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Abstract

Functional hydrogels show potential application in repairing spinal cord injury (SCI) due to their unique chemi-

cal, physical, and biological properties and functions. In this comprehensive review, we present recent advance

in the material design, functional regulation, and SCl repair applications of bioactive hydrogels. Different from previ-
ously released reviews on hydrogels and three-dimensional scaffolds for the SCI repair, this work focuses on the strat-
egies for material design and biologically functional regulation of hydrogels, specifically aiming to show how these
significant efforts can promoting the repairing performance of SCI. We demonstrate various methods and techniques
for the fabrication of bioactive hydrogels with the biological components such as DNA, proteins, peptides, biomass
polysaccharides, and biopolymers to obtain unique biological properties of hydrogels, including the cell biocom-
patibility, self-healing, anti-bacterial activity, injectability, bio-adhesion, bio-degradation, and other multi-functions
for repairing SCI. The functional regulation of bioactive hydrogels with drugs/growth factors, polymers, nanoparticles,
one-dimensional materials, and two-dimensional materials for highly effective treating SCl are introduced and dis-
cussed in detail. This work shows new viewpoints and ideas on the design and synthesis of bioactive hydrogels

with the state-of-the-art knowledges of materials science and nanotechnology, and will bridge the connection

of materials science and biomedicine, and further inspire clinical potential of bioactive hydrogels in biomedical fields.
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Introduction

Spinal cord injury (SCI) is a kind of spinal surgical dis-
ease with serious conditions and poor prognosis. The
annual incidence is about 10.4~ 83.0/million, which has
high disability rate and brings heavy economic burden
to the families of patients and societies [1]. Traditional
methods, including the hormone shock, surgical decom-
pression, spinal fixation, and rehabilitation, have not
shown satisfied performance for treating SCI until now,
and there is no successful clinical treatment to stimulate
the regeneration of human central nervous system (CNYS)
[2]. Therefore, how to promote the recovery of the nerve
function after SCI is a challenging topic for both found-
mental and clinical studies currently.
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Using the characteristics of neural stem cells (NSCs)
such as the self-update and multi-functional differentia-
tion, clinical applications with adding functional nerve
cells have been carried out by inducing endogenous
NSCs or exogenous NSCs to treat SCI [3]. However, the
local inflammatory microenvironment after the SCI is an
important factor to affect the cell behavior [4], and there-
fore it is particularly important to construct a suitable
microenvironment to promote the survival, prolifera-
tion, and differentiation of endogenous stem cells so as
to promote the regeneration of injured spinal cord [5]. A
lot of controllable drug release systems that can support
the regeneration of stem cells and the delivery a variety
of bioactive factors or drugs to construct a microenviron-
ment that suitable for the CNS regeneration have been
developed previously [6, 7], which are of great signifi-
cance in biomedicine and tissue engineering.

In the pre-clinical SCI treatment, hydrogels have been
not only used to promote the tissue repair, but also
served as bioactive carriers (cells, drugs or bioactive
molecules) for local treatment [8, 9]. Clinically, the con-
dition of SCI is very complicated due to different size,
shape, and injury degree [10]. In complex clinical cases,
surgical manipulation of the spinal cord by implanting
a preformed stent or drug delivery device may result in
further damage to the spinal cord tissues [11]. There-
fore, targeted injecting hydrogels to the SCI sites is very
consistent with clinical personalized therapy. After the
injection, hydrogels can well combine with the SCI tissue,
slowly release stem cells/drugs/bioactive molecules, and
show special functions, such as electrical conductivity,
anti-inflammatory, adhesion, absorbability, temperature
degeneration, and self-healing [12, 13], making hydro-
gels attractive materials for the SCI repair and regenera-
tion. However, how to prepare multifunctional hydrogels
with injectable, anti-inflammatory, conductive, adhesive,
absorbable, thermotropic, and self-healing properties for
the SCI repair is a great challenge.

Hydrogels have three-dimensional (3D) porous struc-
tures with high ater-concent constructing by physi-
cal connection or chemical cross-linking. According
to the distance between entanglements, hydrogels can
be divided into three types, including macroporous,
microporous, and non-porous. After resembling the
extracellular matrix (ECM), hydrogels can mimic natural
human tissues [14]. Therefore, multifunctional hydro-
gels have high therapeutic potential for the treatment of
SCI, and their clinical applications in the delivery of stem
cells, drugs, or bioactive molecules are promising [15].
In addition, the transfer of biomaterials is thought to be
a more effective alternative strategy to mediate the NSC
transplantation. The loading of stem cells, drugs, or dif-
ferent bioactive growth factors (GFs) to hydrogels could
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promote the functions of ECM, which can achieve the
survival, proliferation, and differentiation of transplanted
stem cells into nerve cells [16]. A good delivery system
can greatly improve the therapeutic effectiveness of stem
cells, drugs and different bioactive substances. The neural
tissue engineering of multifunctional hydrogels in com-
bination with stem cells, drugs, or different bioactive fac-
tors provides a promising strategy for the recovery of SCI
[17, 18]. However, due to the limitations of multifunc-
tional hydrogels, such as the amount of loaded stem cells,
the number of bioactive molecules, and the limitations of
functional transformation, the utilization of functional
hydrogels to load stem cells and transmit a variety of dif-
ferent substances or bioactive factors at the same time is
still a challenge.

Several important reviews on treating SCI using hydro-
gels have been released previously. For instance, Wang
et al. summarized the pathophysiology and clinical mani-
festation of SCI [19]. In their work, the composition of
polymer hydrogels, the cross-linking method, the treat-
ment strategies, and the effects of injected hydrogels
on the SCI repair have been introduced and discussed.
Walsh et al. described the link between the ability of a
successful delivered cells or bioactive molecules and their
immune response, introduced the latest advances in the
treatment of SCI by immune agents, and demonstrated
both physical and chemical properties of hydrogels [14].
Silva and co-workers reviewed the advance of hydrogel-
based delivery systems for repairing SCI, in which the
characteristics of the flow of hydrogels, the size of the
mesh, the expansion, degradation, gel temperature, and
surface charge on treating SCI have been introduced
and analyzed in detail [20]. Peng and co-workers sum-
marized the current status of various hydrogel-based
delivery systems that used for the treatment of second-
ary SCI, and also discussed the functional modification
of these hydrogels in order to obtain better therapeutic
results [21]. However, the above-mentioned reviews did
not explain clearly the effects of the material design and
the regulation of hydrogel functions and biological prop-
erties on the treating efficiency of hydrogels toward SCI.
We believe the regulation of the bioactivity and bio-prop-
erties of hydrogels plays great importance for promoting
the applications of hydrogels in repairing SCI, and there
is still some space that could be filled in to address the
promising applications of hydrogels in the SCI repair.

Therefore, in this review we focus on recent advance in
the material design and synthesis of functional bioactive
hydrogels for repairing SCI, specifically, from the view-
points of optimal material design and the regulation of
the bioactivity and bio-functions of hydrogels (Scheme 1).
Firstly, we introduce the SCI repair mechanisms and cor-
responding physical, chemical, and biological SCI repair
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Scheme 1. Model on the design and functional regulation of bioactive hydrogels for the SCl repair

methods. Secondly, we demonstrate the fabrication of
bioactive hydrogels incorporating various biological
components, including DNA, proteins, peptides, biomass
polysaccharides, biopolymers, and others, via various
synthesis strategies. After that, the methods for tailoring
the biological properties of hydrogels, including cell bio-
compatibility, self-healing, anti-bacterial/anti-inflamma-
tory, injection, bio-adhesion, biodegradation, and other
multi-functions are presented. Finally, functional regula-
tion of bioactive hydrogels through the functionalization
of hydrogels with drugs/GFs, polymers, nanoparticles
(NPs), one-dimensional (1D) materials, and two-dimen-
sional (2D) materials for the SCI repair applications are
introduced and discussed in detail, in order to show the
great effects of functional regulation of hydrogels on
treating SCI. We suggest, this comprehensive review
analyze the importance of the functions and properties
of bioactive hydrogels on the SCI repair, which could
be useful for promoting the bridging between materials

science and biomedicine in a different viewpoint and cre-
ating potential effects on clinical therapy of SCI.

Mechanisms and methods of SCl repair

The spinal cord consists of both gray matter and white
matter, with gray matter in the center and white matter
in the periphery. Gray matter consists of interneuron,
afferent neuron and efferent neuron fibers. White matter
consists mainly of myelinated axons. The spinal cord pro-
vides a very efficient connection between the brain and
peripheral nerves. Axons run lengthwise through the spi-
nal cord, passing information from the brain to periph-
eral nerves via efferent nerves, and messages received by
peripheral nerves to the brain via afferent nerves. Spinal
cord neurons differentiate into axons and form synapses
with dendrites, forming extensive and huge connections
in the body. The effective connection of neurons can
ensure the integrity and timeliness of information when
the nervous system transmits signals.



Sun et al. Journal of Nanobiotechnology (2023) 21:238

Extensive progress has been made in the nerve regen-
eration of SCI. However, the existing studies still did not
realize the regeneration of clinically meaningful regen-
eration of the adult CNS (i.e. restoration of motor, sen-
sory, and autonomic nervous function), as it is not yet
fully clear on the mechanisms for the recovery of the spi-
nal cord function and the regeneration of the CNS. After
reviewing the latest literature, several research mecha-
nisms on SCI are summarized.

Mechanisms of SCl repair

Extensive progress has been made for the nerve regen-
eration of SCI. However, the existing studies still did not
realize clinical regeneration of the adult CNS, as it is not
yet fully clear on the mechanisms for the recovery of the
spinal cord function and the regeneration of the CNS.
SCI can be either primary or secondary, with the initial
mechanical injury leading to a primary injury stage of
the spinal cord that can last up to 24 h, resulting in the
death of nerve and glial cells [22, 23]. Primary SCI is not
treated clinically and can only be prevented, and the sec-
ondary SCI includes the breakdown of the blood-spinal
barrier, the influx of peripheral inflammatory cells, and
the activation of endogenous microglia, as well as other
processes [24].

Secondary SCI can cause the activation of inflam-
matory cells, changes immune microenvironment, and
further aggravate a series of pathophysiological events,
such as neuron injury and glial cell population apop-
tosis, leading to the degeneration of ECM and the for-
mation of cystic cavity and glial scar in the injured area
eventually [25, 26]. Cystic cavities and glial scars impede
electrical conduction of the spinal cord and the regenera-
tion of axons, leading to severe dysfunction of the limbs
below the injured level, such as permanent loss of move-
ment (weakness or paralysis), sensory impairment, and
autonomic nerve (defecation and urination) dysfunc-
tion [27, 28]. The neurons are divided into the axons and
form synapses with dendritic nodes, which form a wide
and large connections in the body, which can ensure the
integrity and functions in the signaling system. However,
the regeneration ability of the axon and dendrites is often
inhibited by a large degree of inhibition, including the
loss of the nerve functions and their effects of the inhibi-
tory microenvironment (glia scar formation, inflamma-
tory stimulation, and oxidative stress) [29].

There are many other studies on exploring the mecha-
nisms of the SCI repair. For instance, it has been reported
that the mammalian target protein of rapamycin (mTOR)
signaling pathway played an crucial role in the synap-
togenesis, neuron growth, differentiation, and survival
after the injury of CNS [30]. The modulation of mTOR
signaling pathway is a potential treatment for SCI. After
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SCI, the astrocytes have become hypertrophic and pro-
lifically, forming borders rich in astrocytes, and then
overreact to form glial scars, which are the main obsta-
cles to neuronal regeneration and axon recovery[31].
Previously, it has been reported that the down-regulated
PI3K/Akt/mTOR signaling pathway reduced the forma-
tion of glial scars, promoted the autophagy of neuronal
cells after SCI, inhibited the apoptosis, and improved
functional recovery in rats of SCI [32-34]. Several studies
have proved that the activation of the PI3K/Akt/mTOR
pathway was beneficial to the SCI repair. For example,
Sun and co-workers reported that the combination of
bone marrow mesenchymal stem cells (BMSCs) with
exercise therapy restored the motor function after SCI
by activating the PI3K/Akt/mTOR pathway [35]. Zhan
and co-workers found that moderate intensity tread-
mill exercise activated the mTOR pathway, which was
dependent on the expression of neurotrophic factors in
the motor cortex, and promoted functional recovery in
mice of SCI [36]. In addition, previous studies [37, 38]
have also suggested that ATP could promote functional
recovery of SCI rats by activating the mTOR signaling
pathway. Therefore, the mTOR signaling pathway mecha-
nism plays an important clinical role in the formation of
glial scar, the survival, proliferation, and differentiation of
NSCs, as well as the growth, differentiation, and survival
of neurons after SCL

Both glial scar and scar mechanism, which are formed
mainly by reactive astrocytes, play a dual role in SCI [39].
In the acute stage of SCI, the astrocytes will secrete vari-
ous GFs to renew their numbers, which not only have
direct effects on the damaged nerve cells, but also reduce
the concentration of toxic substances in the external
environment glutamate. These efforts removed harmful
substances from the extracellular fluid, and mobilized
energy to the injured area, so that the living environment
of nerve cells was repaired [40, 41]. However, in chronic
phase, hypertrophic glial scars formed by reactive astro-
cytes have physical and chemical barriers, which are the
key culprit of hindering neuron regeneration and func-
tional recovery [42, 43]. The complexity of reactive glial
scar formation in spinal axon regeneration and func-
tional recovery has been discovered previously [44]. The
obtained results indicated that there was no significant
difference in the recovery of animals with and without
glial scar resection in a dorsal semi-resection model of
experimental animals. However, the blood—brain barrier
(BBB) score of the contusion model animals was lower
in the early postoperative glial scar resection group,
which confirmed the duality and complexity of glial cell
response after SCI.

