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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 SCI 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 SCI 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 (CNS) 
[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 

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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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 SCI 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.

Scheme 1.  Model on the design and functional regulation of bioactive hydrogels for the SCI repair
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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 SCI 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 

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 SCI.

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 SCI 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.

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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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 

Fig. 1  Hydrogels for tissue engineering applications: a Diagram of hydrogels treatment of central neuropathy (brain, spinal cord). b Cell behavior 
of injectable hydrogels. Reprinted from Ref [50], Copyright 2021, Royal Society of Chemistry
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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 

Fig. 2  Unique physical, chemical, and biological properties of hydrogels for cell and drug delivery in SCI repairing. Reprinted from Ref [14], 
Copyright 2022, Elsevier
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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 

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. c 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
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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 
(SFN) 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 SFN, the stiffness of the SF hydrogel 

was regulated to about 9–60 kPa, which was much higher 
than that of hydrogel without SFN (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 

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. c 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 SF-HA 
hydrogels revealed promising degradation ability, cyto-
compatibility, and elasticity, making the hydrogels good 
candidates for long-term tissue engineering applications.

In addition to SF, 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, 
Bi3+ was added into bovine serum albumin (BSA) to 
form the Bi2S3-BSA hydrogel for photothermal therapy of 
tumors. The Bi2S3-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 

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, K2(SL)6K2 polypeptide (KK), and (Ag+) [81]. The 
hydrogel was formed by the S–Ag coordination and the 
cross-linking of BSA protein, thiol polypeptide K2(SL)6K2 
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 
β-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 β-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 

Fig. 5  Synthesis and structures of bioactive peptide hydrogels: a KK-BSA hydrogels formed by Ag–S coordination. Reprinted from Ref. [81], 
Copyright 2020, Wiley–VCH. b Photosensitive peptide hydrogel via self-assembly. Reprinted from Ref. [82], Copyright·2023, American Chemical 
Society. c ECM protein-mimic peptide hydrogel. Reprinted from Ref. [83], Copyright 2018, American Chemical Society. d Self-assembly and gelation 
pathways of β-sheet forming peptides. Reprinted from Ref [84], Copyright 2022, Royal Society of Chemistry
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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 β-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-π and 
π-π 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 Ca2+-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) 

[88]. In their study, calcium phosphate (CaP) NPs were 
embedded into the injectable TOCNF 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. 6c) [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 Cu2+ 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 TiO2 NPs (Fig. 7b) [94]. The addition of 
TiO2 NPs into the PEG/CTS hydrogel improved its phys-
icochemical and biological properties of the PEG/CTS 
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Fig. 6  Synthesis and structure of bioactive polysaccharide hydrogels: a 3D printed Alg/Gel/CNCs hydrogel. Reprinted from Ref. [87], Copyright· 
2021, Elsevier. b CaP-TOCNF hybrid hydrogel. Reprinted from Ref. [88], Copyright·2021, MDPI. c CM/ZnO-MCM-41/TC hybrid hydrogel for drug 
delivery. Reprinted from Ref. [90], Copyright 2017, Elsevier
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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 

Fig. 7  Synthesis and structure of other biopolymer hydrogels: a PDA/Cu-CS composite hydrogel. Reprinted from Ref. [93], Copyright 2020, 
American Chemical Society. b PEG/CTS hydrogels loaded with TiO2 NPs. Reprinted from Ref. [94], Copyright·2018, Elsevier. c Self-healing HA 
nanocomposite hydrogel. Reprinted from Ref. [95], Copyright·2022, American Chemical Society. d GelMA-PAM hybrid hydrogel. Reprinted from Ref. 
[96], Copyright 2017, Royal Society of Chemistry
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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 

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 Mg2+ 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 Mg2+ 
and acrylated bis-phosphonate (Ac-BP), which driven 
the co-assembly of Mg2+ and Ac-BP to form Ac-BP-Mg2+ 
NPs. The photo-initiator was added to the mixed solution 
of methacrylated HA (MeHA) and Ac-BP-Mg2+ NPs, to 
form hybrid hydrogels by the photo-induced stimulation. 
In physiological tissue, the hydrogels exhibited the ability 
to release Mg2+ 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 (1 × 107  mL−1) 
and NSCs (1 × 107  mL−1) 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 
Hydrogel

Electrostatic Interactions Drug delivery system 
for bone regeneration

Injectable, sustained-
release therapeutic 
properties

[63]

DNA-OA Hydrogel Electrostatic 
Interactions,reversible 
imine linkages

Drug delivery system 
for bone regeneration

Sustained-release proper-
ties of the drug. Injectability

[64]

AuNP-DNA hydrogel Base complementation Photothermal immuno-
therapy for tumors

Safety, injectability, biodeg-
radability, ability to stimu-
late innate immunity

[65]

CPT–DNA- hydrogel Chemical crosslinking Local Chemotherapy to Pre-
vent Tumor Recurrence

Injectable, thermosensitive, 
and nuclease- and GSH-
responsive properties

[66]

Protein RSF-SNF hydrogel Enzyme crosslinking Tissue regeneration Tunable mechanical 
properties

[72]

Silk fibroin/collagen 
hydrogel

physically crosslinking Tissue regeneration Adjustable mechanical 
strength, good cell com-
patibility

[73]

Silk-HA hydrogel Enzyme crosslinking Tissue engineering Controllable gelation 
and degradation rates

[74]

Bi2S3-BSA nanocomposite 
hydrogel

Chemical crosslinking Photothermal therapy 
for tumors

Injectable and self-healing 
properties、 synthesis 
method is simple

[75]

TA-PVA/BSA Hydrogel Physically crosslinking – High mechanical strength 
and good water reten-
tion capacity, adjustable 
mechanical properties

[76]

Mfp Hydrogel Photochemical crosslinking Cell adhesion and neurite 
growth

Supports adhesion 
and proliferation of multi-
ple cell lines

[78]

Peptide KK-BSA hydrogel Chemical crosslinking Promoting Infected Wound 
Healing

Rapidly degradable, 
injectable, self-healing, anti-
bacterial and angiogenic 
ability

[81]

photoactivated Fmoc-
KDNBK hydrogel

Photochemical crosslinking Cell culture Controlled and fast sol–gel 
conversion

[82]

Dentinogenic Peptide 
Hydrogel

Non-covalent interactions Pulp tissue regeneration Injectable properties, 
cytocompatibility, sup-
port DPSC proliferation 
and increase the potential 
for calcium phosphate 
deposition

[83]

FK Hydrogel Electrostatic Interactions Drug delivery system Controllable rate of drug 
release

[84]

Biomass polysaccharides Alg/Gel/CNCs hydrogel Intermolecular hydrogen 
bonding

Regeneration of bone tissue Bio-ink in 3D-printing 
for tissue engineering

[87]

TOCNFs CaPGO hydrogel physically crosslinking Regeneration of bone tissue Injectable, inducing miner-
alization

[88]

Chitosan-CMC-g-PF127 
hydrogel

Chemical crosslinking Diabetic wound healing Mechanical properties, 
rheological properties, 
microporous structure, 
continuous drug releasee

[89]

CMC / ZnO-MCM-41 
hydrogel

hydrogen bonding Wound healing and dress-
ing systems

High mechanical proper-
ties, breathability, antibac-
terial

[90]
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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 

Table 1  (continued)

Material Name Crosslinking methods Application Merit Refs.

Composites PDA/Cu-CS hydrogel Electrostatic Interactions Treatment of infectious 
wounds

Photothermal effect, anti-
bacterial

[93]

PEG/CTS hydrogel Chemical crosslinking Cardiac repair More healthy and synchro-
nous activity

[94]

AHA/DHA/oxi-CNC 
hydrogel

Chemical crosslinking Skin regeneration High mechanical strength 
and self-healing ability, 
injectability

[95]

GelMA/PAM biohybrid 
hydrogel

Chemical crosslinking Chemical crosslinking Cell adhesion, biocompat-
ibility, degradable

[96]

Fig. 8  Cell biocompatibility of bioactive hydrogels: a GHNbBG hydrogel for osteogenesis. Reprinted from Ref. [99], Copyright 2023, Elsevier. b EGF 
and BFGF-loaded peptide hydrogels for SCI. Reprinted from Ref. [26], Copyright 2023, Elsevier. c GelMA hydrogel loaded BMSCs and NSCs for SCI 
repair. Reprinted from Ref. [103], Copyright 2020, Elsevier
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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 π-π 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 π-π interaction. The π-π 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 π-π 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 

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 

Fig. 9  Self-healing hydrogels for SCI repair: a XG-PEG self-healing hydrogel. Reprinted from Ref. [108], Copyright 2018, American Chemical Society. 
b Self-healing FC/FI-Cur hydrogel for treating SCI. Reprinted from Ref. [109], Copyright 2021, Elsevier. c Self-healing AHA/DTP hydrogel for repairing 
SCI. Reprinted from Ref. [110], Copyright 2022, Elsevier
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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]. GelMA 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 

wound healing. Halloysite nanotubes (HNTs) 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 SCI.

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) (1 × 107 cells mL−1), 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, 

Fig. 10  Anti-bacterial and anti-inflammatory properties of hydrogels: a nAg/HNTs/GelMA for preventing bacterial infection and promoting bone 
tissue regeneration. Reprinted from Ref. [115], Copyright 2020, Elsevier. b ADSCs-loaded CaNeu hydrogel for the formation of anti-inflammatory 
microenvironment. Reprinted from Ref. [116], Copyright 2021, Elsevier
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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, l-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. 

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 SCI. 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 SCI. 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-1α (SDF1α) 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 SDF1α 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 

Fig. 11  Injectable ability of hydrogels: a Injectable thermosensitive PLEL/EVs hydrogel for SCI repair. Reprinted from Ref. [8], Copyright 2022, 
Elsevier. b Injectable SF/DA hydrogel for SCI repair. Reprinted from Ref. [123], Copyright 2020, Elsevier
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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].

