorporating immunogenic antigens holds
promising application prospects [58].

In summary, peptide-based hydrogels provide versatile platforms for
drug delivery and nerve regeneration. Their adjustable three-
dimensional structure, compatibility with nerve cells, and controlled
release capabilities make them valuable tools for promoting nerve tissue
regeneration.

5. Conclusion and outlook
Recent advancements in peptide-based hydrogels have been outlined

in terms of their type, design strategies, application methods, and neural
regeneration mechanisms. Short-chain peptide-based hydrogels,
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comprising dipeptides to oligopeptides, can be differentiated from long-
chain peptide-based hydrogels based on the number of peptide bonds
(-CONH- amide bonds). Design strategies for peptide-based hydrogels
include the selection of amino acid sequences, secondary structures, and
synthetic methods.

Peptide-based hydrogels exhibit tremendous practical applications
in neural regeneration. They serve as suitable matrices for nurturing
neural cells, promoting cell adhesion, infiltration, proliferation, migra-
tion, differentiation, and synaptic formation within the injured neural
area without causing cellular toxicity. Additionally, these hydrogels
function as specific hydrophobic drug delivery carriers, enabling high
payload delivery to specific sites of nerve injury. Therefore, designed
peptide-based hydrogels must possess good biocompatibility and should
not induce inflammatory reactions after implantation at the injured site.
Furthermore, these scaffolds should support cell migration, allowing
cells to grow and survive in the reactive microenvironment of damaged
tissue, thereby establishing an acceptable graft-host interface. By
considering these factors and designing peptide-based hydrogels with
appropriate properties, researchers can develop scaffolds that effectively



C. Xie et al.

FGLmx/Taxol

Bioactive Materials 40 (2024) 503-523

o | /NAPVSIPQKKK-CONH,

NH

Jaaon ot
cvnn .

o

Control

CUR-Gel

+—Cur Rolaase Profile

4]

oo 20 0 45

Day 6
e A

Fig. 12. (A) Local delivery of Taxol from FGL-functionalized SAPs promote drecovery after SCI. (a) AFM images of the ultramicrostructures of the FGLmx (i) and
FGLmx/Taxol (ii) nanofiber scaffolds. (b) Taxol released from FGLmx/Taxol increased neurite outgrowth from primary cortical neurons in vitro. (c) Local delivery of
FGLmx/Taxol decreased glial scar formation and inflammation. Reprinted from Ref. [174]. (B) The PA-NK hydrogel delivers an anti-Alzheimer drug and has sig-
nificant neuroprotective effects. (a) Chemical structure of palmitic acid (PA) conjugated with the NK peptide (PA-NK). (b) PA-NK promotes neurite growth in
neuronal cells. The slow release of curcumin (c) from the hydrogel significantly inhibited the growth of three-dimensional neuronal cancer cell spheres (d). Reprinted
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support neural cell functions, exhibit biocompatibility, enable targeted
drug delivery, and contribute to the overall success of neural regener-
ation efforts.

Although peptide-based hydrogels have the potential to promote
nerve regeneration, the problem of their stability in vivo must be
addressed before realizing their clinical potential. These hydrogels
should retain their structural integrity, mechanical properties, and
bioactive functionalities over an extended period. Strategies such as
incorporating crosslinking moieties or modifying peptide sequences can
enhance the stability and durability of hydrogels, allowing them to
withstand degradation and maintain their therapeutic efficacy.

Peptide-based hydrogels face challenges in loading drugs and cells
and then crosslinking them as prefabricated in vitro matrices. Over-
coming these challenges associated with incorporating bioactive mole-
cules or cells into a hydrogel matrix without compromising its structural
integrity and bioactivity is crucial. Techniques such as preencapsulation,
surface modification, or covalent conjugation can be explored to opti-
mize drug and cell loading within hydrogel scaffolds.

Designing peptide-based hydrogels as cell scaffolds poses a signifi-
cant challenge in integrating multiple bioactive epitopes to emulate the
dynamic microenvironment of the extracellular matrix while preserving
the hydrogel’s physical properties. Thoughtful selection and arrange-
ment of bioactive sequences within the hydrogel structure are essential
to provide appropriate cues for cell adhesion, migration, proliferation,
and differentiation while maintaining structural stability and
bioactivity.

Several technical hurdles must be overcome for successful clinical
translation of peptide-based hydrogels. These include scalability of
manufacturing, ensuring sterility and safety, adaptability to diverse
clinical scenarios, and cost-effectiveness. Enhancing manufacturing
processes, complying with regulations, and optimizing production and
storage are crucial steps to enhance the clinical viability of peptide-
based hydrogels.

Focusing on these research areas will drive advancements in peptide-
based hydrogels, fostering their continued growth in biomedical appli-
cations. The development of sustainable and economical hydrogels will
broaden their clinical utility, benefiting patients and advancing regen-
erative medicine.
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