Besides, emerging research is elucidating the mech-
anism of neural circuit recombination after SCI to
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improve the functional recovery of SCI. Researchers
are trying to understand how the subsets of neurons
from the brain stem and spinal cord interact to regu-
late the motor and autonomic functions. Their study
also explained the response and recombination of these
subsets of neurons after SCI, and presented an effec-
tive strategy to improve the function of SCI through the
neuromodulation technique [45].

Methods of SCl repair

The current treatment strategies for the SCI include the
protection of the nerve cells and the regeneration of
the nerve cells [46]. The former strategy is mainly used
to avoid secondary SCI and plays a positive role in the
early stage of SCI. There are two common therapeutic
measures for acute SCI. One is releasing the continu-
ous mechanical compression of the spinal cord, such as
early surgical spinal decompression and spinal fixation,
and the other is reducing acute inflammatory reac-
tions [23]. For example, high-dose methylprednisolone
has been used to treat acute SCI within 48 h after the
injury, but its side effects were serious and the treating
performance was limited [31]. Other strategies have
been developed to repair and regenerate nerve tissue
and restore its function. For example, the transplanta-
tion of stem cells and the stimulation of the prolifera-
tion and differentiation of endogenous NSCs for the
SCI repair have been reported, and clinical achieve-
ments have been obtained for protecting and repairing
the damage of CNS [27, 47]. Transplanted stem cells or
activated endogenous NSCs are helpful to repair the
damaged spinal cord nerve cells and play important
role in promoting SCI repair through immune regula-
tion or cell regeneration. However, the success rate of
stem cell transplantation in the clinical stage is very
low, mainly due to the poor viability of cells and poor
integration of spinal cord tissue [48].

The successful clinical method for the treatment of
chronic SCI patients is the bionic epidural electrical
stimulation (EES). For instance, Andreas and co-workers
have used the bionic EES to restore three patients with
chronic paralysis to standing, walking, cycling, swim-
ming, and torso control within one day [43] Two of the
participants were able to regulate the movement of the
leg during the treatment of the EES, indicating that the
stimulus increased the signal of the remaining down
path. The bionic EES also achieved positive and continu-
ous motion in the early stages of SCI, and made full use
of natural repair mechanisms to enhance the recovery of
the nervous system. This technique opens a practical ave-
nue by applying clinical therapies for effective treatment
of patients with severe SCI.
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Hydrogel materials for SCI repair

The spinal cord is a soft watery biological structure with
stiffness that can range from 3 to 300 kPa. As a kind of
biological nanomaterial, hydrogel has unique advantages
for repairing SCI due to its high hydrophilicity and other
physical properties. Previous study has indicated that the
maturity of neurons was higher and the length of axon
was increased after using hydrogels, which was more
suitable for the implantation after SCI and conducive to
the regeneration of spinal cord tissue [49].

Hydrogels are highly hydrating materials with water
molecules and hydrophilic polymer networks. Their
injectability, inherent biocompatibility, cell interaction,
hydrophilicity, permeability, and biodegradability make
them suitable substrates for simulating natural molecu-
lar microenvironments. As shown in Fig. 1a, b a recent
review has indicated that injectable hydrogels could be
used for the stem cell transfer, and the selection of hydro-
gel materials will be mainly based on the spatial structure,
as well as the tissue and cell reactions with nanomaterials
[50].

Hydrogels can not only be used as ideal scaffolds for
nerve tissue engineering, but also provide biological
microenvironments for electrical stimulation [51]. The
injection of hydrogels into the injured sites of SCI has
been proved to be a facile way for drug delivery and the
repair of SCI. In the case of SCI, the injectable nature
of hydrogels provides a clinical advantage compared to
other traditional treatments, which is especially suitable
for clinical minimally invasive surgery of SCI therapy
[52]. The specific gel that simulates the CNS microenvi-
ronment has been utilized to improve the transplantation
of exogenous stem cells and activate the survive of endog-
enous NSCs [53]. With good biocompatibility, hydrogels
can form scaffolds in-situ to fill the irregular shape of the
defect tissue, eliminate the space after SCI, guide stem
cell infiltration and matrix deposition, and create a com-
plete implant-tissue interface to restore the continuity of
the SCI tissue and achieve the SCI repair [54, 55].

Hydrogels with unique physical, chemical, and bio-
logical properties can be used for repairing SCI through
loading cells and drugs to the injured sites [14]. As shown
in Fig. 2, porous and aligned structured hydrogels with
high biocompatibility and biodegradation can support
molecular mobility and the regeneration of linear axon
within hydrogels for the SCI repair. In addition, the
adjustable mechanical properties and minimally inva-
sive delivery of cells and drugs make them more attrac-
tive carries for pharmaceutic treating of SCI, by which
cells, drugs, and GFs can be loaded into hydrogels and
then released into the SCI systems. Compared to tradi-
tional drug delivery carriers, the using of hydrogels as
drug carriers can promote sustainable release of drugs or
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of injectable hydrogels. Reprinted from Ref [50], Copyright 2021, Royal Society of Chemistry

GFs and avoid the blood-spinal barrier [56, 57]. Besides,
due to the doping of active GFs/drugs into a cross-linked
hydrogel matrix via electrostatic interactions or chemical
binding, the formed bioactive hydrogels exhibited better
protection from enzymatic biodegradation and rapid de-
activation [58].

Although hydrogel has many properties suitable for
the repair of spinal cord injury, it can have some defects.
Low mechanical stability, high cost, variability, and poor
immunogenicity are still an obstacle to the application

of hydrogel in SCI [59]. Therefore, the development of
hydrogels with more excellent properties, and continu-
ous optimization of the biomedical application of hydro-
gels are important links in the application of broadened
hydrogels in the repair of spinal cord injury [60].

Fabrication of bioactive hydrogels

Bioactive hydrogels can be synthesized by the cross-
linking various biological components or modifying the
polymer hydrogels with various biomolecules. In this
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section, the strategies for fabricating bioactive hydrogels
using DNA, proteins, peptides, biomass polysaccharides,
biopolymers, and others are introduced.

DNA hydrogels

DNA hydrogels have become a type of widely studied
bioactive nanomaterials in biomedicine ascribing to their
high biocompatibility, controllable properties, packag-
ing, and delivery ability [61]. For example, DNA hydro-
gels have shown excellent performance in drug/gene
delivery, bone tissue engineering, and healthcare sensors.
In particularly, DNA hydrogels have been proved to be
effective drug delivery platforms as they can encapsulate
and release drugs in a continuous and controlled manner
[62].

Basu and co-workers reported the preparation of
DNA-nSi nanocomposite hydrogels for the applications
in tissue engineering and drug delivery. The DNA-nSi
hydrogels were prepared using simple heating and mix-
ing techniques through a physical cross-linking net-
work that formed between DNA and silicate nanodisks
(nSi) [63]. As shown in Fig. 3a, the gelation process
consists of two steps. In the first step, DNA dena-
turation and re-hybridization were used to form the
hydrogen bonds between complementary base pairs of
adjacent DNA chains. Secondly, nSi were used to cre-
ate additional network through attractive electrostatic
interactions with the DNA trunk, thereby enhancing
mechanical elasticity of the created DNA hydrogels.
The thermal stability and mechanical properties of the
formed DNA hydrogels could be adjusted by changing
the concentration of nSi. The hydrogel exhibited good

biocompatibility and sustained drug release proper-
ties. It is proved that the hydrogels could regulate the
release of the model drug dexamethasone (Dex). In the
rat skull defect model, the DNA-nSi hydrogels have
been testified to be effective to enhance the osteogenic
differentiation and bone formation of human adipose
stem cells. This study presents a new method for the
preparation of injectable hydrogels and provides a new
choice for the applications of hydrogels in tissue engi-
neering, medical device coating, and drug delivery.
Injectable self-healing hydrogels have been intro-
duced in another similar study, in which the hydrogels
were fabricated using the components of DNA, oxi-
dized alginate (OA), and nSi [64]. As shown in Fig. 3b,
DNA-OA chains are connected using the Schiff base
reaction between the aldehyde group of OA and the
amino group of DNA nucleotides to form a covalent
bond. The reversibility of the cross-linking reaction
provided shear-thinning and self-healing properties for
the formed DNA-OA network structure. In addition,
the addition of nSi induced the formation of additional
physical cross-linking sites, thus enhancing mechani-
cal strength of DNA hydrogels without affecting their
self-healing properties and biocompatibility. The fabri-
cated DNA-OA-nSi hydrogels acted as injectable car-
riers for continuous delivery of the hydrophobic drug
with a half-life of about 5 days and showed no any cyto-
toxicity. The obtained results confirmed the bioactivity
of the released drugs by testing their ability to induce
osteogenic differentiation in vitro and the migra-
tion of human adipose-derived stem cells. In addition,
the designed DNA-based hydrogels could be used for



Sun et al. Journal of Nanobiotechnology (2023) 21:238

Two step gelation - Combination of network points

DD il
hoot Lllp oo rovpesan
%0, 455

> Network points

(Type A)

- D
Tl e
DD

L,

Double stranded DNA Partial unwinding

Network points

Type A~ H-bonding between DNA strands

Type B - Electrostatic attraction betwoen
DNA and nSi

Interconnected DNA strands
4

Type A networks| 7ryp. 8 notworks

Increase in

ONA-nSi physically crosslinked

injectable hydrogel network points - DNA-nSi nanocomposite hydrogel
(Type B)
AuNS ODN(cg)-oligoA AulR
hPODMNA(cg)A AuNS.ODN(cg) hPODNA(cg)B  AuNR.ODMN(cg) ODMN(cg)A

Y Y

AuNRDNA hydrogel(cg)

AuNS.DNA hydrogel(cg) )
AuNS.ODN/hPODNA (cg) AuNR.ODN/ODN(cg)

DNA hydrogel(cg)

Page 8 of 42

(b)

CHo Physical crosslink points
Yy~ |
CHo A TO A Q
2# I g
Oxidized Alginate (OA) 572N &
DNA strands (crosslinker) C\ 2
& i A ‘L:;L - 1 ’§
S S\ < = 2
) Nanosilicate \ ) \ / Ao / 3
gAY (ns) ... (/) &
f H Shear thinning
~ injectable h
N=c( injectable hydrogel

Imine linkage

(d) .

NN AN
L4

g Self-assembly
—_—

Crosslink
——

Y-1 motif

Y-2 motif Drug-conjugated DNA hydrogel

Fig. 3 The preparation process and structure diagram of bioactive DNA hydrogels: a DNA-nSi hydrogels. Reprinted from Ref. [63], Copyright 2018,
American Chemical Society. b DNA-OA-nSi hydrogels. Reprinted from Ref. [64], Copyright 2020, Elsevier. ¢ AUNS-DNA and AuNR-DNA hydrogels.
Reprinted from Ref. [65], Copyright 2017, Elsevier. d CPT-DNA hydrogels. Reprinted from Ref. [66], Copyright 2020, American Chemical Society

continuous delivery of small molecular drugs that simi-
lar to simvastatin, showing their wide applications.

In addition, some DNA molecules with special func-
tions can also be designed and prepared into hydrogels.
For instance, Yata et al. designed a compound immu-
nostimulatory DNA hydrogel, which consisted of a
mixture of specific DNA sequences containing cyto-
sine (C) and guanine (G) that separated by the phos-
phate groups (CpG) and gold nanospheres (AuNS)
modified with DNA (hPODNA) [65]. As shown in
Fig. 3c, ODN-modified AuNS was firstly synthesized
and named as AuNS-ODN (cg) and AuNS-ODN (gc),
by adsorbing CpG or GpC with oligodeoxynucleotides
(ODN) onto the surface of AuNS. Then, AuNS-ODN
(cg) and hPODNA (cg) were mixed to form the AuNS-
DNA composite hydrogels. In the experiment, EG7-
OVA tumor-bearing mice were treated with the formed
AuNS-DNA hydrogels under the irradiation of 780 nm
laser, which significantly inhibited the growth of tumor
cells and prolonged the survival time of mice. The com-
posite hydrogels had high biocompatibility and safety,
and could be removed from the blood by mononuclear
phagocytic system. After laser irradiation, the hydro-
gels released DNA and stimulated immune cells to
release proinflammatory cytokines and induced strong
anti-tumor immune response.

In another study, Zhang et al. designed an injectable
DNA hydrogel with chemotherapy function to solve the
problem of tumor recurrence [66]. As shown in Fig. 3d,
camptothecin (CPT) was transplanted into the back-
bone of thiophosphate DNA to form DNA-drug con-
jugate (DDC) chains, which were then assembled into
Y-shaped drug-loaded DNA hydrogels. Compared with
traditional systemic chemotherapy, this drug-containing
DNA hydrogel exhibited a sustainable and responsive
drug release behavior, which significantly inhibited the
regeneration of tumor cells and prevented tumor recur-
rence [66]. Meanwhile, its local administration of mini-
mally invasive treatment can also avoid organ damage
that caused by the toxicity of systemic chemotherapy. The
designed hydrogel showed a continuous and responsive
drug release behavior, which could well infiltrate into the
residual tumor tissue and be absorbed by cells effectively.
The design and preparation of this drug-containing DNA
hydrogel provide a promising solution for local adjuvant
therapy of tumor.

Protein hydrogels

Various protein hydrogels shows good mechanical
properties and high biocompatibility, both of which
can be finely regulated by adjusting the synthesis condi-
tions of hydrogels [67, 68]. The preparation of protein
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hydrogels is simple and feasible, which provide func-
tional biomaterials for the tissue regeneration and
therapy of stem cells. In addition, protein hydrogels
are injectable and self-healing, which make them more
promising for various applications [69]. At present,
a variety of proteins can be used as raw materials for
the preparation of hydrogels, such as silk fibroin, zein,
gelatin, elastin and keratin [70, 71]. This section mainly
introduces some hydrogels prepared by silk fibroin and
its derivatives, as well as some protein hydrogels with
special functions.