Fig. 12  Biological adhesion of hydrogels: a SF-GMA/LM-AC hydrogel with high adhesion for SCI repair. Reprinted from Ref. [130], Copyright 2023, 
Elsevier. b Col-FB hydrogel for SCI repair. Reprinted from Ref. [131], Copyright 2022, American Chemistry Society. c SF-RGD hydrogel for the SCI 
adhesion and osteogenic differentiation. Reprinted from Ref. [132], Copyright 2019, Wiley–VCH
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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 

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 (NH2-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 

Fig. 13  Multi-functions of bioactive hydrogels: a Biodegradable hydrogel Cab-M/H gels for healing injured site. Reprinted from Ref. [140], Copyright 
2019, Elsevier. b Multifunctional conductive ICH/NSCs hydrogel for SCI repair. Reprinted from Ref. [142], Copyright 2023, American Chemistry 
Society. c Multifunctional FE/EVs hydrogel for promoting neuronal differentiation and axon formation. Reprinted from Ref. [25], Copyright 2021, 
Elsevier. d PMEAC hydrogel scaffold for regulating the microenvironment motor function recovery. Reprinted from Ref. [146], Copyright 2022, 
Elsevier
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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)-
ε-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 

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 SCI 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 SCI 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 BDNF, 
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) (1 × 105 cells  mL−1) were encapsulated in 
chitosan/β-glycerophosphate/hydroxyethyl cellulose 
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(CTS/β-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 (PDGF-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 β 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].Ta
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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.

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 × 105 cell  mL−1) 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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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.α-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, 

Fig. 14  Growth factor/drug-hydrogel for SCI treatment: a PDGF-MPHM + NSCs hydrogel for SCI 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
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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 Schiff-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.

MnO2 NPs can catalyze the decomposition of H2O2 
into H2O and O2 in the tumor microenvironment [182]. 
In the work of Li et  al., albumin was used as a biotem-
plate to biomimetically mineralize MnO2 NPs with good 
biocompatibility, which was dispersed in PPFLMLLKG-
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 MnO2 NPs induced the formation of longer 

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 MnO2 NPs showed 
better angiogenesis after 28  days of surgery, suggesting 
that MnO2 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 Fe3O4@BaTiO3 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 
great potential for the SCI repair in the last years.

Hydrogels reveal advantages for treating SCI by deliv-
ering drugs and genes to the injuried sites to promote the 

direct axon regeneration. Chew et al. reported the fabri-
cation of 3D aligned nanofibrous hydrogels for control-
lable drug/gene delivery to treat SCI [191, 192]. In their 
work, aligned poly (ε-caprolactone-co-ethyl ethylene 

Fig. 15  Polymer hydrogels for SCI repair: a 3D bioprinted conductive composite hydrogel for SCI repair. Reprinted from Ref. [169], Copyright 2023, 
Elsevier. b PLL hydrogel and its potential application in SCI repair. Reprinted from Ref. [174], Copyright 2023, Elsevier
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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 

Fig. 16  NP-functionalized bioactive hydrogels for SCI repair: a CeNP-Gel hydrogel for repairing SCI. Reprinted from Ref. [181], Copyright 2021, 
Wiley–VCH. b PPy NP-embedded collagen-HAMA hybrid hydrogel for in vivo SCI repair. Reprinted from Ref. [188], Copyright 2021, American 
Chemical Society
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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 

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 

Fig. 17.  1DM-incorporated hydrogels for SCI repair applications: a electrospun MAL-PCL fiber-doped PEG-HA hydrogel for SCI repair. Reprinted 
from Ref. [193], Copyright 2020, Elsevier. b CNT-doped conductive PEG hydrogels for SCI repair. Reprinted from Ref. [195], Copyright 2018, Royal 
Society of Chemistry. c 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 (SFN) hydrogels modified with nerve growth 
factor (NGF) have been presented for repairing scarless 
SCI [200]. As indicated in Fig.  17c, aligned SFN hydro-
gels were formed under the action of an applied electric 
field, which were then doped with NGF to form hybrid 
NGF-SFN 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. 

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 MoS2, 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 MoS2 and GO, Chen et  al. demonstrated 
the fabrication strategy of MoS2 and GO-functionalized 
PVA (MoS2/GO/PVA) composite hydrogels for repair-
ing SCI [207]. As shown in Fig. 18a, MoS2/GO nanohy-
brids were firstly prepared by conjugating MoS2 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 MoS2 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 MoS2 and the good 
mechanical properties of GO, extended the potential of 
PVA hydrogels for repairing SCI.

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 

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 MoS2 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 

Fig. 18.  2DM-incorporated hydrogels for SCI repair applications: a MoS2/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. c 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 SCI. 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 SCI.

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 

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.

Acknowledgements
The authors thank the support of the Taishan Scholars Program of Shandong 
Province, the National Natural Science Foundation of China, the Scientific 
Research Project of Qingdao University Medical Group, and the High-Grade 
Talents Plan of Qingdao University.

Author contributions
ZGS and DZZ contributed equally to this work. ZGS, DZZ: Writing original draft. 
HZ, JL, PH, XL, HQH: Data analysis, Resources, Checking and revising the manu-
script. XFZ, GW, YMX: Conceptualization, Writing review & editing, Supervision, 

Project administration, Funding acquisition. All authors have given approval to 
the final version of the manuscript.

Funding
This research was funded by the Taishan Scholars Program of Shandong 
Province (No. ts20190985, tsqn201909104), the National Natural Science 
Foundation of China (No. 51873225), the Scientific Research Project of Qing-
dao University Medical Group, and the High-Grade Talents Plan of Qingdao 
University.

Data availability
The data shown in this article can be obtained by request.

Declarations

Consent for publication
We give our consent for the manuscript to be published in Journal of 
Nanobiotechnology.

Competing interests
The authors report no conflicts of interest. The authors alone are responsible 
for the content and writing of this article.

Received: 5 June 2023   Accepted: 10 July 2023

References
	 1.	 Van Middendorp JJ, Hosman AJF, Donders ART, Pouw MH, Ditunno JF, 

Curt A, Geurts ACH, Van de Meent H, Grp E-SS. A clinical prediction 
rule for ambulation outcomes after traumatic spinal cord injury: a 
longitudinal cohort study. Lancet. 2011;377:1004–10.

	 2.	 Varadarajan SG, Hunyara JL, Hamilton NR, Kolodkin AL, Huberman 
AD. Central nervous system regeneration. Cell. 2022;185:77–94.

	 3.	 Yang B, Liang CZ, Chen D, Cheng F, Zhang YA, Wang SK, Shu JW, 
Huang XP, Wang JK, Xia KS, et al. A conductive supramolecular hydro-
gel creates ideal endogenous niches to promote spinal cord injury 
repair. Bioact Mater. 2022;15:103–19.

	 4.	 Ling J, Huang TT, Wu RH, Ma C, Lin G, Zhou ZH, Wang JP, Tu QF, Tang 
XX, Liu Y, et al. Cell development enhanced bionic silk hydrogel 
on remodeling immune pathogenesis of spinal cord injury via m2 
polarization of microglial. Adv Funct Mater. 2023;33:2213342.

	 5.	 Hao M, Chen L, He JL, Zhao XL, Xia H, Chen X, Yu LY, Qiu JC, Feng SQ, 
Sang YH, et al. Multifunctional hydroxyapatite nanobelt haystacks 
integrated neural stem cell spheroid for rapid spinal cord injury 
repair. Adv Funct Mater. 2023;33:2214869.

	 6.	 Jafarimanesh MA, Ai JF, Shojae S, Khonakdar HA, Darbemamieh 
G, Shirian S. Sustained release of valproic acid loaded on chitosan 
nanoparticles within hybrid of alginate/chitosan hydrogel with/with-
out stem cells in regeneration of spinal cord injury. Prog Biomater. 
2023;12:75–86.

	 7.	 Gao X, You ZF, Li Y, Kang XY, Yang W, Wang HR, Zhang T, Zhao XH, 
Sun YF, Shen H, Dai JW. Multifunctional hydrogel modulates the 
immune microenvironment to improve allogeneic spinal cord tis-
sue survival for complete spinal cord injury repair. Acta Biomater. 
2023;155:235–46.

	 8.	 Zhang ZJ, Zhang XL, Wang CG, Teng WSY, Xing HY, Wang FQ, Yinwang E, 
Sun HX, Wu Y, Yu CC, et al. Enhancement of motor functional recovery 
using immunomodulatory extracellular vesicles-loaded injectable 
thermosensitive hydrogel post spinal cord injury. Chem Eng J. 2022;433: 
134465.

	 9.	 Sun XM, Liu HQ, Tan Z, Hou YH, Pang M, Chen SF, Xiao LY, Yuan QJ, Liu 
B, Rong LM, He LM. Remodeling microenvironment for endogenous 
repair through precise modulation of chondroitin sulfate proteoglycans 
following spinal cord injury. Small. 2023;19:2205012.

	 10.	 Qi ZP, Zhang TH, Kong WJ, Fu CA, Chang YX, Li HR, Yang XY, Pan S. A 
dual-drug enhanced injectable hydrogel incorporated with neural 



Page 37 of 42Sun et al. Journal of Nanobiotechnology          (2023) 21:238 	

stem cells for combination therapy in spinal cord injury. Chem Eng J. 
2022;427: 130906.

	 11.	 Xu C, Chang YK, Wu P, Liu K, Dong XZ, Nie AM, Mu CP, Liu ZY, Dai HL, Luo 
ZQ. Two-dimensional-germanium phosphide-reinforced conductive 
and biodegradable hydrogel scaffolds enhance spinal cord injury repair. 
Adv Funct Mater. 2021;31: 210440.

	 12.	 Wang RF, Wu XX, Tian ZM, Hu T, Cai CY, Wu GP, Jiang GB, Liu B. Sustained 
release of hydrogen sulfide from anisotropic ferrofluid hydrogel for the 
repair of spinal cord injury. Bioact Mater. 2023;23:118–28.

	 13.	 Xing S, Yan MZ, Yang Y, Wang YG, Hu XC, Ma B, Kang XW. Diacerein 
loaded poly (styrene sulfonate) and carbon nanotubes injectable 
hydrogel: an effective therapy for spinal cord injury regeneration. J 
Clust Sci. 2023;34:565–76.

	 14.	 Walsh CM, Wychowaniec JK, Brougham DF, Dooley D. Functional 
hydrogels as therapeutic tools for spinal cord injury: New perspectives 
on immunopharmacological interventions. Pharmacol Ther. 2022;234: 
108043.