For example, Wang et al. reported in their study a
method for introducing inert silk fibroin nanofibers
(SEN) to form SF hydrogels in an enzymatic crosslink-
ing system for regenerating silk fibroin (RSF) [72]. The
mechanical properties of the formed SF hydrogel were
tunable and could guide the differentiation behavior of
stem cells. During the preparation process, RSF formed
dityrosine bonds in the presence of horseradish peroxi-
dase (HRP) and then cross-linked to form a hydrogel, in
which SFN was embedded in the RSF hydrogel matrix
to improve its mechanical properties. By adjusting the
amount of added SEN, the stiffness of the SF hydrogel
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was regulated to about 9-60 kPa, which was much higher
than that of hydrogel without SEN (about 1 kPa).

Protein hydrogels prepared by combining SF as the
main component with other bioactive materials exhibited
enhanced biological functions. The Buitrago team studied
a hybrid protein hydrogel composed of SF and collagen,
which showed improved flexibility and tunability that
individual protein materials did not have (Fig. 4a) [73].
The mechanical and biological properties of the formed
hydrogel were tailored by adjusting the ratio and concen-
tration of SF and collagen, and the stiffness ranged from
0.017 to 6.81 kPa. The biological test with cells indicated
that the hydrogel promoted the cell growth, differen-
tiation, and muscle cell formation. Besides, the hydrogel
regulated the synthesis and distribution of ECM, thereby
better promoted the cell regeneration and tissue repair.
In a previous study, Raia and co-workers reported the
development of composite hydrogels of SF and hyalu-
ronic acid (HA) for tissue engineering application [74].
SF and HA were covalently cross-linked under enzymatic
reaction to form composite hydrogels, which revealed
tunable mechanical properties and degradation ability. By
adjusting the concentrations of SF and HA, the formed

Protein-metal ion Metal sulfide-protein

supramolecular hydrogel nanocomposite hydrogel

S LF

N\ Mfp3 (M) (/} SpyCatcher (B) i SpyTag

Fig. 4 Synthesis and structures of bioactive protein hydrogels: a SF-collagen composite hydrogels. Reprinted from Ref. [73], Copyright 2017,

Elsevier b Metal sulfide-protein hybrid hydrogels. Reprinted from Ref. [75], Copyright 2017, Wiley-VCH. ¢ TA-PVA/BSA hydrogels. Reprinted from Ref.
[76], Copyright 2018, American Chemical Society. d Mfp3 hydrogels formed by photochemical gelation. Reprinted from Ref. [78], Copyright 2018,
American Chemical Society
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hydrogels exhibited a wide range of stiffness, from 10 kPa
to slightly below 1 MPa. In addition, the designed SE-HA
hydrogels revealed promising degradation ability, cyto-
compatibility, and elasticity, making the hydrogels good
candidates for long-term tissue engineering applications.

In addition to SE, other proteins with special functions
can also be constructed into bioactive hydrogels. Wang
et al. proposed a method to construct composite hydro-
gels with injectable and self-healing properties through
the formation of dynamic protein-metal ion network
[75]. As shown in Fig. 4b, metal ions were mixed with
protein under alkaline conditions to form a complex net-
work under the interactions between metal ions and the
cysteine residues of proteins. Nanocomposite hydrogels
were synthesized by the in-situ reduction of metal ions
into small-sized metal sulfide NPs. In the experiment,
Bi®* was added into bovine serum albumin (BSA) to
form the Bi,S;-BSA hydrogel for photothermal therapy of
tumors. The Bi,S;-BSA hydrogel exhibited injectable and
self-healing properties, as well as high photothermal effi-
ciency. The designed injectable, self-healing, and adapt-
able hydrogel showed several biomedical applications,
especially in tissue regeneration and stem cell therapy.

In another case, BSA protein was also used to build
high-strength protein hydrogels through non-covalent
interactions [76]. As shown in Fig. 4c, tannic acid (TA),
BSA, and polyvinyl alcohol (PVA) were mixed together to
form TA-PVA/BSA hydrogel via physical cross-linking.
The pre-hydrogel was prepared from BSA and PVA by
repeated freezing and thawing, which was then soaked
in TA solution to form cross-linked TA-PVA/BSA hydro-
gel. Compared with traditional hydrogels, the TA-PVA/
BSA hydrogel revealed ultrahigh tensile strength up to
9.5 MPa, and had good water-retention and similar lay-
ered structure to human skin. Furthermore, the hydrogel
possessed tunable mechanical properties and anisotropy.
These unique properties promoted the biological applica-
tions of designed protein hydrogels.

When stimulated by external or internal factors, such
as metabolic product concentration, pH value, light/UV
source, enzymes, osmotic pressure, magnetic/electric
field, temperature, redox reactions, and ultrasound irra-
diation, stimulus-responsive hydrogels exhibit significant
changes in their swelling, degradation, rheological prop-
erties, release behavior, and mechanical performance.
Therefore, by achieving and controlling these stimu-
lus conditions, researchers are able to fabricate stim-
ulus-responsive hydrogels with adjustable properties.
Additionally, the use of protein precursors with stimu-
lus-responsive functionality can also confer stimulus-
responsive properties to hydrogels [77]. In a typical case,
Liu et al. [78] presented the design of a protein hydrogel
by photochemical cross-linking of recombinant mussel
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foot protein-3 (Mfp3), as shown in Fig. 4d. The mechani-
cal properties of the designed protein hydrogel could be
regulated by adjusting the protein concentration, the co-
oxidant concentration, and the intensity of light used for
cross-linking during the preparation process. The protein
hydrogel had good biocompatibility to support cell adhe-
sion and proliferation, and could modify and immobilize
leukemia inhibitory factor under covalent interaction
to activate the JAK/STAT3 pathway to induce neuronal
growth. The material design with folded protein domains
and photochemical gelation was beneficial to construct
bioactive materials for regenerative neurobiology [78].

Peptide hydrogels

Peptide hydrogels showed high potential for biomedicine,
which were excellent bioactive materials for the wound
repair, cell culture, and drug/gene delivery [79]. In order
to achieve better remote and precise control of hydrogel
properties, researchers have proposed different strate-
gies, including the using peptides with special bioactive
functions to construct multifunctional hydrogels, using
photo-sensitive peptides to construct hydrogels, and
using self-assembled biomimetic hydrogels [80].

For instance, Cheng et al. introduced a new type of pol-
ypeptide-protein hydrogel that formed by cross-linking
BSA, K,(SL)¢K, polypeptide (KK), and (Ag") [81]. The
hydrogel was formed by the S—Ag coordination and the
cross-linking of BSA protein, thiol polypeptide K,(SL)¢K,
polypeptide (KK), and Ag™ (Fig. 5a). The formed KK-BSA
hydrogel revealed good gel effect, rich porous structure,
and self-healing property. In terms of targeting wound
healing, Ag" provided antibacterial function, and KK
endowed the hydrogel with the property of promoting
blood vessel growth. The in vivo experiments in mice
indicated that the KK-BSA hydrogel promoted consider-
able collagen deposition and vascularization capacity in
the early stage of wound healing, favoring the genera-
tion of newly emerging hair follicles. This peptide-pro-
tein hybrid hydrogel with antibacterial and vascularizing
properties helped to regenerate and heal infected wounds
through synergistic effects of a few components.

The self-assembly of photoactivate peptide is a gen-
eral approach to construct peptide hydrogels with spa-
tial and temporal control. In a recent report, Xiang et al.
proposed a new strategy of using photosensitive peptides
to construct bioactive hydrogels, which were triggered
under the light irradiation to achieve remote and precise
control of hydrogel properties. This strategy involved
designing peptide molecules with high aggregation abil-
ity, charged amino acid sequences for preventing the self-
assembly in water, and photocleavable linkers to activate
peptide self-assembly upon the light irradiation [82]. As
shown in Fig. 5b, a photo-responsive peptide modified
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with the gelling agent, a charged amino acid sequence,
and a 2-nitrobenzyl (NB) ester photocleavage group was
designed to activate the peptide self-assembly under the
light irradiation. The designed peptide formed bioactive
hydrogels in neutral aqueous solutions under the UV
irradiation, which opened up the possibility of mimicking
ECM and showed potential applications in cell culture
and tissue engineering.

Self-assembled peptide hydrogels are useful for drug
delivery. Nguyen et al. used self-assembling peptides

to prepare biomimetic hydrogels, which promoted the
regeneration of dental pulp stem cells [83]. As shown in
Fig. 5c, the self-assembling peptide mainly contains a
B-sheet-forming segment and an ECM phosphoglycopro-
tein-mimic sequence at the C-terminus. The presence of
hydrophilic and hydrophobic residues enabled the pep-
tide to self-assemble into B-sheet stacking nanofibers.
Biodegradable and injectable properties of the formed
peptide hydrogels could be tailored by adjusting the solu-
tion pH. Meanwhile, the fabricated hydrogels revealed
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rheological properties, making them easy to be injected
into the injured sites to promote the survival and pro-
liferation of autologous stem cells and the formation of
dental bone.

In another work, Elsawy and co-workers introduced the
potential application of self-assembled peptide hydrogels
for drug delivery using five B-sheet peptides (F8, FK, FE,
F8K, and KF8K) with different physicochemical prop-
erties [84]. As shown in Fig. 5d, the self-assembly path-
ways and the doping of drugs (Dox) into the hydrogels
are presented. Their results indicated that the ion-m and
1i-T interactions between drugs and peptide nanofibers
affected the release of Dox. In addition, the created pep-
tide hydrogels exhibited broad susceptibility to enzymatic
degradation, which could be exploited to control the
degradation rate. In addition, the Dox released from the
hydrogels was pharmaceutically active and could affect
the cell growth. Their study demonstrates the potential of
self-assembled peptide hydrogels as a platform for drug
delivery.

Biomass polysaccharide hydrogels

Biomass polysaccharides can also be used to construct
hydrogel materials with a wide variety and diverse
structures, which have attracted great attention in the
fields of drug delivery and wound repair [85, 86]. In the
past few years, various types of polysaccharide hydro-
gels have been prepared through different methods, and
their properties and applications in various fields have
been explored. This section introduces the preparation
method, physicochemical properties, bioactivity, and
applications of polysaccharide hydrogels.

Dutta et al. utilized 3D printing technology to fabricate
a biodegradable hybrid hydrogel for bone tissue engi-
neering by using alginate (Alg), gelatin (Gel), and cellu-
lose nanocrystals (CNC), as shown in Fig. 6a [87]. In their
experiment, the Alg/Gel/CNC hydrogel-based bioink
was prepared by physical and Ca**-induced chemical
cross-linking, which showed enhanced mechanical prop-
erties compared with pure polymer scaffolds. The bio-
compatibility, cell differentiation, and bone regeneration
ability of the printed scaffolds were evaluated using vari-
ous assays, and the results showed that the 1% Alg/Gel/
CNC hydrogel scaffolds revealed enhanced cell adhesion
and proliferation, as well as mineralization and osteogen-
esis compared to the control group. Their study provides
a new approach to develop bioactive hydrogel materials
for tissue engineering.

In another work, Fiorati et al. regulated the mechani-
cal properties of 2,2,6,6-Tetramethyl-1-Piperidinyloxy
(TEMPO)-oxidized cellulose nanofibers (TOCNFs) by
adding inorganic nanoparticles, while keeping the inject-
ability and bioactivity of the cellulose hydrogel (Fig. 6b)
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[88]. In their study, calcium phosphate (CaP) NPs were
embedded into the injectable TOCNEF hydrogel for
inducing the mineralization to form hydroxyapatite layers
for bone tissue regeneration. The formed CaP-TOCNF
hybrid hydrogel exhibited good stability, high injectabil-
ity and biological activity, as well as excellent biocom-
patibility, providing valuable insights on the design and
synthesis of natural polymer-based hydrogels for tissue
engineering applications.

Shah and co-workers developed the synthesis of an
injectable hydrogel from chitosan (CTS), carboxymethyl-
cellulose (CMC), and PF127 (Pluronic® F127) using the
solvent casting technique, which was further loaded with
curcumin (Cur) to promote the diabetic wound heal-
ing [89]. The fabricated injectable CTS-CMC-g-PF127
hydrogel exhibited good mechanical properties, rheolog-
ical properties, and thermal responsiveness. In addition,
the biotests indicated that the created hybrid biomass
hydrogel revealed better ability for diabetic wound heal-
ing by promoting the tissue regeneration, inhibiting the
inflammatory cells, and increasing the angiogenesis. In a
similar case, Rakhshaei and co-workers used citric acid
as a cross-linking agent to fabricate a flexible nanocom-
posite hydrogel of CMC, ZnO-modified mesoporous
silica (MCM-41), and tetracycline (TC) for wound dress-
ing (Fig. 6¢) [90]. Due to the using of antibiotic TC and
the sustainable delivery ability of MCM-41, the created
hydrogel relieved wound pain and promoted the wound
healing.

Composite hydrogels

Besides the above-mentioned biomolecules that used for
the fabrication of bioactive hydrogels, composite hydro-
gels are also widely used in the field of biomedicine [91].
In recent years, researchers have conducted in-depth
studies on the preparation and functionality of composite
hydrogels, which has continuously promoted the devel-
opment of their applications [92].

Xu and co-workers reported the design and synthesis of
functional hybrid polydopamine (PDA) hydrogel by con-
jugating PDA and copper-doped calcium silicate (Cu-CS),
forming the PDA/Cu-CS composite hydrogel [93]. As
shown in Fig. 7a, Cu-CS was synthesized using a sol—gel
method, which further oxidized DA to PDA, while PDA
complexed with Cu®* that released from Cu-CS. The cre-
ated hydrogel exhibited multiple functions, including the
abilities of photothermal reaction, antibacterial ability,
angiogenesis-mediation, cell proliferation, bio-adhesion,
and self-healing. In another study, Liu et al. developed
an injectable PEGylated-chitosan (PEG/CTS) hydrogel
that loading with TiO, NPs (Fig. 7b) [94]. The addition of
TiO, NPs into the PEG/CTS hydrogel improved its phys-
icochemical and biological properties of the PEG/CTS
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hydrogel. The synthesized composite hydrogel exhibited
improved compression modulus and better swelling per-
formance, enhanced adhesion to cardiomyocytes, and
tissue repair function. Therefore, their study provides a
promising approach for the development of highly effi-
cient patch repair materials for cardiac tissue with supe-
rior bioactivity and mechanical properties.