	 15.	 Yu QN, Jin SC, Wang SC, Xiao HN, Zhao YT. Injectable, adhesive, self-
healing and conductive hydrogels based on MXene nanosheets for 
spinal cord injury repair. Chem Eng J. 2023;452: 139252.

	 16.	 Xu GY, Xu S, Zhang YX, Yu ZY, Zou F, Ma XS, Xia XL, Zhang WJ, 
Jiang JY, Song J. Cell-free extracts from human fat tissue with a 
hyaluronan-based hydrogel attenuate inflammation in a spinal cord 
injury model through m2 microglia/microphage polarization. Small. 
2022;18:2107838.

	 17.	 Cheng JY, Chen Z, Liu C, Zhong M, Wang SH, Sun YJ, Wen HQ, Shu T. 
Bone mesenchymal stem cell-derived exosomes-loaded injectable 
hydrogel for minimally invasive treatment of spinal cord injury. Nano-
medicine. 2021;16:1567–79.

	 18.	 Zhai H, Zhou J, Xu JH, Sun XM, Xu YW, Qiu XB, Zhang C, Wu ZJ, Long HQ, 
Bai Y, Quan DP. Mechanically strengthened hybrid peptide-polyester 
hydrogel and potential applications in spinal cord injury repair. Biomed 
Mater. 2020;15: 055031.

	 19.	 Wang H, Zhang H, Xie ZY, Chen K, Ma MJ, Huang YJ, Li ML, Cai ZP, Wang 
P, Shen HY. Injectable hydrogels for spinal cord injury repair. Eng Regen. 
2022;3:407–19.

	 20.	 Silva D, Sousa RA, Salgado AJ. Hydrogels as delivery systems for spinal 
cord injury regeneration. Mater Today Bio. 2021;9: 100093.

	 21.	 Peng HC, Liu YK, Xiao FF, Zhang LM, Li WT, Wang BH, Weng ZJ, Liu Y, 
Chen G. Research progress of hydrogels as delivery systems and scaf-
folds in the treatment of secondary spinal cord injury. Front Bioeng 
Biotech. 2023;11:1111882.

	 22.	 Flack JA, Sharma KD, Xie JYH. Delving into the recent advancements of 
spinal cord injury treatment: a review of recent progress. Neural Regen 
Res. 2022;17:283–91.

	 23.	 Wagner FB, Mignardot JB, Le Goff-Mignardot CG, Demesmaeker R, 
Komi S, Capogrosso M, Rowald A, Seanez I, Caban M, Pirondini E, et al. 
Targeted neurotechnology restores walking in humans with spinal cord 
injury. Nature. 2018;563:65–71.

	 24.	 Hellenbrand DJ, Quinn CM, Piper ZJ, Morehouse CN, Fixel JA, Hanna AS. 
Inflammation after spinal cord injury: a review of the critical time-
line of signaling cues and cellular infiltration. J Neuroinflammation. 
2021;18:284.

	 25.	 Wang CG, Wang M, Xia KS, Wang JK, Cheng F, Shi KS, Ying LW, Yu C, Xu 
HB, Xiao SN, et al. A bioactive injectable self-healing anti-inflammatory 
hydrogel with ultralong extracellular vesicles release synergistically 
enhances motor functional recovery of spinal cord injury. Bioact Mater. 
2021;6:2523–34.

	 26.	 Li ZM, Zhao TF, Ding J, Gu HC, Wang QX, Wang YF, Zhang DT, Gao CY. A 
reactive oxygen species-responsive hydrogel encapsulated with bone 
marrow derived stem cells promotes repair and regeneration of spinal 
cord injury. Bioact Mater. 2023;19:550–68.

	 27.	 Ke HF, Yang HR, Zhao YJ, Li TT, Xin DQ, Gai CC, Jiang ZG, Wang Z. 3D 
gelatin microsphere scaffolds promote functional recovery after spinal 
cord hemisection in rats. Adv Sci. 2023;10: e2204528.

	 28.	 Shah M, Peterson C, Yilmaz E, Halalmeh DR, Moisi M. Current advance-
ments in the management of spinal cord injury: a comprehensive 
review of literature. Surg Neurol Int. 2020;11:2.

	 29.	 Tang Y, Xu ZH, Tang JC, Xu YC, Li Z, Wang WB, Wu L, Xi K, Gu Y, Chen 
L. Architecture-engineered electrospinning cascade regulates spinal 

microenvironment to promote nerve regeneration. Adv Healthc Mater. 
2023;12:2202658.

	 30.	 Kanno H, Ozawa H, Sekiguchi A, Yamaya S, Tateda S, Yahata K, Itoi E. 
The role of mTOR signaling pathway in spinal cord injury. Cell Cycle. 
2012;11:3175–9.

	 31.	 Ding Y, Chen Q. mTOR pathway: a potential therapeutic target for spinal 
cord injury. Biomed Pharmacother. 2022;145: 112430.

	 32.	 Sun X, Huang LY, Pan HX, Li LJ, Wang L, Pei GQ, Wang Y, Zhang Q, Cheng 
HX, He CQ, Wei Q. Bone marrow mesenchymal stem cells and exercise 
restore motor function following spinal cord injury by activating PI3K/
AKT/mTOR pathway. Neural Regen Res. 2023;18:1067–75.

	 33.	 Zhan ZX, Pan L, Zhu Y, Wang YH, Zhao Q, Liu Y, Li S, Wang HY, Yang C, Yu 
LH, et al. Moderate-intensity treadmill exercise promotes mtor-depend-
ent motor cortical neurotrophic factor expression and functional recov-
ery in a murine model of crush spinal cord injury (SCI). Mol Neurobiol. 
2023;60:960–78.

	 34.	 Hu LY, Sun ZG, Wen YM, Cheng GZ, Wang SL, Zhao HB, Zhang XR. ATP-
mediated protein kinase B Akt/mammalian target of rapamycin mTOR/
p70 ribosomal S6 protein p70S6 kinase signaling pathway activation 
promotes improvement of locomotor function after spinal cord injury 
in rats. Neuroscience. 2010;169:1046–62.

	 35.	 Sun Z, Hu L, Wen Y, Chen K, Sun Z, Yue H, Zhang C. Adenosine triphos-
phate promotes locomotor recovery after spinal cord injury by activat-
ing mammalian target of rapamycin pathway in rats. Neural Regen Res. 
2013;8:101–10.

	 36.	 Yang T, Dai YJ, Chen G, Cui SS. Dissecting the dual role of the glial scar 
and scar-forming astrocytes in spinal cord injury. Front Cell Neurosci. 
2020;14:78.

	 37.	 Tamaru T, Kobayakawa K, Saiwai H, Konno D, Kijima K, Yoshizaki S, Hata 
K, Iura H, Ono G, Haruta Y, et al. Glial scar survives until the chronic 
phase by recruiting scar-forming astrocytes after spinal cord injury. Exp 
Neurol. 2023;359: 114264.

	 38.	 Liu BG, Liu GQ, Li CY, Liu SM, Sun DJ. Resection of scar tissue in rats with 
spinal cord injury can promote the expression of beta?-tubulin in the 
injured area. World Neurosurg. 2023;170:E115–26.

	 39.	 Zhang C, Kang JN, Zhang XD, Zhang Y, Huang NA, Ning B. Spati-
otemporal dynamics of the cellular components involved in glial scar 
formation following spinal cord injury. Biomed Pharmacother. 2022;153: 
113500.

	 40.	 Yang MK, Dang XJ, Gao K, Li Z, Liu MY, He KL. The relationship between 
macrophage polarization and glial scar formation in mouse model of 
spinal cord injury. Neuro Endocrinol Lett. 2020;41:385–91.

	 41.	 Rasouli A, Bhatia N, Dinh P, Cahill K, Suryadevara S, Gupta R. Resection of 
glial scar following spinal cord injury. J Orthop Res. 2009;27:931–6.

	 42.	 Anderson MA, Squair JW, Gautier M, Hutson TH, Kathe C, Barraud Q, 
Bloch J, Courtine G. Natural and targeted circuit reorganization after 
spinal cord injury. Nat Neurosci. 2022;25:1584–96.

	 43.	 Rowald A, Komi S, Demesmaeker R, Baaklini E, Hernandez-Charpak 
SD, Paoles E, Montanaro H, Cassara A, Becce F, Lloyd B, et al. Activity-
dependent spinal cord neuromodulation rapidly restores trunk and leg 
motor functions after complete paralysis. Nat Med. 2022;28:260–71.

	 44.	 Yao MH, Li JR, Zhang JN, Ma SS, Wang LY, Gao F, Guan FX. Dual-enzy-
matically cross-linked gelatin hydrogel enhances neural differentiation 
of human umbilical cord mesenchymal stem cells and functional 
recovery in experimental murine spinal cord injury. J Mater Chem B. 
2021;9:440–52.

	 45.	 Yuan TY, Shao Y, Zhou X, Liu Q, Zhu ZC, Zhou BN, Dong YC, Stephano-
poulos N, Gui SB, Yan H, Liu DS. Highly permeable dna supramolecular 
hydrogel promotes neurogenesis and functional recovery after com-
pletely transected spinal cord injury. Adv Mater. 2021;33:2102428.

	 46.	 Chen Z, Wang L, Chen CC, Sun J, Luo JC, Cui WG, Zhu C, Zhou XZ, Liu 
XZ, Yang HL, Shi Q. NSC-derived extracellular matrix-modified GelMA 
hydrogel fibrous scaffolds for spinal cord injury repair. Npg Asia Mater. 
2022;14:20.

	 47.	 Gao K, Niu JB, Dang XQ. Wnt-3a improves functional recovery through 
autophagy activation via inhibiting the mTOR signaling pathway after 
spinal cord injury. Neurosci Lett. 2020;737: 135305.

	 48.	 Zhu HG, Xie R, Liu XD, Shou JJ, Gu WT, Gu SX, Che XM. MicroRNA-494 
improves functional recovery and inhibits apoptosis by modulating 
PTEN/AKT/mTOR pathway in rats after spinal cord injury. Biomed Phar-
macother. 2017;92:879–87.



Page 38 of 42Sun et al. Journal of Nanobiotechnology          (2023) 21:238 

	 49.	 Wang Y, Lv HQ, Chao X, Xu WX, Liu Y, Ling GX, Zhang P. Multimodal 
therapy strategies based on hydrogels for the repair of spinal cord 
injury. Mil Med Res. 2022;9:16.