Composite hydrogels based on natural polymers have
been widely used in the repair and regeneration of bio-
logical tissues due to their high similarity to the struc-
tures of biological tissue. Li et al. developed HA-based
hybrid hydrogels using sodium hyaluronate and CNCs as
the linking substrates, which showed sufficient strength
and self-healing ability to accelerate skin wound heal-
ing [95]. As shown in Fig. 7c, aldehyde-modified sodium

hyaluronate (AHA), hydrazide-modified sodium hya-
luronate (ADA), and aldehyde-modified cellulose
nanocrystals (oxi-CNC) were dynamically operated via a
double-barreled syringe. The hydrazide bonds promoted
the in-situ formation of hydrogels. Their study provides
a good example for the development of drug-loaded self-
healing hydrogels.

In another study that using hydrogels to repair biologi-
cal tissues, Han et al. used methacrylic anhydride (MA) to
chemically modify the Gel to obtain photo-cross-linkable
GelMA, which was then further mixed with polyacryla-
mide (PAM) to form the GelMA-PAM composite hydro-
gel under the irradiation of UV light of 360 nm (Fig. 7d)
[96]. The synthesized compisite hydrogel showed good
mechanical properties and thermal stability, and could be



Sun et al. Journal of Nanobiotechnology (2023) 21:238

applied for the cartilage repair in organisms. In addition,
the in vitro cell culture tests have proved that the hydro-
gel had good biological activity and could promote the
proliferation and growth of chondrocytes.

To make it more clear, the fabrication of bioactive
hydrogels that used for SCI is described in detail, and the
contents are summarized in Table 1.

Functional regulation of bioactive hydrogels

In this section, the regulation of biological functions of
hydrogels, including the cell differentiation, self-healing,
anti-bacterial, injection, bio-adhesion, biodegradation,
and other multi-functions, via various strategies are
introduced and discussed.

Cell tissue behaviors

The speed of tissue repair is determined by the differenti-
ation and regeneration of cells in the process of SCI. The
differentiation and regeneration of spinal cord cells can
be induced by adding GFs or bioactive drug molecules
into the hydrogels. Especially in the process of vascular
and nerve cell regeneration in the spinal cord, the good
coating of hydrogels can guide the differentiation and
regeneration of nerve cells in all directions. Because of
its good infiltration, permeability, and biocompatibility,
hydrogel plays an important role in the vascular regen-
eration, guiding the nerve differentiation, and promoting
the cartilage formation [97, 98].

The hydrogels with high mechanical strength have
strong pressure-bearing capacity and swelling abil-
ity, which play a supporting role. Using this property of
hydrogels, Zhao et al. developed a hydrogel with the abil-
ity of increasing bone mass through the self-expansion.
In their study, gelatin-hyaluronic acid hydrogel (GH)
was prepared by double cross-linking of oxidized hya-
luronic acid (HA-CHO) and tyramine modified gelatin
(GA-tyramine). A kind of swelling-enhanced GHNbBG
hydrogel was prepared by adding niobium-doped bioac-
tive glasses (NbBG) into the as-prepared hydrogel. The
expansion of GHNbBG hydrogel was beneficial to the
bone elevation and new bone was formed after the degra-
dation of the hydrogel. Meanwhile, NbBG promoted the
angiogenesis effectively in the process of hydrogel expan-
sion (Fig. 8a) [99].

The cells in the sites of SCI are often accompanied by
the inflammation. The reactive oxygen species (ROS)
released by inflammatory immune cells will not only
cause the apoptosis of normal cells around the spinal
cord, but also inhibit the regeneration of neuro cells.
Therefore, the removal of ROS that produced by inflam-
matory cells is also a very important strategy for the
repair of SCI. For example, Li and co-workers proposed
the synthesis of a hydrogel that can encapsulate the
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BMSCs and scavenge ROS [26]. As show in Fig. 8b, the
neuro-specific peptide (IKVAV) is covalently linked to
the hydrogel that formed by the cross-linking of hyper-
branched polymer (HBPAK) containing thioacetal and
methacrylate hyaluronic acid (HA-MA). Based on the
good coverage and the flexibility of the formed hydrogel,
the rat epidermal growth factor (EGF) and basic fibro-
blast growth factor (BFGF) were encapsulated only by
physical methods. This kind of hydrogel could promote
the polarization of M2 macrophages, protect BMSCs
from the oxidation of ROS during the bone marrow
interstitial transfer, and accelerate axonal regeneration.

In the preparation process of hydrogels that can be
used for physiological tissue repair, the addition of
therapeutic metal ions can accelerate the process of tis-
sue repair and treatment [100, 101]. For example, in the
work of Zhang et al., the introduction of Mg>" into the
formed hydrogels not only regulated the cell behavior,
but also promoted local bone tissue regeneration and
repair [102]. There was a complexation between Mg>*
and acrylated bis-phosphonate (Ac-BP), which driven
the co-assembly of Mg>* and Ac-BP to form Ac-BP-Mg**
NPs. The photo-initiator was added to the mixed solution
of methacrylated HA (MeHA) and Ac-BP-Mg”>" NPs, to
form hybrid hydrogels by the photo-induced stimulation.
In physiological tissue, the hydrogels exhibited the ability
to release Mg®* continuously, resulting in enhanced per-
formance for the bone regeneration and osteogenesis at
the expected sites.

In the repair of SCI, the nerve repair is one of the
important steps in the whole repair process. In the work
of Zhou et al.,, a hydrogel for spinal cord repair has been
developed to reverse the differentiation of NSCs into
astrocytes and to differentiate as many neurons as pos-
sible. As shown in Fig. 8c, gelatin methacrylamide
(GelMA) hydrogels containing BMSCs (1x10’ mL™)
and NSCs (1x10” mL™") were synthesized through the
photo-encapsulation. The formed GelMA hydrogels
showed enhanced ability in vitro, and promoted the dif-
ferentiation of NSCs into neurons in the in vivo SCI
repair. Their results proved that the designed GelMA
hydrogels loading with BMSCs and NSCs promoted neu-
ronal differentiation and recovery of motor function sig-
nificantly, which exhibited high application potential in
the SCI repair to promote neuronal differentiation [103].

Self-healing property

Filling the SCI cavity with self-healing materials can
provide bridges and carriers for the regeneration of
NSCs, axons, and myelin sheath, and create channels for
the transmission of electrical signals in the spinal cord.
Therefore, the regenerative microenvironment created
by the self-healing materials is beneficial to the repair of
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Table 1 Bioactive hydrogels that prepared from different materials
Material Name Crosslinking methods Application Merit Refs.
DNA DNA-nSi Nanocomposite  Electrostatic Interactions Drug delivery system Injectable, sustained- [63]
Hydrogel for bone regeneration release therapeutic
properties
DNA-OA Hydrogel Electrostatic Drug delivery system Sustained-release proper-  [64]
Interactions,reversible for bone regeneration ties of the drug. Injectability
imine linkages
AuNP-DNA hydrogel Base complementation Photothermal immuno- Safety, injectability, biodeg-  [65]
therapy for tumors radability, ability to stimu-
late innate immunity
CPT-DNA- hydrogel Chemical crosslinking Local Chemotherapy to Pre- Injectable, thermosensitive,  [66]
vent Tumor Recurrence and nuclease- and GSH-
responsive properties
Protein RSF-SNF hydrogel Enzyme crosslinking Tissue regeneration Tunable mechanical [72]
properties
Silk fibroin/collagen physically crosslinking Tissue regeneration Adjustable mechanical [73]
hydrogel strength, good cell com-
patibility
Silk-HA hydrogel Enzyme crosslinking Tissue engineering Controllable gelation [74]
and degradation rates
Bi,S;-BSA nanocomposite  Chemical crosslinking Photothermal therapy Injectable and self-healing  [75]
hydrogel for tumors properties > synthesis
method is simple
TA-PVA/BSA Hydrogel Physically crosslinking - High mechanical strength  [76]
and good water reten-
tion capacity, adjustable
mechanical properties
Mfp Hydrogel Photochemical crosslinking ~ Cell adhesion and neurite Supports adhesion [78]
growth and proliferation of multi-
ple cell lines
Peptide KK-BSA hydrogel Chemical crosslinking Promoting Infected Wound  Rapidly degradable, [81]
Healing injectable, self-healing, anti-
bacterial and angiogenic
ability
photoactivated Fmoc- Photochemical crosslinking  Cell culture Controlled and fast sol-gel  [82]
KDNBK hydrogel conversion
Dentinogenic Peptide Non-covalent interactions  Pulp tissue regeneration Injectable properties, [83]
Hydrogel cytocompatibility, sup-
port DPSC proliferation
and increase the potential
for calcium phosphate
deposition
FK Hydrogel Electrostatic Interactions Drug delivery system Controllable rate of drug [84]
release
Biomass polysaccharides  Alg/Gel/CNCs hydrogel Intermolecular hydrogen Regeneration of bone tissue  Bio-ink in 3D-printing [87]
bonding for tissue engineering
TOCNFs CaPGO hydrogel physically crosslinking Regeneration of bone tissue Injectable, inducing miner-  [88]
alization
Chitosan-CMC-g-PF127 Chemical crosslinking Diabetic wound healing Mechanical properties, [89]
hydrogel rheological properties,
microporous structure,
continuous drug releasee
CMC/ ZnO-MCM-41 hydrogen bonding Wound healing and dress-  High mechanical proper- [90]

hydrogel

ing systems

ties, breathability, antibac-
terial
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Table 1 (continued)
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Material Name Crosslinking methods Application Merit Refs.
Composites PDA/Cu-CS hydrogel Electrostatic Interactions Treatment of infectious Photothermal effect, anti- ~ [93]
wounds bacterial
PEG/CTS hydrogel Chemical crosslinking Cardiac repair More healthy and synchro-  [94]
nous activity
AHA/DHA/oxi-CNC Chemical crosslinking Skin regeneration High mechanical strength ~ [95]
hydrogel and self-healing ability,
injectability
GelMA/PAM biohybrid Chemical crosslinking Chemical crosslinking Cell adhesion, biocompat-  [96]
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SCI [104, 105]. In the process of SCI repair, self-healing
hydrogels can effectively avoid the damage and wear that
caused by hydrogels in the transportation and harsh envi-
ronment, and ensure the maximum value of hydrogels in
the process of treatment through the ability of self-repair.

Meanwhile, the hydrogels can better promote the repair
of SCI [106, 107].

The self-healing process of hydrogels is often realized
by dynamic chemical bonds. For example, a new type of
xanthan gum-polyethylene glycol (XG-PEG) hydrogel
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was prepared by dynamic, pH-responsive, and biode-
gradable binding reactions in the work of Singh and
co-workers [108]. As shown in Fig. 9a, under the action
of dynamic covalent binding between PEG and XG, the
created hydrogel exhibited excellent self-healing ability.

In the work of Luo et al., the dynamic n-t interaction
between benzene groups was used to obtain the self-
healing ability of hydrogels [109]. Peptide IKVAV is a
laminin-derived peptide that can promote the growth
of axons in the spinal cord, and fluorenylmethoxycar-
bonyl (Fmoc) group contains three circular rings with a
strong 1-7 interaction. The m-m interaction of the pep-
tide chain is enhanced by modifying the Fmoc group at
the end of the peptide molecule. As shown in Fig. 9b,
the FC/FI-Cur hydrogel was synthesized by adding
curcumin (Cur) into the Fmoc peptide (FI) and Fmoc-
grafted chitosan (FC) during the co-assembly process
[109]. The dynamic and reversible m-m interaction of
the FC/FI-Cur hydrogel made the created hydrogel
had good self-healing ability. More importantly, Cur
coated with hydrogel could be released slowly and
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continuously, which helped to resist the inflammation
at the sites of SCI and promoted the SCI repair.

In another study, Li and co-workers demonstrated the
fabrication of self-healing AHA/DTP hydrogels by in-
situ cross-linking of aldehyde-modified HA (AHA) and
3-methylithiobis (propionylhydrazide) (DTP) through
double syringes (Fig. 9c). There are several dynamic cova-
lent bonds in DTP, which can realize the self-healing of
the synthesized AHA/DTP hydrogels. Meanwhile, the
AHA/DTP hydrogels could bridge the injured sites of
spinal cord and promote the healing and repair of spinal
cord through their self-healing ability, creating a favora-
ble microenvironment for the growth of nerves and
axons to promote the functional repair of SCI [110].

Anti-bacterial and anti-inflammatory properties

Injured spinal cord is more prone to the infection due to
the destruction of microenvironment and tissue expo-
sure, which leads to other complications or slows down
the repair and regeneration of SCI [111]. Therefore, the
development of anti-inflammatory and anti-bacterial
hydrogels for the repair of SCI is helpful to reduce the
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occurrence of various complications in the repair pro-
cess [7]. In the preparation process of anti-bacterial SCI
repair hydrogels, the addition of anti-bacterial factors
can greatly improve the antibacterial activity of hydro-
gels. Chitosan (CTS), polydopamine (PDA), metal nano-
particles, as well as graphene and its derivatives all have
good anti-bacterial properties, revealing potential impor-
tance for preparing functional hydrogels [112, 113]. For
instance, Gallardo et al. successfully introduced PDA into
guanosine-boric acid (GB) to form PGB hydrogel using
3D printing technology, which greatly increased the con-
tent of PDA in the hydrogel [114]. The fabricated PGB
hydrogel exhibited obvious fiber network structure, and
the incorporation of PDA greatly improved the osteo-
genic activity and biocompatibility of PGB. In addition,
PGB hydrogel revealed good anti-bacterial activity. Com-
pared with GB hydrogel alone, PGB reduced the bacte-
rial adhesion and biofilm formation, and fundamentally
inhibited the bacterial growth.