	 50.	 Lin PH, Dong QB, Chew SY. Injectable hydrogels in stroke and spinal 
cord injury treatment: a review on hydrogel materials, cell-matrix inter-
actions and glial involvement. Mater Adv. 2021;2:2561–83.

	 51.	 Song XL, Li MR, Feng XJ, Liu JL, Ji HY, Gu J. Thermosensitive hydrogel-
mediated sphere/fiber multi-dimensional composite nanotube with 
controlled release of NGF for improved spinal cord injury repair. 
E-Polymer. 2022;181: 111673.

	 52.	 Tran KA, Jin Y, Bouyer J, DeOre BJ, Suprewicz L, Figel A, Walens H, Fischer 
I, Galie PA. Magnetic alignment of injectable hydrogel scaffolds for 
spinal cord injury repair. Biomater Sci. 2022;10:2237–47.

	 53.	 Sudhadevi T, Vijayakumar HS, Hariharan EV, Sandhyamani S, Krishnan 
LK. Optimizing fibrin hydrogel toward effective neural progenitor cell 
delivery in spinal cord injury. Biomed Mater. 2022;17: 014102.

	 54.	 Ghane N, Beigi MH, Labbaf S, Nasr-Esfahani MH, Kiani A. Design of 
hydrogel-based scaffolds for the treatment of spinal cord injuries. J 
Mater Chem B. 2020;8:10712–38.

	 55.	 Wang ZJ, Duan HM, Hao F, Hao P, Zhao W, Gao YD, Gu YM, Song JR, Li 
XG, Yang ZY. Circuit reconstruction of newborn neurons after spinal 
cord injury in adult rats via an NT3-chitosan scaffold. Prog Neurobiol. 
2023;220: 102375.

	 56.	 Koffler J, Zhu W, Qu X, Platoshyn O, Dulin JN, Brock J, Graham L, Lu P, 
Sakamoto J, Marsala M, et al. Biomimetic 3D-printed scaffolds for spinal 
cord injury repair. Nat Med. 2019;25:263.

	 57.	 Liu S, Yang H, Chen D, Xie YY, Tai CX, Wang LD, Wang P, Wang B. 
Three-dimensional bioprinting sodium alginate/gelatin scaffold 
combined with neural stem cells and oligodendrocytes markedly 
promoting nerve regeneration after spinal cord injury. Regen Biomater. 
2022;9:rabc038.

	 58.	 Gao C, Li YX, Liu XY, Huang J, Zhang ZJ. 3D bioprinted conductive 
spinal cord biomimetic scaffolds for promoting neuronal differentiation 
of neural stem cells and repairing of spinal cord injury. Chem Eng J. 
2023;451: 138788.

	 59.	 Chin JS, Milbreta U, Becker DL, Chew SY. Targeting connexin 43 
expression via scaffold mediated delivery of antisense oligodeoxy-
nucleotide preserves neurons, enhances axonal extension, reduces 
astrocyte and microglial activation after spinal cord injury. J Tissue Eng. 
2023;14:20417314221145788.

	 60.	 Zhu LJ, Tian SH, Li ZY, Fan DD, Gao HW, Zhang HY, Bao ZQ, Zhang WL. 
Preparation of drug sustained-release scaffold with de-epithelized 
human amniotic epithelial cells and thiolated chitosan nanocarriers and 
its repair effect on spinal cord injury. J Healthc Eng. 2022;2022:6294148.

	 61.	 Wei YH, Wang KZ, Luo SH, Li F, Zuo XL, Fan CH, Li Q. Programmable DNA 
hydrogels as artificial extracellular matrix. Small. 2022;18:2107640.

	 62.	 Li FY, Lyu DY, Liu S, Guo WW. DNA hydrogels and microgels for biosens-
ing and biomedical applications. Adv Mater. 2020;32:1806538.

	 63.	 Basu S, Pacelli S, Feng Y, Lu QH, Wang JX, Paul A. Harnessing the non-
covalent interactions of DNA Backbone with 2D silicate nanodisks to 
fabricate injectable therapeutic hydrogels. ACS Nano. 2018;12:9866–80.

	 64.	 Basu S, Pacelli S, Paul A. Self-healing DNA-based injectable hydrogels 
with reversible covalent linkages for controlled drug delivery. Acta 
Biomater. 2020;105:159–69.

	 65.	 Yata T, Takahashi Y, Tan MM, Nakatsuji H, Ohtsuki S, Murakami T, Imahori 
H, Umeki Y, Shiomi T, Takakura Y, Nishikawa M. DNA nanotechnology-
based composite-type gold nanoparticle-immunostimulatory DNA 
hydrogel for tumor photothermal immunotherapy. Biomaterials. 
2017;146:136–45.

	 66.	 Zhang J, Guo YY, Pan GF, Wang P, Li YH, Zhu XY, Zhang C. Injectable 
drug-conjugated DNA hydrogel for local chemotherapy to prevent 
tumor recurrence. ACS Appl Mater Interfaces. 2020;12:21441–9.

	 67.	 Zhang Q, Liu Y, Yang GZ, Kong H, Guo L, Wei G. Recent advances in 
protein hydrogels: from design, structural and functional regulations to 
healthcare applications. Chem Eng J. 2023;451: 138949.

	 68.	 Wu JH, Li PF, Dong CL, Jiang HT, Bin X, Gao X, Qin M, Wang W, Bin C, 
Cao Y. Rationally designed synthetic protein hydrogels with predictable 
mechanical properties. Nat Commun. 2018;9:620.

	 69.	 Zhang X, Jiang ST, Yan TF, Fan XT, Li F, Yang XD, Ren B, Xu JY, Liu 
JQ. Injectable and fast self-healing protein hydrogels. Soft Matter. 
2019;15:7583–9.

	 70.	 Davari N, Bakhtiary N, Khajehmohammadi M, Sarkari S, Tolabi H, Ghor-
bani F, Ghalandari B. Protein-based hydrogels: promising materials for 
tissue engineering. Polymers. 2022;14:986.

	 71.	 Panahi R, Baghban-Salehi M. Protein-based hydrogels in cellulose-
based superabsorbent hydrogels. Chem: Springer International Publish-
ing; 2019.

	 72.	 Wang X, Ding ZZ, Wang C, Chen XD, Xu H, Lu Q, Kaplan DL. Bioactive 
silk hydrogels with tunable mechanical properties. J Mater Chem B. 
2018;6:2739–46.

	 73.	 Buitrago JO, Patel KD, El-Fiqi A, Lee J-H, Kundu B, Lee H-H, Kim H-W. 
Silk fibroin/collagen protein hybrid cell-encapsulating hydrogels with 
tunable gelation and improved physical and biological properties. Acta 
Biomater. 2018;69:218–33.

	 74.	 Raia NR, Partlow BP, McGill M, Kimmerling EP, Ghezzi CE, Kaplan DL. 
Enzymatically crosslinked silk-hyaluronic acid hydrogels. Biomaterials. 
2017;131:58–67.

	 75.	 Wang LQ, Liang KX, Jiang XX, Yang MH, Liu YN. Dynamic protein-metal 
ion networks: a unique approach to injectable and self-healable metal 
sulfide/protein hybrid hydrogels with high photothermal efficiency. 
Chem Eur J. 2018;24:6557–63.

	 76.	 Xu RN, Ma SH, Lin P, Yu B, Zhou F, Liu WM. High strength astringent 
hydrogels using protein as the building block for physically cross-linked 
multi-network. ACS Appl Mater Interfaces. 2018;10:7593–601.

	 77.	 Tolabi H, Davari N, Khajehmohammadi M, Malektaj H, Nazemi K, Vahedi 
S, Ghalandari B, Reis RL, Ghorbani F, Oliveira JM. Progress of microfluidic 
hydrogel-based scaffolds and organ-on-chips for the cartilage tissue 
engineering. Adv Mater. 2023;35:2208852.

	 78.	 Liu XT, Yang X, Yang ZG, Luo JR, Tian XZ, Liu K, Kou SZ, Sun F. Versatile 
engineered protein hydrogels enabling decoupled mechanical and 
biochemical tuning for cell adhesion and neurite growth. ACS Appl 
Nano Mater. 2018;1:1579–85.

	 79.	 Wang Y, Zhang WS, Gong CC, Liu B, Li YL, Wang LC, Su ZQ, Wei G. Recent 
advances in the fabrication, functionalization, and bioapplications of 
peptide hydrogels. Soft Matter. 2020;16:10029–45.

	 80.	 Sharma P, Pal VK, Roy S. An overview of latest advances in exploring 
bioactive peptide hydrogels for neural tissue engineering. Biomater Sci. 
2021;9:3911–38.

	 81.	 Cheng L, Cai ZW, Ye TJ, Yu XH, Chen ZJ, Yan YF, Qi J, Wang L, Liu ZH, Cui 
WG, Deng LF. Injectable polypeptide-protein hydrogels for promoting 
infected wound healing. Adv Funct Mater. 2020;30:2001196.

	 82.	 Xiang YX, Mao HN, Tong SC, Liu C, Yan R, Zhao L, Zhu LY, Bao CY. A facile 
and versatile approach to construct photoactivated peptide hydrogels 
by regulating electrostatic repulsion. ACS Nano. 2023;17:5536–47.

	 83.	 Nguyen PK, Gao W, Patel SD, Siddiqui Z, Weiner S, Shimizu E, Sarkar 
B, Kumar VA. Self-assembly of a dentinogenic peptide hydrogel. ACS 
Omega. 2018;3:5980–7.

	 84.	 Elsawy MA, Wychowaniec JK, Castillo Díaz LA, Smith AM, Miller AF, 
Saiani A. Controlling doxorubicin release from a peptide hydrogel 
through fine-tuning of drug-peptide fiber interactions. Biomacromol. 
2022;23:2624–34.

	 85.	 Zhou YH, Fei X, Tian J, Xu LQ, Li Y. Biomass-based hydrogels with high 
ductility, self-adhesion and conductivity inspired by starch paste for 
strain sensing. Int J Biol Macromol. 2022;222:1211–20.

	 86.	 Kalinoski RM, Shi J. Hydrogels derived from lignocellulosic compounds: 
evaluation of the compositional, structural, mechanical and antimicro-
bial properties. Ind Crops Prod. 2019;128:323–30.