In another case, Ou et al. reported the combination of
the bone immunomodulatory and anti-bacterial ability
of hydrogels for accelerated bone tissue regeneration. In
their study, the silver nanoparticles/halloysite nanotubes/
gelatin-methacrylic acid (nAg/HNTs/GelMA) hybrid
hydrogel was prepared by the photopolymerization, as
shown in Fig. 10a [115]. GeMA has a similar environ-
ment to natural extracellular matrix with good biocom-
patibility. nAg reveals excellent spectral anti-bacterial
activity and low toxicity, and can show strong anti-bac-
terial and anti-inflammatory effects in the process of
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wound healing. Halloysite nanotubes (HN'Ts) is a kind of
naturally occurring silicate nanotubes, which has great
potential in drug transport and bone tissue regenera-
tion. Due to the synergistic effects of all components, the
injured spinal cord was tightly wrapped after the intro-
duction of the nAg/HNTs/GelMA hydrogel into the
injured sites. The existence of HNTs strengthened the
electrostatic interactions between the hydrogel and nAg,
which maintained long-term and comprehensive anti-
bacterial activity. Meanwhile, HNTs regulated the bone
immune system and promoted bone tissue regeneration.
Therefore, the designed nAg/HNTs/GelMA hydrogel
relieved the inflammation of the SCI sites greatly, pre-
vented the bacterial infection effectively, and accelerated
the repair of SCIL.

SCI can produce a very serious inflammatory microen-
vironment, which will affect the cell survival and prolifer-
ation to reduce the efficiency of the repair of SCI. In the
work of Yuan et al, stem cells were used to enhance the
adaptability and dynamics of the hydrogel and to repair
SCI by reducing the microenvironment of injured sites
[116]. As shown in Fig. 10b, cell-adaptable neurogenic
(CaNeu) is developed as the carrier of adipose-derived
stem cells (ADSCs) (1x107 cells mL™!), and the CaNeu
hydrogel loaded with ADSCs formed a dynamic perme-
able network and solved the problem of the apoptosis
of ADSCs in inflammatory environment by inducing
the polarization of macrophages to form an anti-inflam-
matory microenvironment. In a recent work [117], Li
and co-workers developed a spinal cord hydrogel patch,
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which revealed good anti-bacterial, anti-inflammatory,
and analgesic effects. The fabricated hydrogel patch
inhibited the expression of tumor necrosis factor effec-
tively, and the good biocompatibility expanded its broad
applications in the SCI repair and the inhibition of post-
operative infection.

Injectable ability

In the injured spinal cord, the cavity shape of the wound
is usually irregular. The shape and strength of the hydro-
gels can satisfy the SCI of different traumatic depths,
especially the injectability of the hydrogels can tightly
fill the SCI cavity. Whether in the drug release, adhe-
sion or promoting cell regeneration and other aspects
can play a personalized treatment [118—120]. In addition,
the injectable hydrogels are also more suitable for mini-
mally invasive surgery, and the bioactive hydrogels with
good fluidity and injectability can enter and infiltrate the
injured sites through the syringe, which is beneficial to
the repair of SCI in a easy way [121].

For instance, Zhou and co-workers synthesized a
hydrogel using peptide and poly (ethylene oxide) dia-
crylate (PEGDA) by the in-situ Michael addition reaction
[122]. First, the amino terminal of the peptide KYIG-
SRK was coupled with Ibuprofen to form the Ibupro-
fen-KYIGSRK, in which the lysine at both ends of the
peptide connected two PEGDA polymer chains through
the Michael addition reaction to form a PEGDA hydro-
gel network with injectable property. In the sequence of
KYIGSRK, YIGSR promoted the cell adhesion and nerve
terminal growth. The presence of Ibuprofen at peptide
played an anti-inflammatory effect and promoted the
regeneration of neurons. In addition, Ibuprofen com-
bined with peptide reduced the random diffusion in the
SCI sites due to their synergistic effects. This injectable
hydrogel was synthesized by the in-situ reduction with-
out adding any catalyst, showing the advantages of good
biocompatibility, anti-inflammation, and controllable
drug release, which provides a facile strategy and new
idea for treating irregular and minimally invasive SCI.

In the process of repairing SCI, the persistent inflam-
mation is the root cause that hinders the cell regenera-
tion, so solving the problem of the inflammation in the
sites of SCI is helpful for rapid SCI repair. In the study
of Wang et al, extracellular vesicles (EVs) were com-
pounded into poly (d, l-liactide)-poly (ethyleneglycol)-
poly(d, I-rellism) (PLEL) for the form of PLEL/EVs hybrid
hydrogel. EVs microglia M2 can reduce the inflamma-
tion and promote the nerve regeneration, and the formed
hydrogel was useful for solving the inflammation in the
process of SCI repair. The synthesized PLEL/EVs hydro-
gel showed enough fluidity to enter the injured sites of
the spinal cord through a syringe, as indicated in Fig. 11a.
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In addition, the PLEL/EVs bioactive hydrogel exhibited
sensitive temperature response that can rapidly gelate
and wrap the injured sites at body temperature, promot-
ing the nerve regeneration and accelerating the SCI repair
[8]. In another work, Chen et al. reported the design and
synthesis of injectable SF/DA composite hydrogels by the
auto-polymerization of silk fibroin (SF) and dopamine
(DA). As shown in Fig. 11b, the fabricated SF/DA bioac-
tive hydrogels had good injectability, which could be used
as potential materials for the tissue adhesion, hemosta-
sis, and other medical applications. Meanwhile, the addi-
tion of DA into hydrogels provided the possibility for the
repair of SCI cells, and played a good role in promoting
the axon growth and cell differentiation [123].

Biological adhesion

The complete covering of damaged tissues in the injured
sites and the close contact with the broken end of nerves,
blood vessels, and muscles are still big problems for
repairing SCI [124]. Usually, the free repair material can-
not attach and repair the injured sites well in the complex
microenvironment of SCIL. Therefore, the preparation of
repair materials with certain adhesion ability to the SCI
sites is a key step to promote the construction of repair
and treatment of SCI [125, 126]. The good coating of bio-
active hydrogels can achieve close contact with the SCI
sites to accelerate the repair of the injured spinal cord.
Through the modification of hydrogels to increase their
biological adhesion ability, the injured spinal cord can be
wrapped more closely, and can be repaired continuously
and stably [127].

By enhancing the adhesion of hydrogels, it is possible
to create a favorable environment for the proliferation,
differentiation, and growth of cells in the injured spinal
cord, which can effectively shorten the time of tissue
repair and accelerate the speed of healing. For instance,
Cai et al. successfully improved the adhesion and prolif-
eration of NSCs in the spinal cord by the photo-fixation,
which provided a good site for neuronal regeneration
and produced neuronal tissue and speed up the repair of
SCI [128]. The smooth surface of hydrogels is often dif-
ficult to provide the adhesion sites for cells or proteins.
In the work of Staubitz et al. the problem of poor adhe-
sion of hydrogels has been solved by adding the adhesion
proteins into hydrogels [129]. The mercaptan of protein
combined with the imide of poly (hydroxyethyl meth-
acrylate) (pHEMA) through the Michael reaction, and
the addition of protein into the hybrid hydrogels realized
the biological functionalization of pHEMA and increased
the biological adhesion ability of pHEMA hydrogels.

Liu and co-workers demonstrated a strategy to in-
situ form bio-adhesive hydrogels at the SCI site. As
shown in Fig. 12a, glycidyl methacrylated SF (SF-GMA),
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laminin-acrylate (LM-AC), and photoinitiaor (LAP) were
injected into the SCI site, and the cross-linking ability of
LAP was triggered by the UV light irradiation, forming
a SF-GMA/LM-AC hydrogel network entangling with
the spinal cord tissue and stably wrapping the SCI site.
Different from other physical adhesions, the SF-GMA/
LM-AC hydrogels revealed strong adhesion and infiltra-
tion to SCI sites, in which LM-AC promoted the differ-
entiation and growth of spinal cord axons with enhanced
biological activity of materials [130].

While ensuring the adhesion of the hydrogels, the elas-
ticity and stretchability are also important for repair-
ing SCL In the work of Chen et al,, bioactive hydrogels
with good stretchability and adhesion were prepared to
deliver GFs and drugs for the SCI repair, which ensured
close contact with the injured sites and promoted the
differentiation of neurons and the repair of SCI [131].
As indicated in Fig. 12b, the repair process of the hydro-
gels was presented, in which the oriented collagen-fibrin
(Col-FB) hydrogel with interacting network structure was

prepared by electrospinning and in-situ sequential cross-
linking method. The fibrin network had good elasticity,
and the formed hydrogel exhibited enhanced mechani-
cal properties after the conjugation with collagen. After
that, stromal cell-derived factor-la (SDFla) and pacli-
taxel (PTX) were injected into the as-prepared Col-FB
hydrogels by electrodynamic fluid jet printing technique
to form a middle-to-both sides concentration gradient.
It was found that the Col-FB hydrogels exhibited excel-
lent adhesion and tightly connected the ends of SCI. The
excellent tensile and mechanical properties of hydrogels
ensured the lasting connection between Col-FB hydro-
gels and the injured sites. In addition, the concentration
gradient of SDFla and PTX in the Col-FB hydrogels
showed continuous release in the injured spinal cord.
Meanwhile, differentiated neurons migrated with the
help of the Col-FB hydrogels and accelerated the repair
of SCI nerve.

Previously, Yan and co-workers reported a new type
of hydrogel as a biomimetic matrix to promote the cell
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proliferation and adhesion [132]. As shown in Fig. 12c,
peptides containing RGD ligands were co-assembled
with SF to form the SF-RGD hydrogels. The presence of
RGD not only adhered the BMSCs to the hydrogels, but
also realized the adhesion of hydrogels to the sites of SCI.
Therefore, the designed bioactive hydrogels promoted
the adhesion and proliferation of mBMSCs, and pro-
vided a biomimetic microenvironment for the osteogenic
differentiation.

Biodegradation ability

Through the addition of biomolecules, such as dopa-
mine, polyvinyl alcohol, hyaluronic acid (HA), and
others into the preparation process of hydrogels, it is
possible to synthesize hydrogels with good biocompat-
ibility and biodegradation ability [133]. The biodegrad-
able hydrogels can solve the problem of the direction

of materials after the repair of physiological tissue. The
degradable hydrogels can trigger their degradability
through pH, heat, light, and other stimulations [134,
135]. In addition, the targeted release of drugs can be
achieved through the degradation of hydrogels, and the
accurate treatment of local damage can be achieved.
Therefore, the development of biodegradable hydrogels
is of great significance in the repair of SCI [136]. In the
work of Shi et al., a biodegradable PEG-based hydrogel
was designed and synthesized. In vivo experiments in
mice, the hydrogel could be degraded within 2—-8 weeks
and excreted through spleen and liver [137]. In another
work, Xu et al. used the degradation of hydrogels to
achieve drug release. The biodegradable hydrogel can
be completely degraded in 7-8 weeks, and the drug can
be released slowly in the process of degradation [138].



Sun et al. Journal of Nanobiotechnology (2023) 21:238

In the work of Xu and co-workers, PDA-modified ger-
manium phosphide (GeP) nanoparticles (GeP@PDA)
were incorporated into DA-grafted HA hydrogels (HA-
DA) to prepare degradable hydrogels (HA-DA/GeP@
PDA) with good electrical conductivity [139]. GeP@PDA
formed a good electronic network path in the HA-DA/
GeP@PDA system, which enhanced the electrical con-
ductivity of the composite hydrogels. The synthesized
hydrogels promoted the immune regulation, endogenous
angiogenesis, and neurogenesis of neural stem cells.

Li and co-workers also synthesized a biodegradable
conductive hydrogel scaffold for the repair of SCI. The
synthesized degradable hydrogel realized the sol-gel
transformation under the control of temperature, which
was beneficial to injection and in-situ gelation at the site
of SCI. Based on this design, bioactive substances, cells,
and drugs can be loaded into the hydrogels by simple
injection. As shown in Fig. 13a, cabazitaxel (Cab)-loaded
micelles (Cab-M) was mixed into thermosensitive hydro-
gels through in-situ synthesis. The Cab-M/H hydro-
gel was gelated in-situ at the site of SCI in mice. After
8 weeks of treatment, it was found that the injured site
healed obviously and the Cab-M/H was degraded. The
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presence of Cab effectively promoted the growth of
neurons. In addition, degradable Cab-M/H revealed
less invasiveness and could continuously release Cab to
achieve effective SCI repair [140].