	 87.	 Dutta SD, Hexiu J, Patel DK, Ganguly K, Lim K-T. 3D-printed bioac-
tive and biodegradable hydrogel scaffolds of alginate/gelatin/
cellulose nanocrystals for tissue engineering. Int J Biol Macromol. 
2021;167:644–58.

	 88.	 Fiorati A, Linciano C, Galante C, Raucci MG, Altomare L. Bioactive 
hydrogels: design and characterization of cellulose-derived injectable 
composites. Materials. 2021;14:4511.

	 89.	 Shah SA, Sohail M, Karperien M, Johnbosco C, Mahmood A, Kousar 
M. Chitosan and carboxymethyl cellulose-based 3D multifunctional 
bioactive hydrogels loaded with nano-curcumin for synergistic diabetic 
wound repair. Int J Biol Macromol. 2023;227:1203–20.

	 90.	 Rakhshaei R, Namazi H. A potential bioactive wound dressing based on 
carboxymethyl cellulose/ZnO impregnated MCM-41 nanocomposite 
hydrogel. Mater Sci Eng C. 2017;73:456–64.



Page 39 of 42Sun et al. Journal of Nanobiotechnology          (2023) 21:238 	

	 91.	 Patel P, Thareja P. Hydrogels differentiated by length scales: a review 
of biopolymer-based hydrogel preparation methods, characterization 
techniques, and targeted applications. E-Polymer. 2022;163: 110935.

	 92.	 Bhaladhare S, Das D. Cellulose: a fascinating biopolymer for hydrogel 
synthesis. J Mater Chem B. 2022;10:1923–45.

	 93.	 Xu Q, Chang M, Zhang Y, Wang E, Xing M, Gao L, Huan Z, Guo F, Chang 
J. PDA/Cu bioactive hydrogel with “hot ions effect” for inhibition of 
drug-resistant bacteria and enhancement of infectious skin wound 
healing. ACS Appl Mater Interfaces. 2020;12:31255–69.

	 94.	 Liu NB, Chen JM, Zhuang J, Zhu P. Fabrication of engineered nanopar-
ticles on biological macromolecular (PEGylated chitosan) composite 
for bio-active hydrogel system in cardiac repair applications. Int J Biol 
Macromol. 2018;117:553–8.

	 95.	 Li SZ, Dong Q, Peng XT, Chen Y, Yang HJ, Xu WL, Zhao YT, Xiao P, 
Zhou YS. Self-healing hyaluronic acid nanocomposite hydrogels with 
platelet-rich plasma impregnated for skin regeneration. ACS Nano. 
2022;16:11346–59.

	 96.	 Han L, Xu JL, Lu X, Gan DL, Wang ZX, Wang KF, Zhang HP, Yuan HP, 
Weng J. Biohybrid methacrylated gelatin/polyacrylamide hydrogels for 
cartilage repair. J Mater Chem B. 2017;5:731–41.

	 97.	 Yan M, Lewis PL, Shah RN. Tailoring nanostructure and bioactivity of 
3D-printable hydrogels with self-assemble peptides amphiphile (PA) for 
promoting bile duct formation. Biofabrication. 2018;10: 035010.

	 98.	 Li R, Xu JB, Wong DSH, Li JM, Zhao PC, Bian LM. Self-assembled 
N-cadherin mimetic peptide hydrogels promote the chondrogenesis of 
mesenchymal stem cells through inhibition of canonical Wnt/β-catenin 
signaling. Biomaterials. 2017;145:33–43.

	 99.	 Zhao FJ, Yang Z, Xiong HC, Yan Y, Chen XF, Shao LQ. A bioactive glass 
functional hydrogel enhances bone augmentation via synergistic angi-
ogenesis, self-swelling and osteogenesis. Bioact Mater. 2023;22:201–10.

	100.	 Zhou J, Wu Y, Tang Z, Zou K, Chen J, Lei Z, Wan X, Liu Y, Zhang H, Wang 
Y, et al. Alginate hydrogel cross-linked by Ca2+ to promote spinal cord 
neural stem/progenitor cell differentiation and functional recovery after 
a spinal cord injuryhh. Regen Biomater. 2022;9:rebc057.

	101.	 Tsutsumi H, Kawamura M, Mihara H. Osteoblastic differentiation on 
hydrogels fabricated from Ca2+ responsive self-assembling pep-
tides functionalized with bioactive peptides. Bioorg Med Chem. 
2018;26:3126–32.

	102.	 Zhang KY, Lin SE, Feng Q, Dong CQ, Yang YH, Li G, Bian LM. Nanocom-
posite hydrogels stabilized by self-assembled multivalent bispho-
sphonate-magnesium nanoparticles mediate sustained release of 
magnesium ion and promote in-situ bone regeneration. Acta Biomater. 
2017;64:389–400.

	103.	 Zhou PH, Xu PP, Guan JJ, Zhang CC, Chang JR, Yang FG, Xiao H, Sun HH, 
Zhang ZR, Wang MQ, et al. Promoting 3D neuronal differentiation in 
hydrogel for spinal cord regeneration. Colloids Surf B. 2020;194: 111214.

	104.	 Lai WF. Development of hydrogels with self-healing properties for 
delivery of bioactive agents. Mol Pharmaceut. 2021;18:1833–41.

	105.	 Guan M, Liu C, Zheng QQ, Chu GY, Wang HH, Jin JL, Wu HH, Chen JY, 
Huang Q, Deng ZX, Wang Y. Exosome-laden injectable self-healing 
hydrogel based on quaternized chitosan and oxidized starch attenuates 
disc degeneration by suppressing nucleus pulposus senescence. Int J 
Biol Macromol. 2023;232: 123479.

	106.	 Hsieh FY, Tseng TC, Hsu SH. Self-healing hydrogel for tissue repair in the 
central nervous system. Neural Regen Res. 2015;10:1922–3.

	107.	 Guo BL, Qu J, Zhao X, Zhang MY. Degradable conductive self-healing 
hydrogels based on dextran-graft-tetraaniline and N-carboxyethyl 
chitosan as injectable carriers for myoblast cell therapy and muscle 
regeneration. Acta Biomater. 2019;84:180–93.

	108.	 Sharma PK, Taneja S, Singh Y. Hydrazone-linkage-based self-healing 
and injectable xanthan-poly(ethylene glycol) hydrogels for con-
trolled drug release and 3D cell culture. ACS Appl Mater Interfaces. 
2018;10:30936–45.

	109.	 Luo JH, Shi XS, Li LM, Tan Z, Feng F, Li J, Pang M, Wang XY, He LM. An 
injectable and self-healing hydrogel with controlled release of cur-
cumin to repair spinal cord injury. Bioact Mater. 2021;6:4816–29.

	110.	 Li SZ, Ke ZQ, Peng XT, Fan PH, Chao JY, Wu P, Xiao P, Zhou YS. Injectable 
and fast gelling hyaluronate hydrogels with rapid self-healing ability for 
spinal cord injury repair. Carbohydr Polym. 2022;298: 120081.

	111.	 Liu Z, Guo S, Dong LL, Wu PP, Li KW, Li XH, Li X, Qian H, Fu Q. A tannic 
acid doped hydrogel with small extracellular vesicles derived from 

mesenchymal stem cells promotes spinal cord repair by regulating 
reactive oxygen species microenvironment. Mater Today Bio. 2022;16: 
100425.

	112.	 Xiang W, Cao H, Tao H, Jin L, Luo Y, Tao FH, Jiang T. Applications of 
chitosan-based biomaterials: from preparation to spinal cord injury 
neuroprosthetic treatment. Int J Biol Macromol. 2023;230: 123447.

	113.	 Kour P, Afzal S, Gani A, Zargar MI, Tak UN, Rashid S, Dar AA. Effect of 
nanoemulsion-loaded hybrid biopolymeric hydrogel beads on the 
release kinetics, antioxidant potential and antibacterial activity of 
encapsulated curcumin. Food Chem. 2022;376: 131925.

	114.	 Merino-Gomez M, Gil J, Perez RA, Godoy-Gallardo M. Polydopamine 
incorporation enhances cell differentiation and antibacterial properties 
of 3D-printed guanosine-borate hydrogels for functional tissue regen-
eration. Int J Mol Sci. 2023;24:4224.

	115.	 Ou QM, Huang KQ, Fu CQ, Huang CL, Fang YF, Gu ZP, Wu J, Wang Y. 
Nanosilver-incorporated halloysite nanotubes/gelatin methacrylate 
hybrid hydrogel with osteoimmunomodulatory and antibacterial activ-
ity for bone regeneration. Chem Eng J. 2020;382: 123019.

	116.	 Yuan X, Yuan WH, Ding L, Shi M, Luo L, Wan Y, Oh J, Zhou YF, Bian LM, 
Deng DYB. Cell-adaptable dynamic hydrogel reinforced with stem cells 
improves the functional repair of spinal cord injury by alleviating neuro-
inflammation. Biomaterials. 2021;279: 121190.

	117.	 Li JH, Tian JJ, Li CX, Chen LY, Zhao Y. A hydrogel spinal dural patch with 
potential anti-inflammatory, pain relieving and antibacterial effects. 
Bioact Mater. 2022;14:389–401.

	118.	 Zhao YR, Cui ZY, Liu BC, Xiang JF, Qiu D, Tian Y, Qu XZ, Yang ZZ. An 
Injectable strong hydrogel for bone reconstruction. Adv Healthc Mater. 
2019;8:1900709.

	119.	 Mendes BB, Daly AC, Reis RL, Domingues RMA, Gomes ME, Burdick JA. 
Injectable hyaluronic acid and platelet lysate-derived granular hydro-
gels for biomedical applications. Acta Biomater. 2021;119:101–13.

	120.	 De France KJ, Cranston ED, Hoare T. Mechanically reinforced injectable 
hydrogels. ACS Appl Polym Mater. 2020;2:1016–30.

	121.	 Piantanida E, Alonci G, Bertucci A, De Cola L. Design of nanocomposite 
injectable hydrogels for minimally invasive surgery. Acc Chem Res. 
2019;52:2101–12.