Multi-functions and coordination

Usually, the microenvironment of SCI is very complex,
so various factors should be considered in the process
of the SCI repair, such as the inflammation, nerve repair,
cell regeneration, antibacterial, tissue healing, and oth-
ers [141]. The hydrogels with single treatment parameter
are difficult to achieve satisfactory repair effect, and it is
a very potential treatment method for the comprehensive
regulation and treatment of the microenvironment in
SCI [15]. For instance, in the work of Liu et al. conductive
hydrogel scaffolds (ICH/NSCs) loaded with exogenous
NSCs were assembled with amino gelatin (NH,-Gelatin)
and aniline tetramer grafted with oxidized hyaluronic
acid (AT-OHA). As shown in Fig. 13b, the ICH/NSCs
showed good injectability and electrical signal conduc-
tion, which effectively induced the differentiation of
NSCs and inhibited the formation of scar tissues. At the
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same time, the good degradability and self-repair ability
also accelerated the efficiency of the SCI repair [142].
Mesenchymal stem cells (MSCs) can promote the
repair of SCI by guiding neuronal differentiation, inhib-
iting the scar tissue formation and promoting the axon
growth [143]. EVs derived from MSCs can improve
the spinal cord microenvironment through mimick-
ing cell paracrine secretions and have a better regula-
tory effect than MSCs [144, 145]. Therefore, Wang et al.
used MSCs-derived EVs instead of MSCs transplanta-
tion to regulate the microenvironment of SCI to pro-
mote cell regeneration and differentiation. In order to
achieve long-term preservation and controlled release
of EVs in SCI tissue, an anti-inflammatory F127-polyci-
trate-polyethyleneimine (FE) hydrogel with cell adhesion
and injectability was developed. FE hydrogel achieved
long-term and sustainable release of EVs into the spinal
cord [25]. As shown in Fig. 13c, F127 and polycitrate-
polyethylene glycol-polyethyleneimine (PCE) were con-
nected by hydrogen bonds between polymers to form FE
hydrogels. Positively charged PCE was then combined
with EVs to form the FE/EVs hydrogel network through
electrostatic interactions. Due to the good adhesion, the
FE/EVs hydrogel could be inject into the SCI sites to
form a dense package. With its good biocompatibility,
FE promoted skeletal muscle regeneration and inhibited
the production of inflammation in the injured environ-
ment, but also provided a good carrier for EVs. Therefore,
the designed FE/EVs hydrogel was useful for control-
ling continuous release of EVs, promoting neuronal dif-
ferentiation and axon formation, and contributing to
the recovery of motor function. In this case, the FE/EVs
hydrogel exhibited the advantages of good injectability,
anti-inflammatory activity, high adhesion, and regenera-
tion ability, which promoted the repair of SCI effectively.
In the injured spinal cord, the loss of the electrical sig-
nal transmission is one of the important factors to inhibit
the spinal cord regeneration. For this reason, Wang et al.
developed a multi-functional polycitrate-based nano-
composite (PMEAC) hydrogel scaffold, which had biomi-
metic mechanical and electrical properties of the spinal
cord and could enhance the transmission of electrical
signals to the injured spinal cord to promote the repair
and regeneration of the spinal cord. As shown in Fig. 13d,
the PMEAC hydrogel was prepared by simple self-
crosslinking method using poly (citric acid-maleic acid)-
e-polylysine (PME) and multi-walled carbon nanotubes
(MWCNTs) as precursors. The created PMEAC hydro-
gel scaffolds revealed multi-functional properties, such
as the injectability, self-healing, tissue adhesion, broad-
spectrum antibacterial properties, and UV light shield-
ing. The transmission channel of electrical signal was
built for the SCI, which was beneficial to the repair of
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motor nerve and the recovery of motor function. In addi-
tion, the natural antibacterial activity of polylysine could
effectively resist the invasion of bacteria and reduce the
occurrence of inflammation in the injured spinal cord.
Therefore, the PMEAC hydrogel scaffolds regulated the
microenvironment of the nerve regeneration by inhibit-
ing inflammatory response and anti-bacterial activity,
which effectively promoted the motor function recovery
and myelin/axon regeneration after SCI. It is a safe and
effective biomimetic electrical signal recovery strategy to
promote the SCI repair and regeneration [146].

To make it more clear, in this part, the applications of
functional hydrogels in SCI repair are described in detail,
and the contents are summarized in Table 2.

Material-based bioactive hydrogels for SCl repair
applications

In this section, the regulation of biological functions of
hydrogels, including the cell differentiation, self-healing,
anti-bacterial, injection, bio-adhesion, biodegradation,
and other multi-functions, via various strategies are
introduced and discussed.

Growth factors/drugs-loaded hydrogels for SCl repair
Among the available biomaterials for the SCI repair,
injectable hydrogels offer enormous advantages. It can
act as an ECM at the damaged sites, provide a 3D scaf-
fold for the cell proliferation and migration, and provide
a suitable local microenvironment for the nerve tissue
regeneration [147-149]. In recent years, the use of neu-
rotrophic factors in the repair of SCI has received consid-
erable attention, but the barriers in the delivery of such
factors remain unresolved. Hassannejad et al. designed
an amphiphilic peptide hydrogel for the delivery of brain-
derived neurotrophic factor (BDNF) [150]. This hydrogel
achieved a controllable and slow release of BDNF within
21 days while retaining the biological activity of BDNE,
which solved the common problems in the deliveryof
GFs. In addition, the hydrogel self-assembled by amphi-
philic peptides containing the IKVAV sequences, which
effectively promoted the neurite outgrowth and induce
the cell function and neural tissue regeneration. The
obtained results showed that 6 weeks after implantation
of the functionalized hydrogel, the injury site not only did
not produce an inflammatory response, but also attenu-
ated astrogliosis after SCI, enhanced axonal preserva-
tion, and provided a permissive environment for the cell
migration and growth.

Alizadeh and co-workers designed a CTS-based
injectable hydrogel. In their work, nerve growth fac-
tor (NGF)-overexpressing mesenchymal stem cells
(hADSCs) (1x10° cells mL™') were encapsulated in
chitosan/p-glycerophosphate/hydroxyethyl cellulose
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Table 2 (continued)

Refs.

Additive Methods Model Application

Matrix

Functional

[142]

Induction of differentiation

Sprague-Dawley rats

(250-350 g)

ICH/NSCs, AT-OHA

NH,-Gelatin

Multi-functions and coordina-

tion2

of NSCs and inhibition of scar

tissue

(25]

Promote neuronal differentia-
tion and axon formation

female rats (~230 g)

Electrostatic interaction

EVs

F127-FE

Self-crosslinking Sprague-Dawley rats Promote motor function

PME

MWCNTs

recovery and myelin/axon

regeneration
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(CTS/B-GP/HEC) hydrogel [151]. Meanwhile, hADSCs
and hADSC-encapsulated hydrogels were injected into
the mice alone, and the recovery of the injured parts of
the mice was observed. Studies have shown that hydro-
gels, as a 3D scaffold, effectively inhibited the migration
of hADSCs, promoted the expression of NGF, and pro-
vided a suitable local microenvironment for the survival
and proliferation of hADSCs, thus effectively improving
the recovery of motor function in mice. In another simi-
lar case, Wu et al. developed injectable peptide-based
hydrogel microspheres for loading and delivering plate-
let-derived growth factor BB (PDGEF-BB) to injuried sites
(Fig. 14a). PDGF-BB mimic peptide hydrogel not only
had the advantages of good biocompatibility and high
water-content, but also effectively activated PDGF recep-
tor f and promote the axon regeneration [152]. In addi-
tion, the hydrogel maintained the proliferation of NSCs,
protected neurons, and improved inflammatory response
in the presence of myelin extract. Besides, Xu et al. uti-
lized decellularized tissue matrix (DTM) as a natural
biomaterial for spinal cord repair to prepare spinal cord-
derived DTM hydrogel (DSCM) for spinal cord repair
in piglets. Studies have found that DSCM retains many
specific ECM components of the natural spinal cord,
and its hydrogel has a nanofibrous structure that mim-
ics ECM, providing a regeneration-promoting microen-
vironment for the treatment of spinal cord injuries. The
results demonstrated slightly improved functional recov-
ery at the site of spinal cord injury in just four weeks after
DSCM hydrogel treatment. Therefore, DSCM hydrogel
can be used as a microenvironment mimicking ECM to
promote the enrichment, proliferation and differentia-
tion of NSPCs [153]. Nonhuman primates and humans
share many features in terms of neural architecture and
organization of physiological processes, so nonprimate
models of SCI can provide predictions of the safety and
application potential of human SCI repair treatments.
In the work of Rao et al. chitosan hydrogel was used as
a bioactive material matrix to load neurotrophic factor
3 (NT3) to achieve slow and sustained release of neuro-
trophic factor into the environment after implantation. In
a therapeutic experiment in a rhesus monkey spinal cord
hemisection SCI model, it was found that the implanta-
tion of NT3-chitosan hydrogel was able to induce robust
and robust axon regeneration, and robust long-distance
axon regeneration was also observed. In addition, the
enhanced neurogenesis and formation of nascent relay
neural networks by endogenous stem cells were also
involved in the recovery of sensory and motor functions,
and the anti-inflammatory function of chitosan inhibited
secondary lesions. The synergistic effect of NT3 and chi-
tosan may be the key to promote the robust regeneration
of axons [154].
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Reducing the formation of glial scars and promoting
neuron regeneration are effective ways to break through
the treatment of SCI [155, 156]. In addition to GFs,
nerve regeneration and protective drugs are also com-
monly used for the repair after SCI, such as Cur and
minocycline hydrochloride (MH), chondroitinase ABC,
and VX-210 (Cethrin). In the work of Nazemi et al.,
they constructed a hydrogel for dual-drug delivery.
Nerve regeneration drug PTX was encapsulated into
polylactic acid-glycolic acid microspheres and embed-
ded into hydrogel simultaneously with neuroprotective
agent MH [157]. Their study showed that the slow sus-
tained release of two drugs over eight weeks, the dual
drug-loaded hydrogel treatment system effectively sup-
pressed the inflammatory response of damaged tissue,
increased the neuronal regeneration, and reduced the
degree of fibrotic scarring. A reduction in scar tissue
was observed after 28 days, suggesting potential perfor-
mance for SCI treatment.

To address the tissue regeneration in fully cross-sec-
tional SCI, Qi et al. developed another therapeutic sys-
tem with dual drug delivery [10]. Two drugs, cetuximab
and FTY720, were combined with NSCs (NSCs-cfGel)
and delivered to the damaged area via an injectable
hydrogel (Fig. 14b). The results showed that in this
therapeutic system, two drugs synergistically promoted
the proliferation and neuronal regeneration differen-
tiation of NSCs, and reduced the cell differentiation
around the damaged area. In turn, it reduced the for-
mation of bruises, promoted the reconstruction of the
nerve fiber network, and also played a positive role in
improving the recovery of hindlimb movement. This
combination of the therapy and injectable hydrogel
delivery system provides a reliable idea for the repair of
complete SCI in-situ [10]. In another case, Wang and
co-workers reported a combined therapeutic system for
multi-drug delivery to treat SCI [158]. Docetaxel (DTX)
was combined with GFs to achieve the function of tar-
geting damaged cells in the spinal cord. To improve the
drug’s ability to penetrate the blood-spinal cord barrier
(BSCB), liposomes were further added to a solution of
a novel cold heparin-modified poloxamer (HP) with
highly specific binding to acidic fibroblast GF. The in-
situ self-assembly induced the formation of hydrogels
with 3D network structure in response to temperature,
which not only had the function of targeted delivery of
various drugs, but also realized the controllable release
of drugs, improved the local microenvironment, and
promoted the reconstruction of ECM. The hydrogel
was beneficial for the axon regeneration, and condu-
cive to the recovery of signal conduction, providing an
effective way for the clinical treatment of SCI.
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Polymer-modified hydrogels for SCI

In the SCI repair, a hydrogel system with excellent
mechanical properties and good rheology fills the post-
injury cyst cavity and supports the cell migration and
axon outgrowth by replicating the complex structure of
ECM [159]. Polymer systems with excellent rheological
properties have received widespread attention, which
can achieve the transition between sol and gel states in
response to the stimuli or shear force, thereby being able
to fill irregular and multi-shaped cavities. This method
is more direct and effective than direct implantation of
hydrogel [160]. In addition, this responsive hydrogel can
also be used as a carrier to deliver therapeutic agents to
promote rapid repair of SCI.

Thermosensitive hydrogels of poly(N-isopropylacryla-
mide) (PNIPAAm) exhibited good potential for the SCI
repair due to their ability to undergo phase transition at
a lower critical solution temperature [161, 162]. Based
on the temperature phase transition ability of PNIPAAm,
Bonnet et al. added PEG to increase the hydrophilic-
ity of the hydrogel. The physically cross-linked copoly-
mer was injected into the area of the SCI, and within
minutes the copolymer gels formed a hydrogel. The
PNIPAAm-g-PEG hydrogel did not induce significant
inflammatory response in vivo and exhibited significant
locomotor improvement [163]. In another case, Zhang
et al reported a thermosensitive poly(D,L-lactide)-
poly(ethylene glycol)-poly(D,L-lactide) (PDLLA-PEG-
PDLLA) hydrogel as a carrier of EV that derived from M2
microglia, which provided sufficient fluidity for hydrogel
injection [8]. After entering the body, it quickly gelated
with the increase of temperature. This thermosensi-
tive hydrogel system slowly and continuously released
loaded EVs at body temperature, thereby inducing the
M2 polarization to reduce local inflammation and pro-
mote BCCB repair. In another case, An et al. successfully
prepared hydrogels combined with natural polysaccha-
ride agarose and PNIPAAm with thermosensitive func-
tion [164]. Au NPs and bone marrow stem cells (MSCs)
(3%x10° cell mL™") were embedded into the hydrogel
matrix, and the incorporation of Au NPs and the porous
morphology of the composite hydrogel significantly
improved the cell proliferation and adhesion, contributed
to autoneural regeneration and suppressed inflamma-
tory responses, and played an active role in postoperative
sports recovery.

Compared with chemically cross-linked hydrogels, pol-
ymer hydrogels cross-linked by physical action not only
have excellent biocompatibility, but also do not produce
the inflammation during SCI repair. It can also exhibit
unique self-healing properties and shear-thinning behav-
ior, which undoubtedly provides an attractive strategy
for injectable SCI repair hydrogels [165-167]. Luo et al
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Fig. 14 Growth factor/drug-hydrogel for SCI treatment: a PDGF-MPHM + NSCs hydrogel for SCl repair, Reprinted from Ref. [152], Copyright 2023,
American Chemical Society. b Dual-drug NSCs-cfGel system for repairing SCI. Reprinted from Ref. [10], Copyright 2022, Elsevier

reported an injectable, self-healing, conductive polymer
hydrogel for enhanced tissue repair after SCI. Borax-
functionalized oxidized chondroitin sulfate (BOC), BOC-
doped polypyrrole (BOCP) and gelatin (Gel) were mixed
under physiological conditions. Negatively charged BOC
and positively charged BOCP were closely connected by
electrostatic interactions, and the amino group in the
Gel was conjugated with the aldehyde group in BOC to
form a reversible Schiff base bond [168]. The presence
of such dynamic covalent cross-links and non-dynamic
covalent cross-links endowed the hydrogel with excel-
lent self-healing and injectable properties. In addition,
the in vivo experiments demonstrated that the presence
of polypyrrole (Ppy)-enabled BOCPG hydrogel to act as
a conductive bridge to promote endogenous neural stem
cell migration and neuronal differentiation. In addition,
it induced the regeneration of myelinated axons to the
injury sites by activating the PI3K/AKT and MEK/ERK
pathways, and promoted the repair of the SCI sites.