	122.	 Zhang LZ, Yao K, Wei JJ, Li GC, Lin Y, Zhou YL, Yang YM. Convenient 
in situ synthesis of injectable lysine-contained peptide functionalized 
hydrogels for spinal cord regeneration. Appl Mater Today. 2022;27: 
101506.

	123.	 Chen SY, Liu S, Zhang LL, Han Q, Liu HQ, Shen JH, Li GC, Zhang LZ, Yang 
YM. Construction of injectable silk fibroin/polydopamine hydrogel for 
treatment of spinal cord injury. Chem Eng J. 2020;399: 125795.

	124.	 Chen T, Chen YJ, Rehman HU, Chen Z, Yang Z, Wang M, Li H, Liu HZ. 
Ultratough, self-healing, and tissue-adhesive hydrogel for wound dress-
ing. ACS Appl Mater Interfaces. 2018;10:33523–31.

	125.	 Han L, Yan LW, Wang KF, Fang LM, Zhang HP, Tang YH, Ding YH, Weng LT, 
Xu JL, Weng J, et al. Tough, self-healable and tissue-adhesive hydrogel 
with tunable multifunctionality. Npg Asia Mater. 2017;9: e372.

	126.	 Zhao Y, Song SL, Ren XZ, Zhang JM, Lin Q, Zhao YL. Supramolecular 
adhesive hydrogels for tissue engineering applications. Chem Rev. 
2022;122:5604–40.

	127.	 Li LM, Zhang Y, Mu JF, Chen JC, Zhang CY, Cao HC, Gao JQ. Transplanta-
tion of human mesenchymal stem-cell-derived exosomes immobilized 
in an adhesive hydrogel for effective treatment of spinal cord injury. 
Nano Lett. 2020;20:4298–305.

	128.	 Cai ZW, Gan YB, Bao CY, Wu WJ, Wang XB, Zhang ZT, Zhou Q, Lin QN, 
Yang Y, Zhu LY. Photosensitive hydrogel creates favorable biologic 
niches to promote spinal cord injury repair. Adv Healthc Mater. 
2019;8:1900013.

	129.	 Schumacher L, Siemsen K, Appiah C, Rajput S, Heitmann A, Selhuber-
Unkel C, Staubitz A. A co-polymerizable linker for the covalent 
attachment of fibronectin makes phema hydrogels cell-adhesive. Gels. 
2022;8:258.

	130.	 Liu YS, Zhang ZZ, Zhang YJ, Luo BQ, Liu XZ, Cao Y, Pei RJ. Construction of 
adhesive and bioactive silk fibroin hydrogel for treatment of spinal cord 
injury. Acta Biomater. 2023;158:178–89.

	131.	 Chen ZN, Zhang HM, Fan CX, Zhuang Y, Yang W, Chen YY, Shen H, Xiao 
ZF, Zhao YN, Li XR, Dai JW. Adhesive, stretchable, and spatiotemporal 
delivery fibrous hydrogels harness endogenous neural stem/progenitor 
cells for spinal cord injury repair. ACS Nano. 2022;16:1986–98.



Page 40 of 42Sun et al. Journal of Nanobiotechnology          (2023) 21:238 

	132.	 Yan YF, Cheng BC, Chen KZ, Cui WG, Qi J, Li XM, Deng LF. Enhanced 
osteogenesis of bone marrow-derived mesenchymal stem cells by a 
functionalized silk fibroin hydrogel for bone defect repair. Adv Healthc 
Mater. 2019;8:1801043.

	133.	 Rao KM, Narayanan KB, Uthappa UT, Park P-H, Choi I, Han SS. Tissue 
adhesive, self-healing, biocompatible, hemostasis, and antibacterial 
properties of fungal-derived carboxymethyl chitosan-polydopamine 
hydrogels. Pharmaceutics. 2022;14:1028.

	134.	 Raman RT, Hua T, Gwynne D, Collins J, Tamang S, Zhou JL, Esfandiary 
T, Soares V, Pajovic S, Hayward A, et al. Light-degradable hydrogels as 
dynamic triggers for gastrointestinal applications. Sci Adv. 2020;6:0065.

	135.	 Li JJ, Shi QF, Wu XY, Li C, Chen XG. In vitro and in vivo evaluation of 3D 
biodegradable thermo/pH sensitive sol-gel reversible hydroxybutyl 
chitosan hydrogel. Mater Sci Eng C. 2020;108: 110419.

	136.	 Xu CC, Lee WH, Dai GH, Hong Y. Highly elastic biodegradable 
single-network hydrogel for cell printing. ACS Appl Mater Interfaces. 
2018;10:9969–79.

	137.	 Shi JY, Yu L, Ding JD. PEG-based thermosensitive and biodegradable 
hydrogels. Acta Biomater. 2021;128:42–59.

	138.	 Xu L, Qiu LZ, Sheng Y, Sun YX, Deng LH, Li XQ, Bradley M, Zhang R. Bio-
degradable pH-responsive hydrogels for controlled dual-drug release. J 
Mater Chem B. 2018;6:510–7.

	139.	 Xu C, Chang YK, Wu P, Liu K, Dong XZ, Nie AM, Mu CP, Liu ZY, Dai HL, Luo 
ZQ. Two-dimensional-germanium phosphide-reinforced conductive 
and biodegradable hydrogel scaffolds enhance spinal cord injury repair. 
Adv Funct Mater. 2021;31:2104440.

	140.	 Li XL, Wu M, Gu L, Ren YT, Mu M, Wang YL, Gao X, Li JL, Tong AP, Zhu HY, 
et al. A single dose of thermal-sensitive biodegradable hybrid hydrogel 
promotes functional recovery after spinal cord injury. Appl Mater Today. 
2019;14:66–75.

	141.	 Ye JJ, Jin S, Cai WX, Chen XF, Zheng HY, Zhang TF, Lu WJ, Li XJ, Liang CZ, 
Chen QX, et al. Rationally designed, self-assembling, multifunctional 
hydrogel depot repairs severe spinal cord injury. Adv Healthc Mater. 
2021;10:2100242.

	142.	 Liu H, Feng YB, Che ST, Guan L, Yang XT, Zhao Y, Fang L, Zvyagin AV, 
Lin Q. An electroconductive hydrogel scaffold with injectability and 
biodegradability to manipulate neural stem cells for enhancing spinal 
cord injury repair. Biomacromol. 2023;24:86–97.

	143.	 An N, Yang JX, Wang HQ, Sun SF, Wu H, Li LS, Li MY. Mechanism of mes-
enchymal stem cells in spinal cord injury repair through macrophage 
polarization. Cell Biosci. 2021;11:41.

	144.	 Ruppert KA, Nguyen TT, Prabhakara KS, Furman NET, Srivastava AK, Hart-
ing MT, Cox CS, Olson SD. Human Mesenchymal stromal cell-derived 
extracellular vesicles modify microglial response and improve clinical 
outcomes in experimental spinal cord injury. Sci Rep. 2018;8:480.

	145.	 Noori L, Arabzadeh S, Mohamadi Y, Mojaverrostami S, Mokhtari T, Akbari 
M, Hassanzadeh G. Intrathecal administration of the extracellular vesi-
cles derived from human Wharton’s jelly stem cells inhibit inflammation 
and attenuate the activity of inflammasome complexes after spinal 
cord injury in rats. Neurosci Res. 2021;170:87–98.

	146.	 Wang M, Wang CG, Chen M, Luo M, Chen QX, Lei B. Mechanics-electro-
adaptive multifunctional bioactive nanocomposites hydrogel for induc-
ing spinal cord regeneration. Chem Eng J. 2022;439: 135629.

	147.	 Liu SW, Blesch A. Targeted tissue engineering: hydrogels with linear 
capillary channels for axonal regeneration after spinal cord injury. 
Neural Regen Res. 2018;13:641–2.

	148.	 Chedly J, Soares S, Montembault A, von Boxberg Y, Veron-Ravaille M, 
Mouffle C, Benassy MN, Taxi J, David L, Nothias F. Physical chitosan 
microhydrogels as scaffolds for spinal cord injury restoration and axon 
regeneration. Biomaterials. 2017;138:91–107.

	149.	 Cornelison RC, Gonzalez-Rothi EJ, Porvasnik SL, Wellman SM, Park JH, 
Fuller DD, Schmidt CE. Injectable hydrogels of optimized acellular nerve 
for injection in the injured spinal cord. Biomed Mater. 2018;13: 034110.

	150.	 Hassannejad Z, Zadegan SA, Vaccaro AR, Rahimi-Moyaghar V, Sabzeyari 
O. Biofunctionalized peptide-based hydrogel as an injectable scaffold 
for BDNF delivery can improve regeneration after spinal cord injury. 
Injury-Interna J the Care of the Injury. 2019;50:278–85.

	151.	 Alizadeh A, Moradi L, Katebi M, Ai J, Azami M, Moradveisi B, Ostad 
SN. Delivery of injectable thermo-sensitive hydrogel releasing nerve 
growth factor for spinal cord regeneration in rat animal model. J Tissue 
Viabil. 2020;29:359–66.

	152.	 Wu WD, Jia SJ, Xu HL, Gao ZH, Wang ZY, Lu BT, Ai YX, Liu YJ, Liu RF, Yang 
T, et al. Supramolecular hydrogel microspheres of platelet-derived 
growth factor mimetic peptide promote recovery from spinal cord 
injury. ACS Nano. 2023;17:3818–37.

	153.	 Xu YW, Zhou J, Liu CC, Zhang S, Gao FL, Guo WJ, Sun XM, Zhang C, Li 
HY, Rao ZL, et al. Understanding the role of tissue-specific decellularized 
spinal cord matrix hydrogel for neural stem/progenitor cell microenvi-
ronment reconstruction and spinal cord injury. Biomaterials. 2021;268: 
120596.

	154.	 Rao JS, Zhao C, Zhang AF, Duan HM, Hao P, Wei RH, Shang JK, Zhao W, 
Liu ZX, Yu JH, et al. NT3-chitosan enables de novo regeneration and 
functional recovery in monkeys after spinal cord injury. Proc Natl Acad 
Sci USA. 2018;115:E5595–604.

	155.	 Li X, Liu SM, Zhao YN, Li JY, Ding WY, Han SF, Chen B, Xiao ZF, Dai JW. 
Training neural stem cells on functional collagen scaffolds for severe 
spinal cord injury repair. Adv Funct Mater. 2016;26:5835–47.