To increase the rheological properties of 3D print-
ing materials, Song et al. developed a composite bioink
with good shear thinning and self-healing properties. In
the synthesis process, the in-situ redox polymerization
of 3,4-ethylenedioxythiophene (EDOT) was carried out
to form PEDOT in the presence of chondroitin sulfate
methacrylate (CSMA) and tannic acid (TA)-doped with
gelatin methacrylate (GelMA), which was then mixed
with PEGDA to form a precursor solution for the syn-
thesis of the Gel/PEG bioink (Fig. 15a). The 3D hydrogel

scaffold printed with this bioink provided a good biologi-
cal microenvironment for NSCs [169]. Its good electrical
conductivity inhibited astrokeratinocyte generation in
the scaffold effectively, providing a promising strategy for
fabricating engineered neural tissue scaffolds.

In addition, some natural small molecules have excel-
lent antioxidant capacity and can eliminate ROS in cells,
and polymer hydrogels prepared with them as compo-
nents also have excellent SCI repairing capacity [170,
171]. TA is a natural polyphenol present in many plants
with excellent antioxidant and ROS scavenging proper-
ties [172]. In addition, TA can form a rich hydrogen bond
network with various polymers to form elastic hydro-
gels through physical cross-linking. In the work of Wang
et al,, the phenolic groups of TA were connected with the
oxygen atoms in the polyethylene oxide (PEO) chains of
Pluronic F-127 (PF127) through hydrogen bonding inter-
actions. Therefore, the two components formed a viscous
and elastic gel structure after mixing [173]. This hybrid
hydrogel based on natural small molecules and polymers
exhibited good sealing and anti-oxidation properties,
which effectively reduced the generation of ROS, thereby
inhibiting the inflammatory response.a-lipoic acid (LA)
is a natural antioxidant capable of forming polymers
through the ring-opening polymerization. Conductive
poly (lipoic acid-co-lipoic acid sodium) (PLL) hydrogels
were prepared by one-pot ring-opening polymerization
using LiCl as a conductive filler (Fig. 15b) [174]. When
the molar ratio of LA to sodium lipoate (SL) was 1:0.475,
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the formed hydrogel revealed a loose and porous 3D net-
work structure, which could accelerate nutrient penetra-
tion and promote the cell growth. This PLL hydrogel with
good adhesion and conductivity could effectively prolong
the retention time of implanted materials, promoted
electrical signal transfer, reduced oxidative stress, regu-
lated inflammation, inhibited the glial scar formation,
promoted the axon growth and rebuild synaptic struc-
ture, have shown great application potential for the repair
of damaged tissues. In addition, Sofloud et al. exploited
the Schift-base bonds and particle interactions to develop
an antioxidative and conductive hydrogel composed of
polyaniline-grafted gelatin, oxidized alginate, and poly-
ethyleneimine [175]. The composite hydrogel exhibited
excellent electrical conductivity and antioxidant activ-
ity, could effectively induce the neural differentiation
and promote the tissue repair. In addition, the physical
properties of the hydrogel can be changed by adjusting
the ratio of components, so as to achieve the purpose of
injectability.

NP-functionalized hydrogels

Stem cell transplantation using biomaterial hydrogel
scaffolds can serve as a very promising strategy for the
SCI repair. Bioactive hydrogels have excellent biocom-
patibility, which serve as a bridge between injured tissue
and normal tissue to provide a suitable microenviron-
ment for the growth of endogenous cells and exogenous
cells. In addition, in order to avoid the generation of ROS
to hinder nerve regeneration during the treatment pro-
cess, some functional nanoparticles can be added into the
hydrogel to achieve the purpose of inhibiting the damage
and promoting the regeneration [176, 177].

Nanozyme is a nano-biological material with enzyme-
like activity, which has excellent application advantages
in ROS scavengers [178-180]. Using the incubation strat-
egy of BSA, Liu et al successfully synthesized CeNPs
with uniform and small size, and dispersed them in
GelMA to obtain hydrogels with the ROS scavenging
ability (CeNP-Gel) (Fig. 16a) [181]. This injectable hydro-
gel system could effectively induce the integration and
differentiation of NSCs, increasing the survival rate of
cells by about 3.5 times.

MnO, NPs can catalyze the decomposition of H,0O,
into H,O and O, in the tumor microenvironment [182].
In the work of Li et al., albumin was used as a biotem-
plate to biomimetically mineralize MnO, NPs with good
biocompatibility, which was dispersed in PPELMLLKG-
STR peptide-modified HA to obtain a bioactive hydrogel
with good cell adhesion and neural tissue bridging ability
[183]. Experiments have shown that HA can effectively
inhibit the formation of neurotic scars. The incorpo-
ration of MnO, NPs induced the formation of longer
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nerve fibers and alleviated the generation of glial fibril-
lary acidic protein (GFAP)-positive astrocytes, which can
be excreted by circulating metabolism. CD31 labeling
showed that the hydrogel system with MnO, NPs showed
better angiogenesis after 28 days of surgery, suggesting
that MnO, NPs have a good synergistic effect in inhibit-
ing the glial scar formation and promoting the nerve fiber
regeneration.

Bifunctional PPy with good conductivity and oxida-
tion resistance, as a conductive polymer with good bio-
compatibility, can be used as a conductive scaffold for
promoting the nerve tissue regeneration [184—187].
Wu et al. prepared PPy NPs with good dispersity based
on a water-soluble PVA/iron ion system. The introduc-
tion of PPy NPs into the HA-collagen system success-
fully obtained conductive nanohydrogels with abundant
cell adhesion sites (Fig. 16b) [188]. The incorporation of
PPy NPs not only inhibited the increase of ROS, but also
protected BMSCs from oxidative damage. In addition,
the hydrogel promoted the transmission of intercellular
electrical signals (ES) and external ES to BMSCs through
its excellent electrical conductivity, and further promoted
the neuronal differentiation of BMSCs through the PI3K/
Akt and MAPK signaling pathways to achieve enhanced
tissue repair capabilities.

Similarly, Zhang et al. used HA/collagen hydrogel as a
substrate to endow it with good magnetoelectric capabil-
ity by decorating the hydrogel with Fe,O,@BaTiO; NPs.
The hybrid hydrogel exhibited enhanced spinal nerve
repair in the presence of an applied pulsed magnetic
field [189]. Separately, Gao and the colleagues investi-
gated a hydrogel composed of CTS and HA, in which a
conjugated complex of Au NPs and ursodeoxycholic acid
(UDCA) was incorporated into the hydrogel to treat local
damaged areas under the irradiation of 808 nm NIR light
[190]. The study showed that in the center of the injured
spinal cord, Au NP-UDCA in the injectable hydrogel
heated up to generate heat under NIR light irradiation,
and effectively inhibited the production of inflammatory
cytokines by macrophages when the ambient tempera-
ture reached 40 °C. This thermogenic approach exerts
a pronounced anti-inflammatory effect on the damaged
sites.

1DM-incorporated hydrogels for SCI

1DM-based functional hydrogels have been utilized for
various fields due to their porous structure and enhanced
mechanical properties. For the fabrication 1DM hydro-
gels, some nanoscale materials with 1D morphology such
as polymer fibers, CNTs, protein nanofibers, and peptide
nanofibers can serve as the precursors to improve the
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properties and functions of hydrogels, which exhibited direct axon regeneration. Chew et al. reported the fabri-
great potential for the SCI repair in the last years. cation of 3D aligned nanofibrous hydrogels for control-

Hydrogels reveal advantages for treating SCI by deliv-  lable drug/gene delivery to treat SCI [191, 192]. In their
ering drugs and genes to the injuried sites to promote the  work, aligned poly (e-caprolactone-co-ethyl ethylene
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phosphate) (PCLEEP) nanofibers were fabricated into
the as-prepared collagen hydrogel to form the compos-
ite hydrogels with ordered architecture. It was found that
the fabricated PCLEEP/collagen hydrogels not only imi-
tated the size and architecture of natural ECM, but also
provided a versatile nanoplatform for the loading and
delivery of drugs (such as neurotrophin-3) and genes
(such as microRNA), allowing the regeneration of several
axons in the process of SCI repair. In this biomimetic 3D
architecture, both PCLEEP and collagen exhibited syner-
gistic effects on the SCI repair, in which aligned PCLEEP
mediated robust cell penetration in vivo and neurite infil-
tration, meanwhile collagen promoted the cell adhesion
and growth.

In another similar case, Li and co-workers demon-
strated the fabrication of an injectable PCL-doped hya-
luronic acid (HA) hydrogel for neural tissue repair and
regeneration in spinal cord [193]. As shown in Fig. 17a,
the design of hybrid hydrogel and interfacial bonding
between each component are explained, in which the thi-
olated HA, maleimide-modified PCL fiber (MAL-PCL),
and PEG diacrylate were mixed together to form the
hydrogel. The cross-linking of HA to fiber and HA-HA
stabilized the nanofibrous and network structure of the
hydrogel. Ascribing to the addition of electrospun PCL
fibers, it was possible to fabricate the composite hydro-
gel with a shear storage modulus of 210 Pa that similar
to native spinal cord nervous tissue (50-600 Pa), and
therefore the created hydrogels were potential candidates
for repairing SCI. After injecting the composite hydro-
gel into the contused spinal cord, the designed hydrogels
showed multi-functions for the SCI repair, including the

inhabitation of collapse of spinal cord, the mediation of
macrophage shift, and the promotion of cell invasion,
blood formation, axon growth, as well as neuro-regener-
ation. Their study demonstrated a facile strategy to fab-
ricate functional biocompatible hydrogels to mimic the
spinal cord segment and microenvironment to facilitate
the repair and regeneration of nervous tissues.

In the tissues, neurons are electrically responsive and
can guide the transmit of electrical signals. Conduc-
tive hydrogels were beneficial for the creation of electri-
cal signals in the tissues, and promoted the repair of SCI
[142]. Due to their high mechanical properties and good
conductivity, CNTs as scaffolds have been applied for
improving the reconstruction of nerves by attracting stem
cells to the injured tissues. Previously, Sang et al. reported
the synthesis of conductive, thermos-responsive poly(n-
isopropylacrylamide) (PNIPAAM) hydrogel by the modi-
fication with self-assembled CNTs [194]. The formed
CNT-PNIPAAM hydrogel was injectable and highly
conductive, could potentially promote the regeneration
of nerve tissues and decrease the possibility of forming
scar tissues in the process of SCI repair. In another case,
Liu and co-workers fabricated conductive hydrogels with
modulable conductivities for SCI repair by using PEG-
modified CNTs (CNTpega) and oligo (poly (ethylene
glycol) fumarate (OPF), as shown in Fig. 17b [195]. Due
to their high conductivity, good biocompatibility, com-
posited structure, the fabricated OPF-CNTpega hydrogel
promoted the attachment, proliferation, and neuronal
differentiation of PC12 cells. In addition, by producing
the nerve conduits with the formed hydrogels through
the injection molding technique, several types of nerve
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conduits have been prepared, which exhibited practical
application in the SCI repair for guiding the regeneration
of axons as the molds can be operated with tweezers eas-
ily. It was found that axons were grown across the injured
sites and arrived the distal ends under the guidance of the
hydrogel-based conductive conduits. This study provided
a feasible biocompatible and conductive product that
could be useful for clinical SCI repair.

In addition, 1D nanofibers with biocompatible proper-
ties, such as protein nanofibers and peptide nanofibers

(C)

Fiber-to-HA crosslink

Maleimide-modified PCL fiber

(b)
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are highly useful for the repair of SCI, ascribing to their
natural compatibility, bioactivity, and multiple groups
with easy modification. Wang and co-workers have car-
ried out a series of studies on the fabrication of aligned
fibrin nanofiber hydrogels (AFG) with tailorable struc-
tures and functions for treating SCI [196-199]. In a
typical case, they proved that the hierarchical AFG with
soft stiffness and aligned ordered structure could pro-
mote the regeneration of nerves under the situations
of in vitro and in vivo [198]. Induced by the fabricated
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Fig. 17. 1DM-incorporated hydrogels for SCI repair applications: a electrospun MAL-PCL fiber-doped PEG-HA hydrogel for SCl repair. Reprinted
from Ref. [193], Copyright 2020, Elsevier. b CNT-doped conductive PEG hydrogels for SCl repair. Reprinted from Ref. [195], Copyright 2018, Royal
Society of Chemistry. ¢ NGF-functionalized SFN hydrogels for scarless spinal cord repair. Reprinted from Ref. [200], Copyright 2022, American
Chemical Society. d peptide nanofiber (PNF)-PEO AFG for spinal cord regeneration. Reprinted from Ref. [204], Copyright 2021, Elsevier
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AFG, white matter with consecutive, compact, and
aligned nerve fibers have been regenerated, resulting in
clear motor functional restoration of T12 SCI. In a very
recent study, they further tailored the functions of the
as-prepared AFG with N-Cadherin to enhance the func-
tions of central nervous system and axon regeneration
[199]. The modified AFG provided specific binding with
NSCs, and could direct NSC functions and nerve regen-
eration, and therefore the designed hydrogels could carry
exogenous NSC for repairing SCI through cell reten-
tion, immunomodulation, neuronal differentiation, and
integration with inherent neurons. Besides silk fibroin
nanofiber (SEN) hydrogels modified with nerve growth
factor (NGF) have been presented for repairing scarless
SCI [200]. As indicated in Fig. 17c, aligned SEN hydro-
gels were formed under the action of an applied electric
field, which were then doped with NGF to form hybrid
NGEF-SEN hydrogels for enhanced neural differentiation
and cell orientation and distribution. The created bioac-
tive hydrogels provided a biomimetic microenvironment
in vivo to guide the regeneration of scarless spinal cord,
which showed similar microstructure to that of natural
spinal cord, ascribing to synergistic effects of physical
and biological properties.