	156.	 Ashammakhi N, Kim HJ, Ehsanipour A, Bierman RD, Kaarela O, Xue CB, 
Khademhosseini A, Seidlits SK. Regenerative therapies for spinal cord 
injury. Tissue Eng Part B-Rev. 2019;25:471–91.

	157.	 Nazemi Z, Nourbakhsh MS, Kiani S, Heydari Y, Ashtiani MK, Daemi H, 
Baharvand H. Co-delivery of minocycline and paclitaxel from inject-
able hydrogel for treatment of spinal cord injury. J Control Release. 
2020;321:145–58.

	158.	 Wang QQ, Zhang HY, Xu HL, Zhao YZ, Li ZM, Li JW, Wang HL, Zhuge 
DL, Guo X, Xu HZ, et al. Novel multi-drug delivery hydrogel using 
scar-homing liposomes improves spinal cord injury repair. Theranostics. 
2018;8:4429–46.

	159.	 Sitoci-Ficici KH, Matyash M, Uckermann O, Galli R, Leipnitz E, Later R, 
Ikonomidou C, Gelinsky M, Schackert G, Kirsch M. Non-functionalized 
soft alginate hydrogel promotes locomotor recovery after spinal 
cord injury in a rat hemimyelonectomy model. Acta Neurochir. 
2018;160:449–57.

	160.	 Zheng XQ, Huang JF, Lin JL, Zhu YX, Wang MQ, Guo ML, Zan XJ, Wu AM. 
Controlled release of baricitinib from a thermos-responsive hydrogel 
system inhibits inflammation by suppressing JAK2/STAT3 pathway in 
acute spinal cord injury. Colloids Surf B. 2021;199: 111532.

	161.	 Aval NA, Emadi R, Valiani A, Kharaziha M, Finne-Wistrand A. An aligned 
fibrous and thermosensitive hyaluronic acid-puramatrix interpenetrat-
ing polymer network hydrogel with mechanical properties adjusted for 
neural tissue. J Mater Sci. 2022;57:2883–96.

	162.	 Christiani T, Mys K, Dyer K, Kadlowec J, Iftode C, Vernengo AJ. Using 
embedded alginate microparticles to tune the properties of in situ 
forming poly(N-isopropylacrylamide)-graft-chondroitin sulfate bioad-
hesive hydrogels for replacement and repair of the nucleus pulposus of 
the intervertebral disc. Jor Spine. 2021;4: e1161.

	163.	 Bonnet M, Alluin O, Trimaille T, Gigmes D, Marqueste T, Decherchi P. 
Delayed injection of a physically cross-linked PNIPAAm-g-PEG hydrogel 
in rat contused spinal cord improves functional recovery. ACS Omega. 
2020;5:10247–59.

	164.	 An HY, Li Q, Wen JG. Bone marrow mesenchymal stem cells encapsu-
lated thermal-responsive hydrogel network bridges combined photo-
plasmonic nanoparticulate system for the treatment of urinary bladder 
dysfunction after spinal cord injury. J Photochem Photobiol B-Biol. 
2020;203: 111741.

	165.	 Jalalvandi E, Shavandi A. Shear thinning/self-healing hydrogel based 
on natural polymers with secondary photocrosslinking for biomedical 
applications. J Mech Behav Biomed. 2019;90:191–201.

	166.	 Uman S, Dhand A, Burdick JA. Recent advances in shear-thinning and 
self-healing hydrogels for biomedical applications. J Appl Polym Sci. 
2020;137:48668.

	167.	 Soltani S, Emadi R, Javanmard SH, Kharaziha M, Rahmati A. Shear-thin-
ning and self-healing nanohybrid alginate-graphene oxide hydrogel 
based on guest-host assembly. Int J Biol Macromol. 2021;180:311–23.

	168.	 Luo Y, Fan L, Liu C, Wen HQ, Wang SH, Guan PF, Chen DF, Ning CY, Zhou 
L, Tan GX. An injectable, self-healing, electroconductive extracellular 
matrix-based hydrogel for enhancing tissue repair after traumatic spinal 
cord injury. Bioact Mater. 2022;7:98–111.

	169.	 Song SS, Li YX, Huang J, Cheng SN, Zhang ZJ. Inhibited astrocytic 
differentiation in neural stem cell-laden 3D bioprinted conductive com-
posite hydrogel scaffolds for repair of spinal cord injury. Biomater Adv. 
2023;148: 213385.



Page 41 of 42Sun et al. Journal of Nanobiotechnology          (2023) 21:238 	

	170.	 Fu S, Lv RH, Wang LQ, Hou HT, Liu HJ, Shao SZ. Resveratrol, an antioxi-
dant, protects spinal cord injury in rats by suppressing MAPK pathway. 
Saudi J Biol Sci. 2018;25:259–66.

	171.	 Sng KS, Li G, Zhou LY, Song YJ, Chen XQ, Wang YJ, Yao M, Cui XJ. Ginseng 
extract and ginsenosides improve neurological function and promote 
antioxidant effects in rats with spinal cord injury: a meta-analysis and 
systematic review. J Ginseng Res. 2022;46:11–22.

	172.	 Zhou L, Fan L, Yi X, Zhou ZN, Liu C, Fu RM, Dai C, Wang ZG, Chen 
XX, Yu P, et al. Soft conducting polymer hydrogels cross-linked 
and doped by tannic acid for spinal cord injury repair. ACS Nano. 
2018;12:10957–67.

	173.	 Wang Y, Xie CN, Wang P, Wang XY, Wang CP, Xun XJ, Lin CW, Huang 
ZH, Cheng YY, Li L, Teng HL. An elastic gel consisting of natural poly-
phenol and pluronic for simultaneous dura sealing and treatment of 
spinal cord injury. J Control Release. 2020;323:613–23.

	174.	 Wang F, Du JQ, Qiao H, Liu DF, Guo D, Chen JJ, Zhang YF, Cheng 
YL, He XJ. Natural small molecule-induced polymer hydrogels with 
inherent antioxidative ability and conductivity for neurogenesis and 
functional recovery after spinal cord injury. Chem Eng J. 2023;466: 
143071.

	175.	 Karimi-Soflou R, Nejati S, Karkhaneh A. Electroactive and antioxidant 
injectable in-situ forming hydrogels with tunable properties by poly-
ethylenimine and polyaniline for nerve tissue engineering. Colloids Surf 
B. 2021;199: 111565.

	176.	 Javdani M, Ghorbani R, Hashemnia M. Histopathological evaluation 
of spinal cord with experimental traumatic injury following implan-
tation of a controlled released drug delivery system of chitosan 
hydrogel loaded with selenium nanoparticle. Biol Trace Elem Res. 
2021;199:2677–86.

	177.	 Luan X, Kong H, He P, Yang GZ, Zhu DZ, Guo L, Wei G. Self-assembled 
peptide-based nanodrugs: molecular design, synthesis, function-
alization, and targeted tumor bioimaging and biotherapy. Small. 
2023;19:2205787.

	178.	 Tang GH, He JY, Liu JW, Yan XY, Fan KL. Nanozyme for tumor therapy: 
surface modification matters. Exploration. 2021;1:75–89.

	179.	 Yuan RYK, Li YQ, Han S, Chen XX, Chen JQ, He J, Gao HW, Yang Y, Yang 
SL, Yang Y. Fe-curcumin nanozyme-mediated reactive oxygen species 
scavenging and anti-inflammation for acute lung injury. ACS Central 
Sci. 2022;8:10–21.

	180.	 Ren GM, Wan KM, Kong H, Guo L, Wang Y, Liu XM, Wei G. Recent 
advance in biomass membranes: Fabrication, functional regulation, and 
antimicrobial applications. Carbohydr Polym. 2023;305: 120537.

	181.	 Liu D, Lu G, Shi B, Ni HY, Wang J, Qiu Y, Yang L, Zhu ZZ, Yi X, Du X, Shi BL. 
ROS-scavenging hydrogels synergize with neural stem cells to enhance 
spinal cord injury repair via regulating microenvironment and facilitat-
ing nerve regeneration. Adv Healthc Mater. 2023. https://​doi.​org/​10.​
1002/​adhm.​20230​0123.

	182.	 Murphy DA, Cheng HY, Yang TY, Yan X, Adjei IM. Reversing hypoxia 
with PLGA-encapsulated manganese dioxide nanoparticles improves 
natural killer cell response to tumor spheroids. Mol Pharmaceut. 
2021;18:2935–46.

	183.	 Li LM, Xiao B, Mu JF, Zhang Y, Zhang CY, Cao HC, Chen RJ, Patra HK, 
Yang B, Feng SQ, et al. A MnO2 nanoparticle-dotted hydrogel promotes 
spinal cord repair via regulating reactive oxygen species microenvi-
ronment and synergizing with mesenchymal stem cells. ACS Nano. 
2019;13:14283–93.

	184.	 Imani F, Karimi-Soflou R, Shabani I, Karkhaneh A. PLA electrospun 
nanofibers modified with polypyrrole-grafted gelatin as bioactive 
electroconductive scaffold. Polymer. 2021;218: 123487.

	185.	 Zarei M, Samimi A, Khorram M, Abdi MM, Golestaneh SI. Fabrication 
and characterization of conductive polypyrrole/chitosan/collagen 
electrospun nanofiber scaffold for tissue engineering application. Int J 
Biol Macromol. 2021;168:175–86.

	186.	 Su DD, Zhou J, Ahmed KS, Ma QQ, Lv GZ, Chen JH. Fabrication and 
characterization of collagen-heparin-polypyrrole composite conductive 
film for neural scaffold. Int J Biol Macromol. 2019;129:895–903.

	187.	 He P, Yang GZ, Zhu DZ, Kong H, Corrales-Ureña YR, Colombi Ciacchi 
L, Wei G. Biomolecule-mimetic nanomaterials for photothermal and 
photodynamic therapy of cancers: Bridging nanobiotechnology and 
biomedicine. J Nanobiotechnol. 2022;20:483.

	188.	 Wu CH, Chen SP, Zhou T, Wu K, Qiao Z, Zhang YS, Xin NN, Liu XY, Wei D, 
Sun J, et al. Antioxidative and conductive nanoparticles-embedded cell 
niche for neural differentiation and spinal cord injury repair. ACS Appl 
Mater Interfaces. 2021;13:52346–61.

	189.	 Zhang YS, Chen SP, Xiao ZW, Liu XY, Wu CH, Wu K, Liu AM, Wei D, Sun J, 
Zhou LX, Fan HS. Magnetoelectric nanoparticles incorporated biomi-
metic matrix for wireless electrical stimulation and nerve regeneration. 
Adv Healthc Mater. 2021;10:2100695.

	190.	 Ko WK, Lee SJ, Kim SJ, Han GH, Han IB, Hong JB, Sheen SH, Sohn S. 
Direct injection of hydrogels embedding gold nanoparticles for local 
therapy after spinal cord injury. Biomacromol. 2021;22:2887–901.

	191.	 Nguyen LH, Gao MY, Lin JQ, Wu WT, Wang J, Chew SY. Three-dimen-
sional aligned nanofibers-hydrogel scaffold for controlled non-viral 
drug/gene delivery to direct axon regeneration in spinal cord injury 
treatment. Sci Rep. 2017;7:42212.

	192.	 Milbreta U, Nguyen LH, Diao HJ, Lin JQ, Wu WT, Sun CY, Wang J, Chew 
SY. Three-dimensional nanofiber hybrid scaffold directs and enhances 
axonal regeneration after spinal cord injury. ACS Biomater Sci Eng. 
2016;2:1319–29.

	193.	 Li XW, Zhang C, Haggerty AE, Yan J, Lan M, Seu M, Yang MY, Marlow 
MM, Maldonado-Lasuncion I, Cho B, et al. The effect of a nanofiber-
hydrogel composite on neural tissue repair and regeneration in the 
contused spinal cord. Biomaterials. 2020;245: 119978.

	194.	 Sang LL, Liu YQ, Hua WX, Xu KG, Wang GB, Zhong W, Wang LY, Xu S, 
Xing MMQ, Qiu XZ. Thermally sensitive conductive hydrogel using 
amphiphilic crosslinker self-assembled carbon nanotube to enhance 
neurite outgrowth and promote spinal cord regeneration. RSC Adv. 
2016;6:26341–51.

	195.	 Liu XF, Kim JC, Miller AL, Waletzki BE, Lu LC. Electrically conductive 
nanocomposite hydrogels embedded with functionalized carbon 
nanotubes for spinal cord injury. New J Chem. 2018;42:17671–81.

	196.	 Yao SL, Yu SK, Cao Z, Yang YD, Yu X, Mao HQ, Wang LN, Sun XD, Zhao LY, 
Wang XM. Hierarchically aligned fibrin nanofiber hydrogel accelerated 
axonal regrowth and locomotor function recovery in rat spinal cord 
injury. Int J Nanomed. 2018;13:2883–95.

	197.	 Cao Z, Yao SL, Xiong YH, Zhang ZX, Yang YD, He F, Zhao H, Guo Y, Wang 
GH, Xie S, et al. Directional axonal regrowth induced by an aligned 
fibrin nanofiber hydrogel contributes to improved motor function 
recovery in canine L2 spinal cord injury. J Mater Sci. 2020;31:40.

	198.	 Cao Z, Man WT, Xiong YH, Guo Y, Yang SH, Liu DK, Zhao H, Yang YD, Yao 
SL, Li CZ, et al. White matter regeneration induced by aligned fibrin 
nanofiber hydrogel contributes to motor functional recovery in canine 
T12 spinal cord injury. Regen Biomater. 2022;9:rbab069.

	199.	 Yang K, Yang J, Man W, Meng Z, Yang C, Cao Z, Liu J, Kim K, Liu Y, Yang 
S, et al. N-cadherin-functionalized nanofber hydrogel facilitates spinal 
cord injury repair by building a favorable niche for neural stem cells. 
Adv Fiber Mater. 2023. https://​doi.​org/​10.​1007/​s42765-​023-​00272-w.

	200.	 Gao X, Cheng WN, Zhang XY, Zhou ZY, Ding ZZ, Zhou XZ, Lu Q, Kaplan 
DL. Nerve growth factor-laden anisotropic silk nanofiber hydrogels 
to regulate neuronal/astroglial differentiation for scarless spinal cord 
repair. ACS Appl Mater Interfaces. 2022;14:3701–15.

	201.	 Tavakol S, Saber R, Hoveizi E, Aligholi H, Ai J, Rezayat SM. Chimeric 
self-assembling nanofiber containing bone marrow homing peptide’s 
motif induces motor neuron recovery in animal model of chronic 
spinal cord injury; an in vitro and in vivo investigation. Mol Neurobiol. 
2016;53:3298–308.

	202.	 Sun YQ, Li W, Wu XL, Zhang N, Zhang YN, Ouyang SY, Song XY, Fang XY, 
Seeram R, Xue W, et al. Functional self-assembling peptide nanofiber 
hydrogels designed for nerve degeneration. ACS Appl Mater Interfaces. 
2016;8:2348–59.

	203.	 Raspa A, Carminati L, Pugliese R, Fontana F, Gelain F. Self-assembling 
peptide hydrogels for the stabilization and sustained release of active 
chondroitinase ABC in vitro and in spinal cord injuries. J Control 
Release. 2021;330:1208–19.

	204.	 Man WT, Yang SH, Cao Z, Lu JJ, Kong XD, Sun XD, Zhao LY, Guo Y, Yao 
SL, Wang GH, Wang XM. A multi-modal delivery strategy for spinal cord 
regeneration using a composite hydrogel presenting biophysical and 
biochemical cues synergistically. Biomaterials. 2021;276: 120971.

	205.	 Lopez-Dolado E, Gonzalez-Mayorga A, Portoles MT, Feito MJ, Ferrer ML, 
del Monte F, Gutierrez MC, Serrano MC. Subacute tissue response to 3D 

https://doi.org/10.1002/adhm.202300123
https://doi.org/10.1002/adhm.202300123
https://doi.org/10.1007/s42765-023-00272-w


Page 42 of 42Sun et al. Journal of Nanobiotechnology          (2023) 21:238 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

graphene oxide scaffolds implanted in the injured rat spinal cord. Adv 
Healthc Mater. 2015;4:1861–8.

	206.	 Girao AF, Serrano MC, Completo A, Marques PAAP. Is Graphene 
Shortening the Path toward Spinal Cord Regeneration? ACS Nano. 
2022;16:13430–67.

	207.	 Chen LL, Wang WS, Lin ZF, Lu Y, Chen H, Li BL, Li Z, Xia H, Li LH, Zhang 
T. Conducting molybdenum sulfide/graphene oxide/polyvinyl alcohol 
nanocomposite hydrogel for repairing spinal cord injury. J Nanobio-
technol. 2022;20:210.

	208.	 Zhang KJ, Li JS, Jin J, Dong J, Li L, Xue B, Wang W, Jiang Q, Cao Y. Inject-
able, anti-inflammatory and conductive hydrogels based on graphene 
oxide and diacerein-terminated four-armed polyethylene glycol for 
spinal cord injury repair. Mater Des. 2020;196: 109092.

	209.	 Xue F, Liu TY, Liu X, Chen KX, Duan LJ, Gao GH. Electroconductive and 
porous graphene-xanthan gum gel scaffold for spinal cord regenera-
tion. E-Polymer. 2022;173: 111225.

	210.	 Agarwal G, Kumar N, Srivastava A. Highly elastic, electroconductive, 
immunomodulatory graphene crosslinked collagen cryogel for spinal 
cord regeneration. Mat Sci Eng C. 2021;118: 111518.

	211.	 Agarwal G, Roy A, Kumar H, Srivastava A. Graphene-collagen cryogel 
controls neuroinflammation and fosters accelerated axonal regenera-
tion in spinal cord injury. Biomater Adv. 2022;139: 212971.

	212.	 Kong W, Zhao Y, Chen J, Chen Y, Zhao Z, Chen X, Wang F, Fu C. Com-
bined treatment using novel multifunctional MAu-GelMA hydrogel 
loaded with neural stem cells and electrical stimulation promotes func-
tional recovery from spinal cord injury. Ceram Int. 2023;49:20623–36.

	213.	 Xin NN, Liu XY, Chen SP, Zhang YS, Wei D, Sun J, Zhou LX, Wu CH, 
Fan HS. Neuroinduction and neuroprotection co-enhanced spinal 
cord injury repair based on IL-4@ZIF-8-loaded hyaluronan-collagen 
hydrogels with nano-aligned and viscoelastic cues. J Mater Chem B. 
2022;10:6315–27.

	214.	 Oliveira JM, Carvalho L, Silva-Correia J, Vieira S, Majchrzak M, Lukomska 
B, Stanaszek L, Strymecka P, Malysz-Cymborska I, Golubczyk D, et al. 
Hydrogel-based scaffolds to support intrathecal stem cell transplanta-
tion as a gateway to the spinal cord: clinical needs, biomaterials, and 
imaging technologies. NPJ Regen Med. 2018;3:8.

	215.	 Stanwick JC, Baumann MD, Shoichet MS. In vitro sustained release of 
bioactive anti-NogoA, a molecule in clinical development for treatment 
of spinal cord injury. Int J Pharm. 2012;426:284–90.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Recent advance in bioactive hydrogels for repairing spinal cord injury: material design, biofunctional regulation, and applications
	Abstract 
	Introduction
	Mechanisms and methods of SCI repair
	Mechanisms of SCI repair
	Methods of SCI repair
	Hydrogel materials for SCI repair

	Fabrication of bioactive hydrogels
	DNA hydrogels
	Protein hydrogels
	Peptide hydrogels
	Biomass polysaccharide hydrogels
	Composite hydrogels

	Functional regulation of bioactive hydrogels
	Cell tissue behaviors
	Self-healing property
	Anti-bacterial and anti-inflammatory properties
	Injectable ability
	Biological adhesion
	Biodegradation ability
	Multi-functions and coordination

	Material-based bioactive hydrogels for SCI repair applications
	Growth factorsdrugs-loaded hydrogels for SCI repair
	Polymer-modified hydrogels for SCI
	NP-functionalized hydrogels
	1DM-incorporated hydrogels for SCI
	2DM-incorporated hydrogels for SCI

	Clinical development of bioactive hydrogels

	Conclusion and perspectives
	Acknowledgements
	References