Peptide nanofibers via the motif design and molecular
self-assembly are versatile nanoscale building blocks for
various materials science and biomedical applications,
including the repair of SCI [201]. For instance, NSCs and
neural progenitor cells have been embedded into the self-
assembled peptide nanofiber (IKVAV/RGD hydrogels
for nerve degeneration [202]. In addition, brain-derived
neurotrophic factor and drugs (Chondroitinase ABC)
[203] have been also applied for the functionalization of
peptide nanofiber hydrogels for treating SCI. Recently,
Man et al. presented a multi-modal delivery strategy
for repairing SCI using AFG/functional self-assembling
peptides (AFG/fSAP) composite hydrogel. The fabrica-
tion strategy of composite hydrogel and the SCI repair
mechanism are shown in Fig. 17d. The using of the AFG/
fSAP for rat SCI repair indicated that the hydrogels
could improve the motor function recovery, facilitate the
regrowth and angiogenesis of axon, guide the migration
of astrocytic, and promote the remyelination [204]. In
another study, Cao et al. prepared a hierarchically AFG
with both aligned nanostructures and low elasticity,
which can effectively promote nerve fiber regeneration
in a rodent SCI model. In the follow-up application, AFG
was also explored in the repair of canine lumbar 2-seg-
ment hemisection spinal cord injury. The results showed
that after AFG implantation, its nanometer-to-millim-
eter-scale hierarchical arrangement endowed it with a
unique guiding effect, enabling axonal re-growth in an
oriented pattern connecting rostral and caudal stumps.
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This can significantly improve the recovery of motor
function in dogs with SCI [197].Although these hydrogel
materials revealed relative advantages and performances
on SCI repair, the mechanisms on how the single compo-
nents regulated the bioprocesses of SCI should be further
investigated. In addition, more efforts on how to improve
the nanofiber hydrogels for clinical applications should
be considered seriously.

2DM:-incorporated hydrogels for SCI

2DMs, such as MoS,, GO, rGO, MXene, and MOFs have
been widely used for the synthesis of various functional
bioactive materials. 2DMs are potential candidates for
the SCI repair because of their large specific surface area,
good biocompatibility, easy modification, and potential
conductivity, and catalytic activity [205].

Marques and co-workers have raised a question “Is
graphene shortening the path toward spinal cord regen-
eration?” in a recent review [206]. By detailed analysis on
a lot of studies that using graphene-based materials for
SCI, they have concluded that graphene-based materi-
als play important roles in developing complementary
SCI therapeutic approaches and promoting neuroregen-
eration from enhanced neural cell-material interactions.
In addition, they proposed that the using of graphene
materials could shorten the way to achieve in clinical
translation. Based on the unique physical and chemical
properties of MoS, and GO, Chen et al. demonstrated
the fabrication strategy of MoS, and GO-functionalized
PVA (MoS,/GO/PVA) composite hydrogels for repair-
ing SCI [207]. As shown in Fig. 18a, MoS,/GO nanohy-
brids were firstly prepared by conjugating MoS, onto the
surface of GO nanosheets, which were then mixed with
PVA to form composite hydrogels via repeatedly freezing
and thawing. Due to the addition of MoS, and GO, the
created composite hydrogels exhibited good suppleness,
high mechanical properties, and high electrical conduc-
tivity. After injecting the hydrogels into the SCI part, the
differentiation of NSCs into neuron cells and scavenged
ROS were induced. Meanwhile, the using of the com-
posite hydrogels inhibited the differentiation of M1 and
active M2 macrophage, which improved inflammatory
cytokines effectively. In this case, the unique proper-
ties, such as the high conductivity of MoS, and the good
mechanical properties of GO, extended the potential of
PVA hydrogels for repairing SCIL

In another case, Zhang and co-workers synthesized
GO-functionalized diacerein-terminated PEG hydro-
gels by using the strong interactions between GO and
diacerein, and further applied the formed hydrogels for
repairing SCI [208]. They also proved that the electric
conductivity and 3D porous structure of the hydrogels
accelerated functional formation and neural activity in
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the neural network by mediating the migration of neural
system cells and the remyelination of axons. Although
the GO-based hydrogels have been presented as effec-
tive candidates for repairing SCI, the understanding on
the signaling pathways in the process of repair should be
studied further at the molecular level.

Although GO has satisfied biocompatibility for the SCI
repair, its low electrical conductivity could be improved
by the reduction of GO into reduced GO (rGO) for
enhanced neuroregeneration. In a typical study, Xue et al.
demonstrated the design and fabrication of a electro-
conductive and highly porous rGO/xanthan gum (rGO/
XG) hydrogel for repairing SCI, as shown in Fig. 18b.
Benefit by the using of rGO, the formed hydrogel exhib-
ited high electroconductivity, which promoted the trans-
mission of electrical signals, guided the ordered growth
of regenerated nerve fibers, and inhibited the forma-
tion of glial scars [209]. In addition, the in vivo tests
with rats indicated that the injection of hydrogels to
SCI parts mediated the restore of the motor function of
rats. After the reduction to graphene, GO reveals lower

MoS /GO MoS,/GO/PVA

Implanted hydrogel

Repair of spinal cord injury
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biocompatibility, which could decrease the functions for
cell adhesion and growth. Therefore, the using of highly
biocompatible components with graphene for the fabri-
cation of composite hydrogels is necessary. For instance,
the cross-linking graphene with collagen [209, 210] and
silk proteins [211] for the synthesis of biocompatible
graphene-based hydrogels for repairing SCI have been
reported.

Besides MoS, and graphene materials, other 2DM-bade
hydrogels have also been utilized for the SCI repair appli-
cations, although very limited studies have been reported.
For instance, Kong and co-workers reported the design
and synthesis of a multifunctional hydrogels by modify-
ing the GelMA hydrogels with MXene and AuNPs for
SCI repair [212]. As indicated in Fig. 18c, GelMA hydro-
gels were first prepared and MXene and AuNPs were
then added into the as-prepared hydrogels to form MAu-
GelMA composite hydrogels. After loading NSCs into
the formed composite hydrogels, the hydrogels exhibited
combined treatment for repairing SCI. First, the loaded
NSCs can promote the recovery of SCI by the injection
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Fig. 18. 2DM-incorporated hydrogels for SCl repair applications: a MoS,/GO/PVA hydrogel for repairing SCI. Reprinted from Ref. [207], Copyright
2022, Springer Nature. b rGO/XG gel for repairing SCI. Reprinted from Ref. [209], Copyright 2022, Elsevier. ¢ MXene and AuNPs-modified GelMA
hydrogel for the recovery of SCI. Reprinted from Ref. [212], Copyright 2023, Elsevier. d 2D GeP@PDA-doped HA-DA hydrogel for enhanced repair

of SCI. Reprinted from Ref. [11], Copyright 2021, Wiley-VCH
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of hydrogels into the injury parts. On the other hand, the
good electrical conductivity of both MXene and AuNPs
promoted NSC differentiation and myelin regeneration,
resulting in functional recovery of SCI. The combined
therapy with functional hydrogels could be an effective
strategy for repairing SCIL In another study, conduc-
tive and biodegradable germanium phosphide (GeP)
nanosheets have been utilized for the modification of hya-
luronic acid-dopamine (HA-DA) hydrogels for enhanced
SCI repair, as show in Fig. 18d. The in vitro experiments
indicated that the formed HA-DA/GeP@PDA hydrogels
accelerated the differentiation of NSCs into neurons and
the in vivo tests with rat models proved further that the
hydrogels improved the recovery of locomotor function
of rats effectively [11]. In addition, other 2DMs, such as
ZIF-based hydrogels are also beneficial for repairing SCI,
ascribing to their versatile molecular design, tailorable
functions, high biocompatibility, and large potential in
biomedicine and tissue engineering [213].

Clinical development of bioactive hydrogels

It is well known that currently no effective medical treat-
ments can be utilized for reversing the damage of SCI
as the repair of SCI is a complex process that related to
chemical, physical, and biological aspects. The treating
performance of traditional methods, such as surgy, drug
therapy, and rehabilitation could result in limited effects
on the repair of SCI [206]. Previous small animal test and
clinical studies indicated that the using of neuroprotec-
tive drugs, NSCs, and neuromodulatory stimulations are
beneficial for promoting the neuroregeneration in the
SCI area, which has guided the development direction of
clinical treating SCIL.

3D hydrogels with high bioactivity and biocompatibil-
ity can act as excellent vehicles for delivering NSCs and
drugs for SCI treatment, and are highly potential for
clinical development of SCI repair. In the above introduc-
tion and discussion, we find that bioactive hydrogels have
been widely used for preliminary lab study on repair-
ing SCI, and in most of the cases, the designed bioactive
hydrogels have exhibited great performance for treat-
ing SCI, not only in the in vitro cell test, but also in the
in vivo tests with small animals such as rats. However,
very limited efforts have been carried out for using bioac-
tive hydrogels for real clinical human trials. A few factors
could be crucial for affecting the clinical development of
bioactive hydrogels.

The bioactivity and biocompatibility, as well as their
physical properties of bioactive hydrogels are unknown
for large animals currently. The pre-fabricated hydro-
gels can mediate the regeneration of axons, but reveal
high risk to damage the spared neuro tissues; the inject-
able hydrogels are versatile and less-invasive to fill in the
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irregularly shaped lesion, but they will inhibit the axonal
regeneration [14]. In addition, the conditions in large ani-
mals are much complicated than that of rats, the chemi-
cal and biological reactions in both cases may have big
differences [214].

The clinical trials need effective drugs usually. For the
SCI drug therapy with bioactive hydrogels that loaded
drugs, the cost will be very high. It is known that aver-
age time and cost for developing a useful drug that can
be approved by the FDA are about 10 years and 1 billion
dollars. At present, it is not easy to find a highly effective
and approved drug for repairing SCI. Previously, a bioac-
tive drug, anti-NogoA, has been testified as one potential
candidate for the treatment of SCI with a phase I clinical
trial [215]. It was still very far for the real clinical success.

Besides, there are many and complex mechanisms of
bioactive hydrogels towards the repair of SCI. As dis-
cussed in 2.1.1, there are four common mechanisms
mentioned in the section, and the action mechanisms
of bioactive hydrogels for repairing SCI are also com-
plex, and in some cases, multiple actions are responsible
for SCI repair. Without fully clear understanding these
mechanisms, it is hard to apply hydrogels for clinical tri-
als really.

Conclusion and perspectives

In summary, we presented a comprehensive review on
the design, synthesis, functional regulation of bioac-
tive hydrogels for repairing SCI. Based on the above
introductions and discussions, several key conclusions
are given. Firstly, the development of materials science
and nanotechnology provided good opportunities for
the SCI repair studies. Various biomaterials are widely
utilized for the preliminary and pre-clinical studies of
SCI repairing, in which bioactive hydrogels showed
some advantages such as 3D porous structure, high bio-
compatibility, injectability, easy operation, and similar
properties to ECM. Secondly, bioactive hydrogels can
be fabricated through chemical and physical cross-link-
ing of various biomolecules, including DNA, proteins,
peptides, biomass polysaccharides, and other types of
biopolymers. These natural and synthetic biomolecules
provided potential bioactivity and biofunctions for the
synthesized hydrogels for repairing SCI. In addition,
the loading of NSCs, drugs, GFs, and molecular active
factors into hydrogels promoted the multi-functions of
the composite hydrogels, further improving the repair
efficiency of injected hydrogels in SCI sites. Thirdly, we
demonstrated various methods for regulating the bio-
logical properties of bioactive hydrogels, such as the
cell biocompatibility, self-healing, antibacterial, bio-
adhesion, biodegradation, and others, which played
crucial roles in promoting the neuroregeneration in the
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SCI sites and mediating the recovery of motor func-
tion. Finally, in the SCI repair studies, the functions of
bioactive hydrogels can be further regulated by intro-
ducing drugs/GFs, NPs, stimuli-responsive polymers,
1D materials, and 2D materials. These efforts provided
more electrical, optical, thermal, and enzymatic func-
tions or properties for the fabricated bioactive hydro-
gels, greatly inspiring the SCI repair applications from
preliminary to clinical studies.

Bioactive hydrogels have shown great potential for
the repair of SCI in the last years, according to the
above analysis. Here we would like to provide our view-
points on the further development on using bioactive
hydrogels to treat SCI. First, more efforts should be
done to understand the signaling pathways and corre-
sponding repair mechanism by active hydrogels in the
processes of SCI repairing. The theoretical studies can
guide the design and synthesis of hydrogels with spe-
cific properties and functions for SCI. Second, there is
challenge on the embedding and differentiation of stem
cells in hydrogels, which could be the most effective
ways to promote the intrathecal transplantation and
neuroregeneration. Therefore, new techniques on the
loading of stem cells into hydrogels and the creation of
suitable cell proliferation conditions should be devel-
oped. Third, in the term of material design, some func-
tional 2D materials, such as black phosphorus, MOFs,
COFs, and MXenes could be combined with bioactive
hydrogels to provide catalytic, enzymatic, and electrical
functions of hydrogels, inducing specific applications in
repairing SCI. Fourth, new fabrication techniques, such
as 3D and 4D printing, could be developed to fabri-
cate hydrogels with hierarchical structures that similar
to natural human spinal cord. Meanwhile, the created
hydrogels should maintain good injection ability and
flexibility to fill in the injured sites. Fifth, the treatment
of SCI with bioactive hydrogels should be combined
with advanced therapy techniques, such as the biosens-
ing, bioimaging, and physical diagnostics (for instance
MRI and CT), for which functional NPs and molecu-
lar imaging agents should be applied. Final, we suggest
that it is necessary to develop safe and effective drugs
for treating SCI with further clinical trials, as currently
nearly all the SCI repairing studies were focusing on
pre-clinical studies with traditional drugs and GFs.
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